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Fluorophores to fighters: BODIPY-metal
complexes as next-gen anticancer prodrugs

Twara Kikani, Krutika Patel and Sonal Thakore *

Metal-coordinated complexes have been employed as effective anti-cancer agents with cis-platin being

the foundation for the development of metal-based therapeutics. However, their use is greatly limited by

their systemic toxicity, drug resistance and non-targeted approach. Progressing drug resistance has led to

the use of combinatorial approaches for a multifaceted attack on cancer. Photodynamic therapy (PDT) is

a clinically approved adjuvant chemotherapy that involves the use of a photosensitizer (PS), light and

endogenous molecular oxygen (3O2). Boron-dipyrromethene (BODIPY) dyes are a class of fluorophores

that serve as promising PSs with excellent light-activated reactive oxygen species (ROS) generating

capacity (for PDT) and light-to-heat conversion (for PTT) causing the thermal ablation of cancer cells.

Conjugating a metal-based drug along with a PS and a targeting ligand to design a prodrug acts as a

“magic packet” to target various cancers. This review elaborates the advances in the development of

metallo-prodrugs adorned with a BODIPY cage as cancer theranostics. It highlights the engineering

marvel of constructing prodrugs with high specificity and organelle-targeting ability.

1. Introduction

Despite substantial progress in biomedical research and
healthcare interventions, cancer remains one of the leading

causes of mortality worldwide, with the global fatality rate
approaching an alarming level of 8 million deaths a year.1

Conventional treatment modalities including chemotherapy,
radiotherapy, and surgical resection often face limitations due
to their high mutagenicity, rapid proliferation, and metastasis
of neoplastic cells, which contribute to therapeutic resistance
and disease recurrence.2 In response to these challenges,
recent advances in cancer therapy have focused on novel and
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targeted approaches such as immunotherapy,3 photodynamic
therapy (PDT),4 photothermal therapy (PTT),5 sonodynamic
therapy,6 and ferroptosis-based interventions.7 These emer-
ging strategies are being actively investigated as both mono-
therapies and combinatorial therapies with existing treatment
regimens, aiming to improve specificity, reduce systemic tox-
icity, and overcome resistance mechanisms associated with tra-
ditional therapies.

Surgery combined with chemotherapy is typically employed
as the first-line treatment for many solid tumors.8 However,
this approach often proves ineffective in advanced or meta-
static stages, where cancer spreads beyond the primary site
and systemic control becomes critical. Repetitive drug admin-
istration induces multi-drug resistance (MDR) in cancer cells,
and the demerits of ionizing radiation are countless.9,10

This directed extensive research towards photodynamic
therapy (PDT) as an adjuvant therapy for cancer management. It
involves the systemic delivery of photosensitizers (PSs), which
preferentially accumulate at the tumor site through passive tar-
geting mechanisms.11 This selective accumulation is largely
attributed to the distinct microenvironmental characteristics of
tumor tissues such as leaky vasculature and poor lymphatic drai-
nage compared with normal tissues.12 In addition to a photosen-
sitiser (PS), PDT typically employs light and endogenous mole-
cular oxygen (3O2). Together, these components synergistically
induce rapid generation of reactive oxygen species (ROS), ulti-
mately leading to cancer cell death.13 It is a non-invasive tech-
nique and can be administered in repeated doses.

Boron dipyrromethene (BODIPY) derivatives are a class of
organoboranes that are excellent photosensitizers.14–16 They
exhibit high sensitivity, unique high fluorescence quantum
yields, and a large molar extinction coefficient, and they are

characterized by high stability. Their strong fluorescence not
only enhances their potential as effective photosensitizing
agents but also enables simultaneous bioimaging
capabilities.17,18 Furthermore, its ability to coordinate with
metal ions enables the design of metalated BODIPY-conju-
gated prodrugs, in which a metal-based therapeutic agent is
encased within the BODIPY photosensitizer framework.19

A prodrug is an inactive or less active form of a drug that
becomes pharmacologically active only after it is metabolized
or chemically transformed inside the body.20 This transform-
ation is typically carried out by enzymes, pH changes or other
physiological conditions.21–23 This approach aids in minimiz-
ing the toxic effects of the parent drug with enhanced pharma-
cological effects. There are various reports wherein the scien-
tists have designed BODIPY-based prodrugs with common
organic chemotherapeutic agents such as camptothecin24 and
tirapazamine.25 However, due to the well-documented adverse
effects associated with such alkylating agents, designing pro-
drugs based on metalated chemotherapeutics presents a more
strategic alternative enabling the integration of the parent
metallodrug with a photosensitizer such as BODIPY and a
tumor-targeting moiety for enhanced specificity and thera-
peutic control.

Pondering over the above discussion, this review encapsu-
lates the recent design strategies of BODIPY-caged metallo-
drugs decorated with targeting ligands. This review highlights
the recent advancements in revitalizing metal-based drugs,
which were once at the forefront of anti-neoplastic research
but have since been overshadowed by the widespread clinical
adoption of organic chemotherapeutics such as doxorubicin
and paclitaxel (Scheme 1).

2. Organic alkylating agents vs.
metal-based anti-cancer drugs

Organic anti-cancer drugs primarily act through DNA alkyl-
ation, a mechanism that is known to promote the development
of multidrug resistance (MDR) and increase mutagenicity in
cancer cells over time. These challenges can be effectively
addressed by switching to metal-based anti-cancer agents,
such as cisplatin, which offer alternative mechanisms of
action such as DNA cross-linking via coordination and redox
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activity with improved therapeutic profiles.26 A concise com-
parison between organic alkylating agents and the metallo-
drugs is enlisted in Table 1.

Cisplatin, a platinum (Pt) coordination complex, was first
synthesized by Italian scientist Michel Peyrone in the 19th
century, which was initially known as Peyrone’s chloride. Its
anti-cancer properties were later discovered accidentally by
Barnett Rosenberg at Michigan State University in 1965, during
a series of experiments investigating the effects of electric
fields on bacterial growth.37 It later got approved by the US FDA
in 1975 for use in testicular and ovarian cancers. However, cis-
platin soon suffered a downfall owing to its nephrotoxicity, lack
of specificity, efficiency limited to certain cancers and poor
pharmacokinetics.38 This caused a major shift in research
towards other metallodrugs such as ruthenium (Ru),39 copper
(Cu)40,41 and cobalt (Co).42 Nevertheless, the use of simple
metal complexes alone struggled to keep pace with the evolving
complexity and therapeutic demands of emerging cancer types.

This paved the way for the development of metalloprodrugs
with stimuli-responsive behaviour and target specificity, retain-
ing their therapeutic efficacy while minimizing off-target tox-
icity to healthy cells often enhanced by complementary
technologies such as PDT and PTT.

3. Photophysics of BODIPY and its
metal conjugates and their role in PDT
and PTT

BODIPY dyes represent promising photosensitizers (PSs) for
cancer therapy modalities such as photodynamic therapy
(PDT) and photothermal therapy (PTT), owing to their high
molar extinction coefficients, strong intrinsic fluorescence,
and robust photostability. The underlying photophysics of a PS
proceeds along the following general sequence:43

• Upon absorption of a photon, the PS is promoted to its
first excited singlet state (S1). From S1, it may decay by fluo-
rescence, undergo non-radiative relaxation, or undergo inter-
system crossing (ISC) to access the triplet excited state (T1).

• Once in the triplet state, the PS can produce reactive
oxygen species (ROS) by different mechanistic pathways, the
two principal pathways being type I and type II.

In the type I mechanism, the photosensitizer in its triplet
excited state (T1) engages in electron transfer or hydrogen atom
abstraction reactions with biomolecular substrates. These pro-

cesses generate radical or radical-ion intermediates (for example,
the PS becoming a radical anion and the substrate a radical
cation). In the presence of molecular oxygen, these radical
species can further react to form ROS such as superoxide (O2

•−),
hydrogen peroxide (H2O2), and hydroxyl radicals (•OH). Type I
pathways are generally more effective under hypoxic (low-oxygen)
conditions. In contrast, type II processes require sufficient
oxygen: the PS in T1 transfers energy directly to ground-state
molecular oxygen (3O2), producing singlet oxygen (1O2). Because
1O2 generation depends on oxygen availability, type II PDT is sig-
nificantly less effective in hypoxic environments.44

BODIPY can be tailored to follow a desired pathway as the
dominant pathway. Metal conjugation can influence various
photophysical properties of a BODIPY-based photosensitizer,
thereby improving its ability to generate reactive oxygen
species (ROS) via both type I (electron or H–atom transfer) and
type II (energy transfer to O2 → 1O2) pathways. The incorpor-
ation of heavy-atom substituents enhances spin–orbit coup-
ling, thereby increasing the rate of intersystem crossing (ISC)
from the excited singlet state to the triplet manifold. This
leads to higher triplet state populations and longer triplet life-
times, which favour reactive oxygen species (ROS) generation
especially via type II energy transfer to molecular oxygen.45

4. Targeting cellular organelles with
metal–BODIPY conjugates

Organelle-targeted therapies are an emerging frontier in
cancer treatment, aiming to enhance the precision and efficacy
of anti-cancer agents by directing them to specific subcellular
compartments. Organelle-targeted therapies majorly include
the nucleus, mitochondria, endoplasmic reticulum (ER) and
Golgi apparatus.46

Cisplatin, a prototypical platinum-based chemotherapeutic
agent, exhibits its antiproliferative effects primarily through
nuclear DNA targeting. Upon entering the cell, it undergoes
aquation, replacing its chloride ligands with water molecules,
which enhances its electrophilic reactivity. This activated form
binds with purine bases of the DNA, predominantly guanine,
forming intra-strand and interstrand cross-links. These
adducts induce significant structural distortions in the DNA
helix, hindering essential processes such as replication and
transcription. The resulting DNA damage activates cellular
repair mechanisms, notably the nucleotide excision repair

Table 1 Advantages of metal-based drugs over alkylating agents

Feature Organic alkylating drugs Metallodrugs Ref.

Mechanism variety Alkylation (limited) Variety (DNA crosslinking, ROS generation) 27 and 28
Selectivity Poor Tunable to be selective 29 and 30
MDR Common Harder to develop 31 and 32
Customization Difficult Easy via co-ordination chemistry 33
Delivery Less controlled (required specially carriers,

not easy to design prodrugs)
Can be engineered to be target specific with easy
prodrug strategy

34 and 35

Multi-functionality Rare Common (PDT, redox, enzyme response) 36
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(NER) pathway.47 However, this very NER can contribute to re-
sistance in certain cancers against some common drugs by
repairing the drug-induced DNA damage, potentially reducing
treatment effectiveness. Therefore, strategies that circumvent
this pathway offer a promising approach to enhance the
efficacy of DNA-damaging agents, particularly in tumors exhi-
biting high NER activity.

Mitochondrial localization is a strategic approach in cancer
therapy, particularly when aiming to negate this effect. By tar-
geting therapeutic agents directly to the mitochondria, this
strategy exploits the absence of NER machinery in the mito-
chondria, thereby enhancing the efficacy of treatments that
induce DNA damage within this organelle.

5. Development of BODIPY-
decorated metalloprodrugs
5.1. BODIPY-adorned cisplatin prodrugs

Cisplatin is one of the most effective and widely used plati-
num-based anticancer agents, primarily used to treat various
cancers, including testicular, ovarian, bladder, and lung
cancers.48 Its mechanism of action involves forming covalent
bonds with DNA, leading to intrastrand and interstrand cross-
links that disrupt DNA replication and transcription, thereby
inducing cell cycle arrest and apoptosis.49 Despite its efficacy,
cisplatin is associated with several dose-limiting side effects,
including nephrotoxicity, neurotoxicity, ototoxicity, myelosup-
pression, and gastrointestinal disturbances. Resistance to cis-
platin remains a significant challenge in clinical oncology.
Mechanisms of resistance include reduced drug uptake,
increased efflux, enhanced DNA repair, and alterations in
apoptotic signalling pathways. To overcome these limitations,
cisplatin is often used in combination with other chemothera-
peutic agents or in nanoparticle formulations to enhance its
efficacy and reduce toxicity. Research studies across the globe
have taken varied approaches to counteract these limitations.

Initial attempts were made to design Pt(IV)-based octahedral
prodrugs using oxidized cisplatin or its analogues, as they
were less reactive than the classical Pt(II) drugs, thereby negat-
ing the toxic effects of cisplatin. Despite significant advance-
ments in developing efficient anticancer Pt(IV) prodrugs, these
complexes still exhibit limited selectivity and are susceptible to
nonspecific interactions in the bloodstream. This lack of
selectivity can lead to unintended side reactions, reducing
their therapeutic efficacy and increasing the risk of adverse
effects. In response to this, Spector et al. have designed a cis-
platin-derived Pt(IV) prodrug capable of the photoinduced
release of the cytotoxic agent.50 Two BODIPY-based blue light
active complexes [Pt-1 (1) and Pt-2 (2)] were synthesized using
carbamate and triazole linkers, respectively. Cytotoxicity
studies revealed that both Pt(IV) prodrugs exhibited no toxicity
in the dark but became cytotoxic to MCF-7 cells upon low-dose
blue light irradiation, with the observed effect attributed solely
to the release of cisplatin from the Pt(IV) complexes. Further,
density functional theory (DFT) modelling and ΔG° PET

(Photoinduced Electron Transfer) estimation were carried out
to reveal the action mechanism of these complexes. These cal-
culations indicate that the key step in the light-induced release
of cisplatin from Pt(IV) prodrugs involves photoinduced elec-
tron transfer from the singlet excited state of the BODIPY axial
ligand to the Pt(IV) centre. This process leads to the formation
of an anion-radical intermediate, facilitating the reduction of
Pt(IV) to Pt(II) and subsequent cisplatin release upon
photoexcitation.

Similarly, Yao et al. have designed green-light-active self-
reducing carboplatin-based Pt(IV) prodrug functionalized with
BODIPY as a photoabsorber (BODI–Pt) (3) at the axial position,
as shown in Fig. 1a.51 It was found to be 39 times more
effective than native carboplatin against human breast cancer
cell lines (MCF-7). BODI–Pt induces programmed cell death by
binding to genomic DNA, causing disruption of DNA replica-
tion and transcription, leading to cell cycle arrest, particularly
at the G2/M phase, and activates apoptotic pathways.
Additionally, it generates ROS upon irradiation, which further
contribute to cytotoxicity by inducing mitochondrial dysfunc-
tion and oxidative stress.

The actual drug form of platinum-based chemotherapeutic
agents is Pt(II). However, owing to the toxicity of this form, pro-
drugs are usually designed as platinum(IV), which is reduced
in situ to Pt(II) in a controlled fashion. Pt(IV) complexes being
octahedral are kinetically more stable, and hence, much more
resistant to premature activation. Positioning the ligands
axially has a positive influence on stability and controlled acti-
vation. To study the implication of this, Yao et al. synthesized
a series of ten carboplatin prodrug derivatives (4) (Fig. 1b),
typically to study the influence of placing the BODIPY axially
opposite to the ligands on the photoactivation of Pt(IV).52 The
researchers designed two series of prodrugs: OHnC (containing
a hydroxido ligand at the opposite axial position) and ACnC
(containing an acetato ligand), where ‘n’ indicates the number
of CH2 groups (n = 2 to 8) in the linker between the BODIPY
core and the platinum(IV) centre. They investigated how the
distance between the photoabsorber and the platinum centre
(linker length) and the nature of the opposite axial ligand
(hydroxido vs. acetato) influence the photoactivation rate. The
prodrug series demonstrated at least two times higher plati-
num accumulation in human ovarian carcinoma cells (A2780)
than carboplatin alone. While OHnC exhibited greater accumu-
lation than ACnC, acetato complexes were photoactivated much
quicker than OHnC. AC3C was photoactivated the quickest
among the acetylated prodrugs with an IC50 value of 43.8 μM
under irradiation. The findings suggest that optimizing axial
ligands, particularly by incorporating an acetato ligand and a
linker of appropriate length (e.g. AC3C), can promote efficient
photoactivation and may contribute to the future rational
design of photoactivable carboplatin-based anticancer prodrugs.

Krasnovskaya and group have developed dual-action nano-
formulation photothermal imaging (PTI), combined with
photodynamic therapy (PDT) and photothermal therapy
(PTT).53 Being inspired from the fascinating properties of
BODIPY-based J-aggregates, they have fabricated a cisplatin-
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derived prodrug adorned with a tetraethylene glycol (TEG)-
bearing BODIPY unit (5) (Fig. 1c). Owing to its capability to
self-aggregate, it shows promising results for in vivo tumor
fluorescent imaging. This nanoprodrug has enhanced water
solubility due to the TEG unit and consequently better bio-
availability. Increased water availability also results in
enhanced PTT activity, long bloodstream circulation time, and
the ability to accumulate in the tumor. It showed promising
anti-tumor behaviour when assessed in a murine colorectal
carcinoma (CT-26) in vivo model.

Sun et al. initiated the designing of a simple cisplatin-
based prodrug with BODIPY-labelled platinum with one of the
chloride ions being replaced by the pyridine group of BODIPY.
The fluorescent BODIPY–Pt conjugate (6) demonstrated mito-
chondrial targeted potent inhibition of cellular proliferation in
human cervical carcinoma (HeLa) and human breast cancer
(MCF-7) cell lines, with half maximal inhibitory concentrations
(IC50) of 27.37 μM and 12.14 μM, respectively.54

Multiple variants of BODIPY-appended platin-based formu-
lations were then developed by researchers. Raza et al. have

developed a mitochondria-targeted BODIPY-conjugated imidazo-
platin derivative (7) for cellular imaging (Fig. 2a).19 In addition
to mitochondrial localization, it demonstrated minor endoplas-
mic reticulum (ER) localization. This aids in enhanced cellular
apoptosis, thereby exhibiting an extremely low IC50 value.

As an advancement to the previous work, Raza et al. devel-
oped a BODIPY-appended pyriplatin-B complex for lung and
breast cancers, as illustrated in Fig. 2b.55 The anticancer studies
were carried out on A549 (human lung carcinoma) and MCF-7
(human breast adenocarcinoma). Pyriplatin-B was found to be
more potent than imidazoplatin as a chemotherapeutic drug, as
it impedes the RNA II polymerase activity. They typically pre-
pared three complexes (complex 8, 9 and 10) with three different
BODIPY ligands (L1 = non-iodinated, L2 = monoiodinated and L3

= diiodinated), respectively. The quantum yield for each of the
complexes followed the order of 8 > 9 > 10. Thus, complex 9 with
the highest fluorescence was a good cellular imaging candidate,
while the non-fluorescent complex 10 is a potential PDT agent.
Surprisingly, the properties of complex 9 falls somewhere
between these two, and thus, possess the characteristics of both

Fig. 1 Structures of platinum-based (a) complex 3 51 [adapted from ref. 51 with permission from the American Chemical Society, copyright 2020]
and (b) complex 4 52 [adapted from ref. 52 with permission from the Royal Society of Chemistry copyright 2021]. (c) Cisplatin-based nanoformulation
and its mechanism of dual action under 660 nm irradiation53 [adapted from ref. 53 with permission from the American Chemical Society, copyright
2024].
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Fig. 2 Structures of platinum-based (a) complex 719 [adapted from ref. 19 with permission from the American Chemical Society, copyright 2017],
(b) complexes 8–10 55 [adapted from ref. 55 with permission from the American Chemical Society, copyright 2018], (c) complex 11 56 [adapted from
ref. 56 with permission from Elsevier, copyright 2021], (d) complex 12 57 [adapted from ref. 57 with permission from the American Chemical Society,
copyright 2021], (e) complex 13 58 [adapted from ref. 58 with permission from the Royal Society of Chemistry, copyright 2022] and (f ) complexes
14–16 59 [adapted from ref. 59 with permission from the Royal Society of Chemistry, copyright 2025].
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these complexes making it suitable for bioimaging as well as
photodynamic therapy.

Bera et al. have developed a new cisplatin-derived chemother-
apeutic and a PDT prodrug named Oxoplatin-B (Fig. 2c).56 This
platinum(IV) complex ([Pt(NH3)2Cl2(L1)(OH)] (11) of 4-methyl-
benzoic acid (HL1) functionalized with 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene) appended with BODIPY exhibited an excellent
Pearson’s correlation coefficient (PCC) value of 0.96. PCC is a
parameter that quantifies the extent of localization of a fluo-
rescent molecule inside a cell. It demonstrated remarkable green
light-activated phototherapeutic activity in various cancer cells
[Human breast cancer (MCF-7), cervical cancer (HeLa) and lung
cancer (A549) cells] with half minimal inhibitory concentration
(IC50) ranging from 1.1 to 3.8 μM.

Ramu et al. designed another prodrug meloplatin-B, which
is a Pt(II) complex [[Pt(A-BOD)(NH3)2](NO3) (12) or (Pt-A-BOD)]
consisting of a monoanionic O,O-donor methyl malonyl moiety
conjugated to a monostyryl BODIPY ligand (HA-BOD)
(Fig. 2d).57 It is an efficient near-IR-light-active photodynamic
therapy (PDT) agent exhibiting rapid cellular uptake in lung
cancer A549 cells through an energy-dependent pathway. The
complex induced a marked disruption of mitochondrial mem-
brane potential, triggering the mitochondrial-mediated apopto-
sis via a singlet oxygen pathway in A549 lung adenocarcinoma
cells. Further, the compound demonstrated superior photo-
stability and reduced photobleaching, rendering it a promising
theranostic agent for dual-modal applications: near-infrared
fluorescence imaging and PDT. The same group of scientists
have designed a Pt(IV) prodrug [Pt(NH3)2Cl2(OH)(L1)] (13),
having an axial carboxylate ligand HL1 with a covalently linked
red-light-active BODIPY moiety (Fig. 2e).58 The prodrug demon-
strated rapid activation upon red light irradiation under a redu-
cing environment, which is a characteristic of tumor microenvi-
ronment while it remained largely stable in the dark. The non-
toxic Pt(IV) prodrug efficiently generated singlet oxygen through
a type II energy transfer mechanism, yielding reactive oxygen
species (ROS) in high quantum yields. The anti-cancer
efficiency of the complex was assessed against HeLa and
MCF-7 cancer cell lines, where it showed sub-micromolar IC50

values on red light irradiation which are 100-fold greater than
that of the clinically approved cisplatin as well as their pre-
viously developed green-light-activated analogue (12). This red
emissive complex exhibited localization in the endoplasmic
reticulum (ER) in addition to the mitochondria.

Xu et al. attempted to design a bunch of platinum deriva-
tives targeted towards the lysozyme (Ly), mitochondria (Mt) and
endoplasmic reticulum (ER).59 Initially, they synthesized three
oxaplatin-based prodrugs, namely, Bodi–Oxa–Ly, Bodi–Oxa–ER,
and Bodi–Oxa–Mt. Despite being identified as potential candi-
dates, the BODIPY–Oxa–Pt(IV) prodrugs demonstrated relatively
low phototoxicity across various cancer cell lines. When evalu-
ated for phototoxicity against human ovarian cancer (A2780),
lung cancer (A549), and cisplatin-resistant A549 (A549cisR) cell
lines, the phototoxicity index (PI) that is defined as the ratio of
the IC50 value in the dark to the IC50 value under irradiation
was found to be less than 3 for all cell lines. Furthermore,

these prodrugs did not exhibit enhanced phototoxicity com-
pared to oxaliplatin. Specifically, the phototoxicity fold increase
(FI), calculated as the ratio of the IC50 value for oxaliplatin
under irradiation to the IC50 value for BODIPY–Oxa–Pt(IV) pro-
drugs under irradiation, was less than 1 for all cell lines. To cir-
cumnavigate this drawback, they synthesized similar derivatives
with carboplatin referred to as Bodi–Car–Ly (14), Bodi–Car–ER
(15), and Bodi–Car–Mt (16). All three complexes were decorated
with different organelle-specific ligands (Fig. 2f). Derivative 14
adorned morpholine, while derivatives 15 and 16 were
appended with phenyl sulfonamide and (2-carboxyethyl)triphe-
nylphosphonium bromide, respectively, in addition to BODIPY.
This study was further extended to A2780cisR, HeLa, HepG2
and HFF. Among the 3 complexes, the mitochondria targeting
complex (16) showed the best results and among all the cell
lines under consideration, it showed the highest photocytotoxi-
city against HeLa cells. This infers that mitochondrial targeting
leads to the highest anti-cancer property and enhances the
efficacy by exploiting their pivotal role in energy production
and apoptosis regulation.

5.1.1. Sugar-modified cisplatin-derived prodrugs. Lately,
researchers have been working on sugar-based BODIPY-
appended cisplatin derivatives. Torre and group have reported
a glycosylated BODIPY-incorporated Pt(II) metallacyclic
prodrug (17) (Fig. 3a).60 This specific strategy was very smartly
employed to target GLUT1, which is one of the most over-
expressed in a tumor microenvironment out of the human
glucose transporters (GLUTs) reported so far.61 Therefore,
glucose was conjugated with the triangular skeleton of the
BODIPY–Pt(II) prodrug with the aim to promote cellular uptake
via the Warburg effect.62 The synergistic efficacy of the cyclic
prodrug was assessed for HT29, HEK239 and A549 cell lines
for its dual action of chemo- and photodynamic-therapy.
Another glucose-appended BODIPY–Pt prodrug (18) was con-
structed by Chakravarty and group, which was designed to acti-
vate under near-infrared (NIR) light irradiation to work against
HeLa, MCF-7 and A549 cell lines (Fig. 3b).63 The prodrug
resulted in an IC50 value in the range of 2.3–24.7 μM under
NIR irradiation, and interestingly, it demonstrated mitochon-
drial targeting ability.

5.2. Non-platinated BODIPY metalloprodrugs

Despite being a cornerstone of cancer treatment, platinum-
based chemotherapy faces significant challenges due to the
development of acquired drug resistance. Beyond platinum-
based agents, emerging metallodrugs incorporating elements
such as ruthenium, cobalt and copper are gaining attention in
cancer photodynamic therapy, owing to their ability to gene-
rate reactive oxygen species under light activation, adaptable
chemical structures, and potential to overcome limitations
associated with traditional chemotherapeutics.

Angela Casini and team have developed three novel Pd2L4
metallacages C1·BF4 (19), C1·NO3 (20), and C2·NO3 (21) by the
self-assembly of two types of bispyridyl ligands featuring 3,5-
bis(3-ethynylpyridine)phenyl cores, exo-functionalized with a
fluorescent BODIPY moiety. As observed in Fig. 4a, these cages
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incorporate Pd(II) ions and have been utilized in imaging appli-
cations.64 The stability of the cages C1·BF4, C1·NO3, and
C2·NO3 in an aqueous solution was evaluated by UV-visible
spectroscopy. Their interactions with physiologically relevant
glutathione (GSH) concentrations were investigated by NMR

spectroscopy, which revealed partial disassembly of the cages
in the presence of GSH. These metallacages exhibit excellent
luminescent properties, with quantum yields ranging from
50% to 70% and they show excitation in the visible region.
Furthermore, the cages efficiently encapsulate the anticancer

Fig. 3 Sugar-based BODIPY-adorned cisplatin prodrug (a) complex 17 60 [adapted from ref. 60 with permission from the American Chemical
Society, copyright 2023] and (b) complex 18 63 [adapted from ref. 63 with permission from the American Chemical Society, copyright 2018].

Fig. 4 (a) Structure of Pd2L4 metallacages (complex 8–10) with exo-functionalised BODIPY fluorophores64 [adapted from ref. 64 with permission
from Elsevier, copyright 2019]. Chemical structures of Co(III)-based (b) complexes 22–25 65 [adapted from ref. 65 with permission from the American
Chemical Society, copyright 2022] and (c) complexes 26–27 66 [adapted from ref. 66 with permission from the American Chemical Society, copy-
right 2024].
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drug cisplatin, as confirmed by NMR spectroscopy through
characteristic chemical shifts, indicating the encapsulation of
two equivalents of cisplatin per cage molecule. This highlights
the potential of these cages as host–guest systems. The
scaffold containing the amide bond exhibits no cytotoxicity
toward human A375 cells, further supporting its promise for
application in drug delivery systems.

Jana et al. have synthesized and characterized four ternary
Co(III) complexes featuring acetylacetonate-modified boron-
dipyrromethene ligands (Fig. 4b). These complexes included
[Co(TPA)(L1)](ClO4)2 (22), [Co(4-COOH-TPA)(L1)](ClO4)2 (23),
[Co(TPA)(L2)]Cl2 (24), and [Co(4-COOH-TPA)(L2)]Cl2 (25), where
L1 represents acac-BODIPY and L2 denotes acac-diiodo-
BODIPY. The ligands TPA and 4-COOH-TPA refer to tris-(2-pyri-
dylmethyl)amine and 2-((bis-(2-pyridylmethyl)amino)methyl)
isonicotinic acid). These Co(III) complexes were assessed for
their potential in bioimaging and phototherapeutic appli-
cations.65 Single-crystal X-ray diffraction revealed a distorted
octahedral geometry around the Co(III) centre in complex 11.
Bonding parameters in all 4 complexes were investigated using
density function studies (DFT). Complexes 22 and 23 release
an acac-BODIPY ligand upon photoactivation or in the pres-
ence of biological reducing agents, such as 3-mercaptopropio-
nic acid, ascorbic acid, and glutathione (GSH). Ligand release
was confirmed by enhanced emission intensity and corrobo-
rated by 1H NMR spectroscopy. Among the series, complex 25,
containing a diiodo-BODIPY photosensitizer, exhibited the
highest PDT activity with a phototherapeutic index (PI) exceed-
ing 7000. It induces DNA photocleavage and generated both
singlet oxygen (1O2) and superoxide radicals upon photoactiva-
tion. The localization study suggests that the green emissive
complex 18 selectively accumulates in the endoplasmic reticu-
lum of the A-549 lung carcinoma cells.

To address the poor photostability associated with iodi-
nated ligand complexes, the study was further focused on
designing new red light-activated photosensitizers based on
non-iodinated ligands (Fig. 4c). Two heteroleptic Co(III) com-
plexes, [Co(TPA)-(L1)](ClO4)2 (26) and [Co(TPA)(L2)](ClO4)2 (27),
were synthesized.66 These complexes incorporate a tetraden-
tate polypyridyl ligand (TPA) along with an acetylacetone-
linked PEGylated distyryl BODIPY ligand HL1 and its dibromo
analogue HL2, respectively. The bromine-substituted BODIPY
ligand enhances photodynamic therapy (PDT) by facilitating
singlet oxygen generation through a type-II mechanism. Upon
red light irradiation and under the reducing microenvi-
ronment typical of solid tumors, the Co(III) complexes undergo
reduction to Co(II), triggering the release of the BODIPY photo-
sensitizer. These complexes demonstrated excellent photo-
physical properties, mitochondrial targeting, strong fluo-
rescence for imaging, and efficient singlet oxygen generation.
Notably, complex 27 showed high photocytotoxicity against
HeLa (cervical cancer) cells with minimal impact on normal
cells, confirming its therapeutic selectivity. These findings
offer a promising pathway for the development of red-light-
responsive, biocompatible cobalt-based prodrugs for targeted
cancer treatment.

Photodynamic therapy (PDT) relies on the generation of
reactive oxygen species (ROS) to induce cytotoxic effects.
However, its effectiveness is often limited by hypoxia, a
common feature in solid tumors due to inadequate vasculari-
zation. The low oxygen levels hinder ROS production, reducing
PDT efficacy and contributing to treatment resistance. To over-
come the limitations imposed by tumor hypoxia, Zheng et al.
have developed a near-infrared (NIR) photodynamic therapy
(PDT) nanocomposite, DF–BODIPY@ZIF-8 (28).67 The system
combines a rationally designed BODIPY-based photosensitizer
(DF–BODIPY) with a zeolitic imidazolate framework (ZIF-8)
(Fig. 5a), which not only enhances singlet oxygen (1O2) gene-
ration through structural modulation (e.g., trifluoromethyl
substitution) but also catalyses the decomposition of endogen-
ous hydrogen peroxide (H2O2) in tumors to generate oxygen,
mitigating hypoxic conditions. Computational studies using
density functional theory (DFT) demonstrated that the incor-
poration of more electronegative groups reduces the singlet–
triplet energy gap (ΔEst), promoting greater reactive oxygen
species (ROS) generation. In vitro assessments under hypoxic
conditions using 4T1 cancer cells demonstrated efficient cellu-
lar uptake of both DF–BODIPY and DF–BODIPY@ZIF-8, con-
firming their suitable particle size and biocompatibility.
Further in vivo cytotoxicity studies in a 4T1 tumor-bearing
mouse model revealed that DF–BODIPY@ZIF-8, upon 689 nm
light irradiation, led to pronounced tumor growth inhibition.

As illustrated in (Fig. 5b) Chen et al. have designed and
developed a novel PDT nanoplatform, 69-L2@F (29), to address
the persistent challenge of tumor hypoxia by combining fluori-
nated polyethylene glycol F-PEG with BODIPY-based zirconium
metal–organic framework (Zr-MOF), 69-L2.

68 They used a post-
synthetic exchange method to successfully incorporate a car-
boxylated BODIPY ligand into a UiO-69-like MOF structure,
forming the 69-L2 framework. Further PEGylation with a fluori-
nated polymer resulted in the 69-L2@F system, which
enhances both oxygen solubility and biocompatibility. Owing
to the oxygen-carrying capacity of the F-PEG, 69-L2@F effec-
tively alleviates hypoxia and facilitates reactive oxygen species
(ROS) generation under LED light irradiation in vitro. The
in vivo application, supported by a hydrogel-based delivery
system, showed significant tumor suppression in a triple-nega-
tive breast cancer mouse model, MDA-MB-23. The 69-L2@F-
loaded hydrogel enables in situ oxygen generation and ROS
production, offering effective tumor suppression.

Liang et al. have introduced an innovative NIR-responsive
polymeric nanoplatform, termed NPIr@Bp (30), designed for
targeted phototherapy (Fig. 5c).69 The construction of this
system involved synthesizing an amphiphilic polymer,
PIr@Bp, by polymerizing a mitochondria-targeted Iridium(III)
prodrug (Ir1) conjugated via a self-immolative linker to a
BODIPY-based photosensitizer. To improve aqueous dispersi-
bility and biocompatibility, polyethylene glycol (PEG) chains
were introduced through terminal modification. In aqueous
media, the resulting amphiphilic polymers self-assemble into
gemini-type nanoparticles, forming NPIr@Bp, which can be
selectively activated under near-infrared light irradiation. The
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nanoparticle generating the singlet oxygen (1O2) upon
irradiation was evaluated in a time-dependent manner by
UV-Vis absorption spectroscopy. The nanoparticles show stabi-
lity under physiological conditions and disassemble upon NIR
irradiation to release the Ir(III) prodrug in a controlled manner.
Cytotoxicity studies were conducted on human cervical carci-
noma (HeLa) cells and cisplatin-resistant HeLa (HeLa–DDP)
cells, showing an enhanced cytotoxic effect in the cisplatin-
resistant cancer cells upon exposure to NIR irradiation. In vitro
and in vivo studies, including RNA-seq analysis, confirmed the
multimodal therapeutic mechanism and potent antitumor
efficacy against cisplatin-resistant cancer models, highlighting
the potential of platform for spatiotemporally controlled
cancer therapy.

Bhattacharyya et al. have engineered a multi-ligand oxova-
nadium(IV)-β-diketonate prodrug having an NNN-donor, di-
picolylamine conjugated to boron-dipyrromethene (BODIPY in
L1) and diiodo-BODIPY (in L2) moieties, namely, [VO(L1)(acac)]
Cl (complex 31), [VO(L2)(acac)]Cl (complex 32), and [VO(L1)
(dbm)]Cl (complex 33), as shown in Fig. 6a, where acac and
dbm are monoanionic O,O-donor acetylacetone and 1,3-diphe-
nyl-1,3-propanedione.70 The photo-induced cytotoxicity in
HeLa cells was examined in visible light. The green emissive
complex 31 and 33 are potent cellular imaging tools, while the
non-fluorescent complex 32 is an efficient PDT agent, causing
cellular apoptosis with a good photocytotoxic index (PI) value
of >50 (IC50 in the dark: 58.0 μM; IC50 in the light: 1.1 μM).
Jana et al. have engineered unique cobalt(III) dibromo-

BODIPY-8-hydroxyquinolinate for mitochondria-targeted red
light photodynamic therapy.71 They synthesized three hetero-
leptic complexes with the general formula [CoIII(L)(L1–3)]X
(where X = ClO4 for 34 and 35 and Cl for 36) with tetradentate
N,N,N,O-donor polypyridyl phenolate (HL) and bidentate N,O-
donor 8-hydroxyquinoline (HL1) and its BODIPY (HL2) or
dibromo-BODIPY (HL3) pendant ligands (Fig. 6b). The intro-
duction of a monoanionic N,N,N,O-donor ancillary ligand has
led to an improved bioavailability, and thereby enhanced
therapeutic effect. The dibromo-BODIPY complex 34, with a
singlet oxygen quantum yield (ϕΔ) of ∼0.25, exhibited remark-
able apoptotic photo-cytotoxicity in HeLa cancer cells upon red
light irradiation (600–720 nm), achieving a half-maximal
inhibitory concentration (IC50) in the nanomolar range (360
nM) and a photocytotoxicity index exceeding 277.

5.3. Curcumin-derived BODIPY metalloprodrugs

Curcumin, the active compound in turmeric which is also
referred to as turmeric yellow, is a naturally occurring pigment
renowned for its potential anti-cancer properties, a belief
rooted in traditional Indian and Chinese medicine. However,
clinical studies on the role of curcumin in cancer therapy have
yielded mixed results. While it demonstrates potential as an
adjunctive treatment in cancer therapy, its clinical application
is hindered by challenges related to bioavailability and incon-
sistent evidence. Curcumin has shown improved physical per-
formance in women with advanced breast cancer on intrave-
nous administration of curcumin with paclitaxel chemo-

Fig. 5 (a) Structure of BODIPY photosensitizers and DF–BODIPY@ZIF-8 nanocomposite67 [reproduced from ref. 67 with permission from the
American Chemical Society, copyright 2022]. (b) Synthesis of zirconium-based MOFs for chemotherapeutic applications68 [reproduced from ref. 68
with permission from the American Chemical Society, copyright 2024]. (c) Structure of an NIR-responsive amphiphilic polymeric prodrug (PIr@Bp)69

[adapted from ref. 69 with permission from Elsevier, copyright 2024].
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therapy.72 To enhance its bioavailability, researchers are
exploring various delivery methods such as liposomal encapsu-
lation, nanoparticle formulations, and co-administration with
other adjuncts. Curcumin is typically known to generate
hydroxyl radicals via the type-I PDT pathway. However, it exhi-
bits poor bioavailability and is prone to hydrolysis under phys-
iological conditions. Consequently, it has been recently cate-
gorized as pan-assay interference compound (PAINS) and
invalid metabolic panaceas (IMPS) that obstructs the use of
curcumin as a therapeutic agent in cancer management.73

Prof. Akhil Chakravarty and group have exclusively explored
the conjugation of enolate form of curcumin with various
metal ions, followed by its linkage to BODIPY dyes, to mitigate
the undesirable characteristics associated with PAINS and
IMPS.74

Addressing the aforementioned challenges, their research
focuses on the designing of ternary oxidovanadium(IV) com-
plexes (37) incorporating curcumin and dipicolylamine (dpa)
ligands, along with analogues featuring pendant photoactive
BODIPY moieties for cellular imaging (Fig. 7a).75 These com-
plexes exhibit visible light-induced cytotoxicity in breast and
cervical cancer cells, leveraging the synergistic effects of metal
coordination and photodynamic therapy. These emissive com-
plexes were predominantly found to be localized in the mito-
chondria, inducing cellular apoptosis through the generation
of singlet oxygen via the type-II photodynamic therapy (PDT)
pathway. The mitochondrial localization of oxidovanadium
complexes offers a strategic advantage over conventional cis-
platin-based drugs, which majorly target the nucleus and are
often hindered by intrinsic cellular resistance. VO2+ species

further stabilizes curcumin, thereby retaining its therapeutic
effect.

Visible light-activated photo-chemotherapeutic prodrug (38)
was engineered by constructing ternary diamagnetic zinc(II)
complexes of curcumin and dipicolylamine bases with a
BODIPY photosensitizer (Fig. 7b).76 Zinc, a redox inactive
bioessential metal, exhibits low toxicity and strong coordi-
nation affinity with the enolate form of curcumin.
Furthermore, it substantially enhances the stability of the di-
iodinated BODIPY unit, thereby improving its physiological
stability and fulfilling key pharmacological criteria necessary
for effective drug actions.

Following a similar path, they further designed red-light-
activated BODIPY-tagged platinum(II)–curcumin complexes
with endoplasmic reticulum (ER) targeting ability (Fig. 7c).77

By coordinating the enolate form of curcumin with platinum
(II), these complexes achieve enhanced stability and bio-
availability. The team synthesized and characterized non-iodo
(RBC) (39) and di-iodinated (IRBC) (40) Pt complexes, each
decorated with curcumin and N,N-donor 2-pyridylbenzimida-
zole ligands, and appended with red-light-responsive BODIPY
pendants. These complexes were evaluated for their potential
to induce red-light-mediated photodynamic therapy (PDT)
effects. Upon evaluation against a non-BODIPY analogue, both
RBC and IRBC exhibited significantly enhanced reactive
oxygen species (ROS) generation. Surprisingly, the iodinated
analogue (IRBC) demonstrated a unique mechanism by co-pro-
ducing distinct types of ROS: hydroxyl radicals originating
from the curcumin ligand and singlet oxygen (1O2) generated
via the BODIPY moiety upon excitation with blue and red

Fig. 6 Chemical structures of (a) oxovanadium-based70 [adapted from ref. 70 with permission from the American Chemical Society, copyright
2020] and (b) cobalt-based complexes (34–36)71 [adapted from ref. 71 with permission from Elsevier, copyright 2023].
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light, respectively. These complexes also exhibited potent
photoinduced cytotoxicity across a broad spectral range.

5.4. Biotin targeting metalloprodrugs

A widely used approach to enhance the selectivity and efficacy
of photodynamic therapy (PDT) agents toward tumors involves
conjugating the photosensitizer with tumor-targeting com-
pounds, namely vitamins, folic acid, peptides, and steroids.78

This strategy ensures that the photosensitizer, functioning as a
prodrug, is selectively directed to cancer cells. Among these
targeting ligands, biotin, also known as vitamin H, has gained
significant attention due to its essential role in various meta-
bolic processes and its association with the rapid proliferation
of cancer cells. The high metabolic demand of these rapidly
dividing cells leads to a markedly increased biotin uptake in
many tumor types. This phenomenon is primarily driven by
the overexpression of biotin-specific receptors and transporters
on the surface of cancer cells, such as the sodium-dependent
multivitamin transporter (SMVT).79 Consequently, biotin
serves as an effective targeting ligand for tumor-specific deliv-
ery of therapeutic agents, including PDT prodrugs.

As displayed in Fig. 8, Akhil R. Chakravarty and coworkers
have designed 5 ruthenium(II) complexes (41–45) incorporating
BODIPY as a photoactive dye and biotin for targeted photo-
dynamic therapy (PDT). The five mixed ligand complexes were
designed for PDT in the presence of red light based on ruthe-
nium(II) coordinating with different ligands including NNN-

donor dipicolylamine (dpa) bases (L4, L5), NN-donor phenan-
throline derivatives (L1, L2), and benzyldipicolylamine (bzdpa,
L3).

80 These complexes exhibit strong luminescence properties,
making them suitable for cellular imaging and function as
efficient photosensitizers under visible (400–700 nm) and
near-infrared (600–720 nm) light. The complexes exhibit mito-
chondrial localization, which may lead to apoptotic cell death.
The ROS here is a singlet oxygen (1O2) generated through the
type II PDT pathway, as evident from the mechanistic DNA
photocleavage study. The BODIPY Ru(II) complex containing
biotin and PEG pendant groups exhibited significant PDT
activity under red light irradiation (600–720 nm) in human
lung carcinoma A549 cells. The A549 cell line was selected due
to its known overexpression of SMVT receptors. The biotiny-
lated derivative exhibits superior photocytotoxicity relative to
its non-biotinylated counterpart due to enhanced cellular
uptake mediated by biotin receptor-targeting mechanisms.

Paul et al. have developed biotin-decorated BODIPY–ruthe-
nium(II) bis-terpyridine complexes (46) displaying an ultra-high
phototherapeutic index of >1400 (Fig. 9a). The complex gener-
ated singlet oxygen species (1O2) via a type-II mechanism and
superoxide anion radicals (O2

−) through a type-I pathway upon
photoexcitation. 1O2 causes cellular apoptosis while O2

− aids in
DNA cleavage. It exhibited excellent phototoxicity against human
cervical cancer cell lines (HeLa).81

A. Bera et al. synthesized a Pt(IV) prodrug, cis,cis,trans-[Pt
(NH3)2Cl2(biotin)(L)] (47), derived from cisplatin. The prodrug

Fig. 7 Curcumin-based BODIPY-conjugated metalloprodrugs: (a) complex 37 75 [adapted from ref. 75 with permission from the American Chemical
Society, copyright 2027], (b) complex 38 76 [adapted from ref. 76 with permission from Elsevier, copyright 2021] and (c) complex 39–40 77 [adapted
from ref. 77 with permission from the American Chemical Society, copyright 2022].

Dalton Transactions Perspective

This journal is © The Royal Society of Chemistry 2026 Dalton Trans., 2026, 55, 40–58 | 51

Pu
bl

is
he

d 
on

 0
6 

O
ct

ob
er

 2
02

5.
 D

ow
nl

oa
de

d 
on

 5
/3

/2
02

6 
9:

17
:4

6 
A

M
. 

View Article Online

https://doi.org/10.1039/d5dt01667c


features a cis,cis,trans-configured Pt(IV) core, incorporating an
axial biotin ligand for cancer-targeted delivery and a PEGylated
BODIPY photosensitizer (HL) responsive to red light
(Fig. 9b).82 The prodrug strategy enhances the photocytotoxi-

city of platinum-based PDT by exploiting a chemo-PDT mecha-
nism, enabling selective targeting of cancer cells over normal
tissues. Upon red-light irradiation, the system undergoes one-
step, two-electron photoreduction of the Pt(IV) centre, releasing

Fig. 8 Chemical structures of Ru(II) complexes80 [adapted from ref. 80 with permission from the American Chemical Society, copyright 2020].

Fig. 9 Biotin-adorned BODIPY-conjugated (a) ruthenium-based81 [adapted from ref. 81 with permission from the American Chemical Society,
copyright 2021], (b) platinum-based PEGylated82 [adapted from ref. 82 with permission from the Royal Society of Chemistry, copyright 2023] and (c)
ruthenium–platinum bimetallic prodrugs83 [adapted from ref. 83 with permission from the American Chemical Society, copyright 2024].
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an active cisplatin analogue alongside the PDT-active BODIPY
photosensitizer. Notably, the intact Pt(IV) complex also contrib-
utes to PDT efficacy due to the coordinated BODIPY moiety.
The BODIPY ligand functions as an efficient red-light-activated
photosensitizer, generating singlet oxygen as the primary reac-
tive oxygen species (ROS) in high yields (Table 2). The biotin-
and PEGylated distyryl-BODIPY-conjugated complex demon-
strated significantly enhanced cellular uptake in A549 cancer
cells compared to non-cancerous Beas-2B cells, as confirmed
by flow cytometry. This dual-action therapeutic approach com-
bining photodynamic and chemotherapeutic modalities holds
promise for overcoming drug resistance and enhancing the
precision and potency of cancer treatment.

The group further developed a “magic bullet” for the tar-
geted drug delivery and developed a heterobimetallic Pt(IV)–Ru
(II) complex, cis,cis,trans-[Pt(NH3)2Cl2{Ru(tpy-BODIPY)(tpy-
COO)}(biotin)]Cl2 (Pt–Ru–B, 2) (48) (Fig. 9c). In this system, the
pseudo-octahedral 5d6-Pt(IV) centre is axially coordinated to
biotin and a Ru(II) photosensitizer complex, {Ru(II)-tpy-
BODIPY} (Ru–B, 1) (49). The Ru–B unit features a BODIPY-
based photosensitizer bonded to a nitrogen-donor tpy (4′-
phenyl-2,2′:6′,2″-terpyridine) ligand.83 This dual-functional
complex is designed as a “Platin Bullet” for targeted photo-
dynamic therapy (PDT), combining selective tumor targeting
through the biotin moiety and efficient reactive oxygen species
(ROS) generation via the Ru–B photosensitizer upon light acti-
vation. This multifunctional molecular platform demonstrates
efficient cellular uptake, facilitated by the biotin moiety. Upon
light activation, the Ru(II)-based photosensitizer efficiently gen-
erates singlet oxygen (1O2) as the predominant reactive oxygen
species (ROS), with a minor contribution from superoxide
anion radicals through a type-I electron transfer pathway.
Complex 48 (Pt–Ru–B) exhibits pronounced mitochondrial
localization and induces light-triggered apoptotic cell death,
demonstrating an exceptional photocytotoxicity index exceed-
ing 4500. The scratch-wound healing assay performed on A549
cells revealed that the Pt–Ru–B prodrug complex effectively
inhibits cell migration, indicating its potential antimetastatic
activity.

6. Other biological applications of
BODIPY–metal conjugates

Recent advances in BODIPY–metal systems have greatly
expanded the applications of these dyes beyond anticancer
phototherapy, especially in sensing and imaging of biologically
and environmentally relevant metal ions. A prominent
example is the NIR–BODIPY derivative “BPN” which exhibits
emission at 765 nm (upon excitation at 704 nm) and shows
distinct responses towards Cu2+ and Mn2+, wherein binding to
Cu2+ causes quenching of emission, while Mn2+ induces aggre-
gation and fluorescence enhancement. BPN has been success-
fully used to monitor Cu2+ in live cells and image the mito-
chondria, and its detection range in the serum spans
≈0.45 µM to 36.30 µM.84 BODIPY-based sensors have also

been developed in hydrogel formulation. A fluorescent dialde-
hyde-BODIPY cross-linked chitosan hydrogel (CBC) has been
shown to identify Cu2+ in aqueous solutions, with a linear
quenching response up to ∼50 µM, a detection limit of
≈4.75 µM, and a quenching constant of ∼3.52 × 104 M−1. The
mechanism involves Cu2+-triggered conversion of imine
(CvN) bonds in the hydrogel moiety.85 In another study, an
asymmetric BODIPY sensor functionalized with a bis(pyridine-
2-ylmethyl)amine group and a 4-carboxyphenyl substituent
was used for ratiometric sensing of Cu2+. Upon binding, the
fluorescence emission peak shifts from ∼580 nm to ∼620 nm;
the binding stoichiometry is ∼1 : 3 (BODIPY : Cu2+), and the
ratio of emission intensities at 620 nm vs. 580 nm (F620/F580)
increases with the Cu2+ concentration. This enables naked-eye
detection in aqueous samples.86

Mondal, Majee, and Dutta (2025) have developed a BODIPY-
based N-oxide probe (BDNO) that exhibits ratiometric near-
infrared fluorescence when detecting ferrous ions (Fe2+).
BDNO displays a dual emission behavior: a “turn-off” emission
at ∼570 nm under excitation at ∼540 nm, and a strong “turn-
on” NIR emission at approx. 715 nm (excitation ∼610 nm),
with a large Stokes shift (∼105 nm). The detection limit is
about 41 nM, and the probe works in <5 seconds in real
sample matrices such as fruit juices, tap water, and river
water, specifically useful in applications in food safety,
environmental monitoring, and biomedical research.87

Emerging studies further indicate that BODIPY dyes are
highly promising for tackling bacterial infections using photo-
dynamic methods and other antibacterial approaches. For
example, Wen et al. (2023) designed several functionalized
BODIPYs bearing groups such as phenylboronic acid (PBA) or
pyridine cations; one of the derivatives (IBDPPy–Ph) not only
efficiently killed Staphylococcus aureus and Escherichia coli under
illumination, but also eradicated mature biofilms and promoted
wound healing in infected models.88 Similarly, Li, Li, Wu, Sun &
Xie et al. reported a BODIPY photosensitizer, LIBDP, containing
a guanidine moiety, which disrupts bacterial membranes, gener-
ates reactive oxygen species under light, destroys preformed bio-
films, and also, through ROS-mediated oxidation of the guani-
dine, releases nitric oxide that aids wound healing.45 In another
line, BODIPY@carbon dot nanocomposites (positively charged)
have been shown to exhibit extremely low minimal inhibitory
concentrations (MICs) against S. aureus (as low as ∼128 ng
mL−1) and to accelerate the healing of bacterial infections in
wound models.89 The inclusion of heavy atoms such as iodine
has also been exploited: a study comparing several BODIPY
derivatives found that 2,6-diiodo-8-phenyl-substituted BODIPY
(BDP3) killed S. aureus at MIC ∼10 nM under green–light
irradiation, with good biofilm inhibition and favorable cytocom-
patibility.90 Moreover, cationic BODIPY derivatives (including
dicationic aza-BODYPS) have shown potent activity against clini-
cal and antibiotic resistant strains of MRSA upon illumination;
for instance, one such compound achieved minimum bacteri-
cidal concentrations in the range of ∼12.5–25 µM for many
strains.91 Moreover, BODIPY conjugated with triphenyl-
phosphine (BDPI–TPP) when formed into nanoparticles shows
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strong electrostatic binding to bacterial membranes and
effective photodynamic antibacterial activity with low MIC
(∼0.3 µg mL−1) against typical bacterial pathogens.92 Finally,
approaches have extended beyond planktonic bacteria: covalent
attachment of a BODIPY derivative (with a heavy atom for
enhanced singlet–oxygen generation) to a polymeric surface (e.g.
PDMS) yielded antimicrobial surfaces that significantly reduced
Staphylococcus aureus colonization under light exposure.93

7. Conclusion and future perspectives

This review elaborates the advances in metallo-prodrugs
adorned with boron dipyrromethene derivatives (BODIPY)
taking on a dual role as a chemotherapeutic and PDT agent.
Cisplatin remains a cornerstone of cancer therapy, and research-
ers have built upon it to develop newer drugs with advanced fea-
tures such as target specificity and bioimaging capabilities. One
of the first approaches to address the limitations of cisplatin was
to design Pt(IV) prodrugs as kinetically inert derivatives that
reduce off-target reactivity and toxicity by activating only within
cancer cells. More recently, BODIPY-conjugated prodrugs have
emerged, combining therapeutic action with intrinsic fluo-
rescence for real-time bioimaging. Later, scientists explored the
potency of other metals such as ruthenium (Ru), cobalt (Co) and
vanadium(V). These provided safer options as compared to plati-
num-based drugs. Subsequently, prodrugs were engineered with
targeting ligands such as biotin and designed for organelle-
specific delivery, specifically mitochondrial targeting, to over-
come the demerits of nuclear-targeted conventional metallo-
drugs. A group of researchers are actively researching on com-
bining the goodness of the golden spice ‘curcumin’ and the fluo-
rescence of BODIPY with metalloprodrugs, and these hybrid
constructs have shown promising anticancer activity.

Substantial efforts have focused on transforming metal-
based drugs into prodrugs to enhance their therapeutic
efficacy and overcome inherent limitations. Although cisplatin
derivatives remain the most extensively studied metallodrugs
for cancer therapy, several promising avenues remain relatively
uncharted. Even though investigations into other transition
metals such as Pd, Co, Ru, and V have begun offering new
action mechanisms, the first-row transition metals such as
copper and iron remain significantly underexplored. They
provide alternative pathways to the conventional DNA targeting
such as angiogenesis, cuproplasia, cuproptosis and ferropto-
sis, opening better and safer opportunities.

Researchers are deep diving into the benefits of nanofor-
mulating drugs to improve solubility, targeting precision, and
controlled release. As outlined in this review, early-stage efforts
are exploring the conjugation of metalloprodrugs into nanofor-
mulations. While still in its infancy, this strategy holds signifi-
cant potential to harness the benefits of metallotherapeutics
while mitigating their drawbacks. Much deeper assessment is
required to package more features such as stimuli response,
deep tissue activation and advanced protein targeting. In con-
clusion, integrating BODIPY into metalloprodrugs hasT
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unlocked novel chemotherapeutic strategies offering bio-
imaging and photodynamic capabilities and enhanced selecti-
vity, yet much remains to be explored in designing smarter
and multifunctional drugs.
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