Pre prints.org

Review Not peer-reviewed version

BODIPY Dyes: A New Frontier in Cellular
Imaging and Theragnostic Applications

Panangattukara Prabhakaran Praveen Kumar i , Shivanjali Saxena , Rakesh Joshi

Posted Date: 24 January 2025
doi: 10.20944/preprints202501.1852.v1

Keywords: BODIPY Dye; cellular imaging; photodynamic therapy; photothermal therapy; boron neutron
capture therapy

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.



https://sciprofiles.com/profile/3519647

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 January 2025 d0i:10.20944/preprints202501.1852.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

BODIPY Dyes: A New Frontier in Cellular Imaging
and Theragnostic Applications

Panangattukara Prabhakaran Praveen Kumar '*, Shivanjali Saxena, 22 and Rakesh Joshi 2

! Department of Biomedical Engineering and the Institute for Quantitative Health Science and Engineering,
Michigan State University, East Lansing, MI 48824

2 DARVUN, Punjab, India

3 NYU Grossman School of Medicine, New York, NY

* Correspondence: panangal@msu.edu or p4praveen.18@gmail.com

Abstract: BODIPY (Boron-Dipyrromethene) dyes have emerged as versatile fluorescent probes in
cellular imaging and therapeutic applications, owing to their unique chemical properties, including
high fluorescence quantum yield, strong extinction coefficients, and remarkable photostability. This
review synthesizes the recent advancements in BODIPY dyes, focusing on their deployment in
biological imaging and therapy. The exceptional ability of BODIPY dyes to selectively stain cellular
structures enables precise visualization of lipids, proteins, and nucleic acids within live and tumor
cells, thereby facilitating enhanced understanding of biochemical processes. Moreover, BODIPY
derivatives are increasingly utilized in photodynamic therapy (PDT) and for Photothermal therapies
(PTT) for targeting cancer cells, where their capability to generate cytotoxic reactive oxygen species
upon light activation offers a promising approach to tumor treatment. Recently BODIPY derivatives
has been used for Boron Neutron Capture Therapy (BNCT) for various tumor, and it is a growing
research field. The advancement in nanotechnology allowed fabrication of BODIPY dye-based
nanomedicines either alone or with use of metallic nanoparticles as a matrix, offers the development
of new class of bioimaging and theragnostic agents. This review also discusses innovative BODIPY-
based formulations and strategies that amplify therapeutic efficacy while minimizing adverse effects,
underscoring the potential of these dyes as integral components in next-generation diagnostic and
therapeutic modalities. By summarizing current research and future perspectives, this review
highlights the critical importance of BODIPY dyes in advancing the fields of cellular imaging and
treatment methodologies.

Keywords: BODIPY dye; cellular imaging; photodynamic therapy; photothermal therapy; boron
neutron capture therapy

1. Introduction

BODIPY dyes, or boron-dipyrromethene compounds, (IUPAC name 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene) have shaped the landscape of fluorescent imaging and bioanalytical applications
since their inception [1-3]. The synthesis of the first BODIPY dye in 1968 by chemists Treibs and
Kreuzer marked the beginning of an era characterized by their remarkable optical properties,
including high fluorescence quantum yields and strong absorption in the visible and near-infrared
spectra [4]. These characteristics have rendered BODIPY dyes invaluable in biological research,
particularly in fluorescence microscopy, cell imaging, and protein labeling [5-7]. Over the years,
innovative approaches to modify BODIPY structures have expanded their applications, allowing
them to serve as effective probes for various biological processes, therapeutic agents, and biosensors.
As a result, BODIPY dyes have gained significant attention for their potential in cancer therapies and
diagnostic applications due to their tunable properties, photostability, and low toxicity, which are
crucial for in vivo imaging and the monitoring of dynamic biological events. The present review will
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explore the historical development of BODIPY dyes, highlighting their journey from laboratory
discovery to pivotal role in advancing biomedicine through their diverse applications in
contemporary biological research.

The modification of BODIPY dyes has enhanced their versatility, enabling researchers to
customize their properties for specific biological tasks, including sub-cellular imaging and targeted
therapy [7-9]. A significant breakthrough in this field is the introduction of aza-BODIPYs, which are
formed by substituting the meso-carbon atom of the traditional BODIPY structure with a nitrogen
atom (aza-N). This substitution markedly improves their photophysical characteristics. Figure 1A
represents a general schematic for the structure of various BODIPY, Aza-BODIPY, and substituted
BODIPY dyes. Unlike standard BODIPYs that primarily emit green light, aza-BODIPYs can absorb
and emit light in the red to near-infrared spectrum (Figure 1B) [10]. Although these compounds
generally exhibit lower emission quantum yields, they have an increased propensity for intersystem
crossing (ISC) to triplet states, rendering them particularly effective for applications that depend on
triplet state processes, such as photodynamic therapy [11-14].
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Figure 1. Structure for BODIPY dyes and photo physics. (A) A representation for the general core structure of
BODIPY, aza-Bodipy and substituted BODIPY dyes. (B) Structure of substituted BODIPY and aza-BODIPY dyes
and a picture of the fluorescence from these dyes with varying substituents. (C) Structural representation of NIR-
I active BODIPY dye and their J-aggregates with tunable absorption and emission properties. Reproduced with
permission from [10], 2022, ACS and [15], 2021, Nature publishing group.

Using fluorescent probes that operate within the NIR-II window presents several advantages for
bioimaging, including minimized light scattering, enhanced tissue penetration, improved signal-to-
background ratios, and better spatiotemporal resolution. BODIPY dyes are particularly
advantageous due to their exceptional photostability, elevated quantum yield, narrow absorption
profiles, straightforward functionalization, and low cytotoxicity. The integration of these traits into
BODIPY probes that are functional in the NIR-II window holds tremendous promise for bioimaging
applications (Figure 1C). As Hu et al. note, pivotal strategies for achieving this goal include electron
pumping, conjugation with semiconducting polymers, and the formation of J-aggregates [16]. Each
of these strategies, however, comes with its own set of advantages and challenges. The electron
pumping approach utilizes an electron-withdrawing BODIPY core that can effectively incorporate
electron-donating groups, thereby enhancing the tunability of the emission wavelength while
maintaining photostability. The primary challenge with this method lies in reconciling these emission
traits with the overall brightness of the fluorescence [17-21]. Conversely, several research teams have
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investigated the incorporation of BODIPY units into semiconducting polymers, which facilitates the
integration of multiple functions in a single system. However, this complexity often leads to
limitations in clinical applicability and can reduce brightness [22-24]. Similarly, the formation of J-
aggregates takes advantage of the specific arrangement of stacked BODIPY molecules, offering
substantial benefits such as minimal structural modifications and high fluorescence quantum yields
which contribute to superior imaging signals [15]. Nonetheless, this method faces difficulties with
the stability of the aggregates and challenges linked to achieving in situ formation of NIR-II J-
aggregates within biological contexts like tumors [25-27]. The fluorescence of BODIPY molecules can
be controlled by various pathways such as Photoinduced electron transfer (PET), Fo Tster resonance
energy transfer (FRET), Intramolecular Charge Transfer (ICT) and by various other pathways [28,29].

BODIPY dyes have emerged as vital components in the development of small-molecule
fluorescent probes, attributed to their remarkable photophysical properties. Unlike fluorescent
proteins, which can be bulky and challenging to manipulate, BODIPY dyes are significantly smaller,
facilitating their use in biological contexts without interfering with the functionality of target
molecules. This unique advantage allows for more effective bioimaging and molecular interactions.
Moreover, BODIPY dyes can undergo fine-tuning through chemical modifications to create various
derivatives tailored for specific biomolecular interactions or for localization within distinct cellular
compartments.

Recent advancements show promise in engineering BODIPY-based probes for targeted
localization within cellular organelles such as mitochondria, lysosomes, the Golgi apparatus, lipid
droplets, and the endoplasmic reticulum. These probes are designed with high selectivity and
specificity, making them particularly suitable for exploring subcellular dynamics and interactions.
For instance, probes intended for mitochondrial imaging are formulated to be positively charged,
allowing them to navigate into the negatively charged organelle while minimizing background
fluorescence, thus enhancing imaging accuracy. Innovations aimed at enhancing the water solubility
and membrane permeability of BODIPY derivatives have expanded their applicability in live-cell
imaging, overcoming previous limitations related to solubility.

In addition to their utility in imaging, BODIPY dyes show promising applications in therapeutic
contexts, particularly in photodynamic therapies (PDT) where BODIPY dye act as photosensitizers
that generate cytotoxic reactive oxygen species upon light activation, targeting specific cell types
effectively [30]. By extending the conjugation of BODIPY molecules, researchers have achieved
superior photothermal conversion efficiencies exceeding 90%, which is essential for effective energy
absorption during PTT [31]. These attributes position BODIPYs as versatile agents in cancer therapies
that utilize light-induced mechanisms to eradicate tumor cells. Recently BODIPY derivatives attached
to sodium borocaptate (10B-BSH) for Boron neutron capture therapy for tumors.

BODIPY molecules typically exhibit low water solubility, which poses challenges for in vivo
administration and limits their accumulation in solid tumors. Thankfully, advancements in
nanotechnology and supramolecular chemistry have introduced strategies to enhance the delivery
and tumor-targeting capabilities of BODIPY dyes through nanomedicine formulations [32,33]. This
progress has established a foundation for ongoing research in cancer theragnostic, offering significant
potential for clinical applications.

The present review offers a critical assessment of recent literature reports for the use of BODIPY
derivatives for cellular imaging and for therapeutical applications. The use of various targeting
conjugates on the backbone of BODIPY dyes allowed localization of the dyes inside tumor and
cellular components, which allowed tracking of these cell features using various imaging modalities
such as fluorescence microscopy, confocal microscopy, Raman and Photoacoustic imaging. We
covered the features of BODIPY dyes as therapeutical drug for PDT, PTT, and BNCT based tumor
ablation studies. With the wide application of nanoparticle formulations, the use of BODIPY based
nanomedicines were also covered in the review article.

At last, this article offers fresh perspectives on BODIPY dyes, delving into their photophysical
characteristics and potential clinical applications. It examines critical clinical factors, such as the
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regulation of related proteins and pertinent challenges. The review also highlights ongoing and
future clinical trials. By providing a detailed exploration, this discussion seeks to enhance the
audience’s understanding of the progress in utilizing BODIPY dyes for subcellular imaging and
therapeutic innovations. Moreover, these insights emphasize the ongoing role of BODIPY dyes in
advancing diagnostic and therapeutic strategies within the biomedical field.

2. Mechanisms of Intracellular Distribution of BODIPY Dyes

BODIPY compounds’ intracellular distribution plays a vital role in their applications in
bioimaging and therapy. Their structural and physicochemical properties influence localization
within cells, such as in the plasma membrane, cytoplasm, endoplasmic reticulum, mitochondria,
lysosomes, and Golgi apparatus. For instance, unmodified, lipophilic BODIPY dyes integrate into
lipid-rich membranes, making them ideal for staining the plasma membrane and endoplasmic
reticulum, though they lack specificity for organelles. Functionalizing BODIPY dyes enables targeted
subcellular localization; positively charged groups like PPhs* help target mitochondria due to its
negative membrane potential. Lysosomal probes are designed with groups that protonate in acidic
environments, ensuring retention. Similarly, amphiphilic modifications facilitate plasma membrane
localization, while hydrophilic properties enhance cytoplasmic retention. BODIPY and its unique
characteristics enable the visualization of intricate biological processes, including lipid metabolism,
membrane dynamics, and protein localization (BODIPY Dye Series—Section 1.4 | Thermo Fisher
Scientific - US, 2024). Understanding the intracellular distribution mechanisms of BODIPY dyes is
essential for accurately employing these fluorescent probes in various research applications, from cell
signaling to cancer biology [5,34]. The key mechanisms through which BODIPY dyes distribute
intracellularly, is by any of the following pathways such as passive diffusion, endocytosis, and
specific interactions with cellular components.

2.1. Passive Diffusion

One of the fundamental mechanisms of intracellular distribution for BODIPY dyes is passive
diffusion through cellular membranes. The amphiphilic nature of many BODIPY dyes allows them
to readily integrate into lipid bilayers. For instance, BODIPY FL-sphingomyelin analogs are designed
to enter cellular membranes spontaneously, enabling the measurement of lipid trafficking and
dynamics across various cellular compartments [35]. This property allows BODIPY dyes to label lipid
droplets and enriched regions within the plasma membrane, thus highlighting their utility in
studying lipid storage and metabolism [34]. Furthermore, the design of BODIPY dyes can influence
their diffusion characteristics. For example, the addition of different fatty acid chains alters their
hydrophobicity, affecting how they partition within the membrane and how readily they can diffuse
into cells. Lower concentrations of BODIPY dyes may enhance diffusion efficiency, allowing for their
widespread distribution in the cytoplasm and subsequent localization to organelles such as
mitochondria [36].

2.2. Endocytosis

Another critical process governing the intracellular distribution of BODIPY dyes is endocytosis,
particularly the clathrin-mediated endocytosis and caveolar uptake mechanisms. Following
internalization through these pathways, BODIPY-labeled sphingolipids can be tracked to various
organelles, notably lysosomes and the endoplasmic reticulum [37]. For example, BODIPY-
sphingomyelin undergoes distinct trafficking pathways, initially localizing to the plasma membrane
and later to the Golgi apparatus and lysosomal compartments. These advancements allow
researchers to elucidate the roles of lipid signaling molecules in cellular processes such as
differentiation and apoptosis, showcasing the dyes’ capabilities in studying lipid metabolism [37,38].

Moreover, the mechanism of endocytosis can vary significantly among different cell types,
impacting how BODIPY dyes are taken up and utilized within the cell. For instance, in cell types with
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higher rates of endocytic activity, such as neural cells, BODIPY dyes might internalize more
efficiently, enabling detailed imaging of endosomal pathways. Research indicates that such
variability can lead to distinct spatial distributions of BODIPY dyes within cells, influencing the
interpretation of intracellular imaging results.

2.3. Specific Interactions with Cellular Components

The interaction between BODIPY dyes and specific cellular components also plays a significant
role in determining their intracellular distribution. Functionalization of BODIPY dyes allows for
targeted localization within specific organelles or biomolecules. For example, BODIPY dyes can be
functionalized to selectively bind to lipid droplets or certain proteins, which directs their
accumulation to select sites within the cell [39,40]. This specificity is particularly useful when
employing BODIPY dyes as indicators of cellular processes, such as monitoring changes in lipid
droplet size and density in response to metabolic perturbations [41-43].

Additionally, the chemical structure of BODIPY derivatives can affect their spectral properties
and the dynamics of their interactions within the cellular environment. For instance, BODIPY dyes
can display different fluorescence intensities based on their localization, which can be used to analyze
changes in microviscosity in distinct cellular compartments [36,44]. Such sensing properties are vital
for understanding the physiological and pathological states of cells by offering insights into the
biophysical properties of organelles like lipid droplets and membranes [45-47].

3. Intracellular Distribution of BODIPY Dyes

BODIPY dyes exhibit versatile partitioning properties, allowing them to distribute within
various cellular compartments, including the plasma membrane, cytoplasm, endoplasmic reticulum,
mitochondria, lysosomes, and the Golgi apparatus as shown in Figure 2. This distribution is
influenced primarily by the dye’s hydrophilic-hydrophobic balance, charge, and molecular size. For
instance, unmodified lipophilic BODIPYs preferentially
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Figure 2. A general schematic representation for the structural modifications and intracellular distribution of
BODIPY dyes. Reproduced with permission from [7], 2025, Elsevier.

integrate into lipid-rich membranes, making them ideal for staining the plasma membrane and
endoplasmic reticulum. However, due to their ability to diffuse across membranes, these dyes may
stain the cytoplasm without offering specificity for intracellular organelles. Advanced targeting
strategies have been developed to enhance the subcellular localization of BODIPY dyes. When aimed
at mitochondria, the dye is often functionalized with positively charged groups, such as triphenyl
phosphonium (TPP) and quaternary ammonium groups, to exploit the negatively charged
mitochondrial membrane potential. Conversely, targeting lysosomes involves using probes that
remain neutral at the cytosolic pH, becoming protonated and effectively trapped in the acidic
environment of the lysosomes after entry. Similarly, to interact specifically with the plasma
membrane, BODIPY probes are designed to be amphiphilic, allowing them to integrate smoothly
with the amphiphilic constituents of the membrane. Additionally, increasing the hydrophilicity of
these probes can enhance their retention within the cytoplasm, thus improving imaging and
biological analysis capabilities. Collectively, these functionalization techniques are crucial for
optimizing the bioimaging capabilities and overall application of BODIPY dyes in cell biology
research.

4. BODIPY for Bioimaging Applications
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4.1 BODIPY Dyes for Membrane Imaging

Design and synthesize of plasma membrane targeted BODIPY dyes are of interest these days
due to their less invasive detection methods and they are not affected by most of the biological events
due to their versatile and robust designs [5,48-50]. For this the backbone of BODIPY can be easily
modified to make the lipophilic balance for the penetration into the plasma membrane.

In the pursuit of improving bioimaging techniques, Collot et al. developed a series of BODIPY-
based probes specifically designed for efficient staining of plasma membranes [Figure 3A] [50]. This
novel probe was created by functionalizing a green-emitting BODIPY fluorophore with amphiphilic,
zwitterionic, and aliphatic anchors, leading to the generation of three variants possessing one to three
anchors. Among these, probe (2) exhibited the highest quantum yield of 0.92, indicating its
exceptional fluorescence properties. Probe (2) effectively targets the plasma membrane, existing as
nonfluorescent soluble aggregates in aqueous environments that disassemble upon contact with the
membrane. This mechanism results in bright fluorescence, yielding high signal-to-noise ratios and
enhanced targeting capabilities compared to traditional fluorescently labeled lectins. In various
bioimaging applications, including studies on KB cells, HeLa cells, and U87 glioblastoma spheroids,
this probe demonstrated robust fluorescence intensity with specific absorption and emission
wavelengths near 500 nm [Figure 3B]. The imaging techniques utilized were confocal microscopy
and two-photon excitation, with probe (2) showcasing excellent cellular uptake efficiency and
significant overlap with utilized plasma membrane markers. The fluorescence activation acts as a
direct response to interactions with the plasma membrane, enabling precise monitoring of cellular
components. Importantly, cytotoxicity assessments indicated low toxicity levels, while ex vivo and
in vivo studies suggested favorable biodistribution and targetability.

In one of the studies Polita et al. fabricated a viscosity-sensitive s-indacene (BODIPY) probe for
plasma membrane viscosity imaging [49]. Fluorescence lifetime imaging results showed that these
probes can stain A549 live lung cancer cells within 5 minutes and the slow internalization allowed to
monitor the cytoplasm viscosity. Li et al. fabricated an aza-BODIPY system as a bioimaging agent for
the plasma membrane of A549 cells (Figure 3C) [51]. To improve the targeting and internalization
the BODIPY core is conjugated with fluorine atoms, and this probe is used for both fluorescence and
MRI based bioimaging applications (Figure 3D). The fluorine-19 magnetic resonance imaging
allowed detection of oxygen delivery and oxygen partial pressure during PDT studies. Through
comparative physicochemical and biological analyses, supported by molecular dynamics
simulations, it has been shown that fluorinated BODIPY can act like photosensitizers specifically
target and eliminate cancer cells. This occurs through the oxidation of plasma membrane
phospholipids by singlet oxygen (1O,), triggering pyroptosis. This mechanism effectively inhibits
tumor progression when used in self-oxygenating °F MRI-FLI-guided photodynamic therapy in
mice. The findings highlight a fluorination strategy to develop high-performance, multifunctional
materials that precisely target cancer cell membranes, paving the way for advancements in cancer
treatment and related applications.

Xiong et al. studied pyrazolone-functionalized probes for bioimaging and therapy, focusing on
Nile blue, rhodamine, and BODIPY derivatives [52]. The BODIPY derivative showed strong potential
for subcellular imaging and therapeutic use. It was designed to target cell membranes, with the
pyrazolone moiety enabling stable interactions with
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Figure 3. designed BODIPY dyes for membrane imaging. (A) Structure for the amphiphilic BODIPY probe 1-3
for plasma membrane imaging applications. (B) The confocal laser scanning microscopy images of KB cells
treated with amphiphilic BODIPYs probes 1-3, (20 nM) without any washing steps. The images were recorded
10 minutes after the dye application. WGA-647 (2 ug/mL), a far-red-emitting lectin, was employed to colocalize
the plasma membrane, while the nucleus was pre-stained with Hoechst (5 pg/mL) before imaging. All images
were acquired and processed under consistent settings, with a scale bar representing 15 um (C) A schematic
representation for the fabrication of aza-BODIPY dye for fluorescence and MRI based imaging applications. (D)
confocal microsocpic images for the aza-BODIPY dye for various cell lines. Reproduced with permission from
[50,51], 2019, 2025 ACS respectively.
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membrane proteins through noncovalent bonds with amino acids like arginine. The pyrazolone
group’s ability to tautomerize into its enolic form ensured prolonged fluorescence signal retention,
making the derivative effective for long-term imaging. The BODIPY-pyrazolone probe exhibits
strong fluorescence (excitation at 488 nm, emission 490-540 nm), enabling high-resolution, stable, and
photobleaching-resistant imaging of cell membranes for over 96 hours. Its selective binding to
membrane proteins, without cell penetration, makes it suitable for long-term monitoring, targeted
delivery, and diagnostic applications, particularly in cancer. Among various scaffolds studied, the
BODIPY derivative stands out for its robust photophysical properties and potential in subcellular
imaging and membrane-targeted therapies, enriching the toolkit of BODIPY-based bioimaging
agents.

BODIPY dyes have emerged as indispensable tools in the field of membrane imaging, providing
researchers with robust and versatile options for studying cellular membranes. Their exceptional
photophysical properties, combined with their ability to be fine-tuned spectrally, make them ideal
for a variety of applications in fluorescence microscopy. While challenges such as fluorescence
quenching and dye synthesis complexities exist, ongoing advancements in dye development and
imaging techniques continue to enhance the efficacy of BODIPY dyes in biological research. As a
result, they are likely to remain a fundamental component of molecular imaging strategies aimed at
unraveling the intricate dynamics of biological membranes.

4.2. BODIPY Dyes for Cytosol Imaging

BODIPY-based molecular rotors have gained prominence for measuring intracellular
microviscosity, a critical parameter influencing cellular behavior and the diffusion of biomolecules.
The technique leverages the property that BODIPY dyes respond to varying viscosities in their
environment; the intramolecular rotation of the dye is hindered in a highly viscous medium, resulting
in increased fluorescence intensity and a longer fluorescence lifetime [36,53]. Studies have shown that
different BODIPY dyes retain stability in aqueous solutions, allowing for effective monitoring of
microviscosity in the cytosol of live cells, including aggressive cancer cell lines such as MDA-MB-231
[36]. This capability has profound implications for understanding cellular dynamics and disease
mechanisms.

In 2014, Courtis et al. developed monoalkoxy-BODIPY probes (probe 4) known as MayaFluors
with improved bio-imaging features (Figure 4A) [54]. The synthesis used a simple two-step process,
starting with difluoro-BODIPY activation to form a BODIPY-OTf intermediate, followed by alcohol
addition. The structure retains one fluorine atom, allowing property fine-tuning and modifications
like methoxy (probe 4), glycol (probe 5), NHS-ester (probe 6), and tetrazine (probe 7) to enhance
functionality and targetability. MayaFluors (the common name for these dyes) demonstrated an
efficient membrane permeability, minimal nonspecific binding, and superior performance compared
to other strategies. Tested on MD-MBA-231 and MCF-7 cells, they showed excellent uptake with low
background staining (Figure 4B). Key fluorescence properties include absorption at 490 nm, emission
at 512 nm, quantum yields of 0.3-0.5, and dye stability. Colocalization and microscopy studies
confirmed their specificity, while FRET-based fluorescence activation via tetrazine-tagged probes
makes them ideal for cytosolic targeting.

A series of alkene substituted BODIPY derivatives (probes 8-15) were fabricated by Ni et al.
(Figure 4C) [55]. The substitution of backbones using methyl ester and carboxylic acid groups
improved the solubility, whereas the alkene substitution improved their absorbance and emission to
far red region (absorption maxima ranging from 627 nm to 682 nm, emission maxima ranging from
642 nm to 729 nm). The derivatives showed enhanced fluorescence quantum yields from 6 to 36%
and showed high sensitivity and specificity
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(4-7). (B) Time dependent cellular uptake and intracellular distribution of probe 4, 5 and control BODIPY dye
using MD-MBA 231 cells. (C) structure for the BODIPY probes 8-15, with varying conjugation and water-soluble
groups for bioimaging application. (D) Fluorescence images for the probes 8-15 using live Hela cells using 1 uM
concentration of the dyes. Various emission filters are used depending on the photophysical properties of the
dyes. Texas Red filter (for 8, 9), NIR filter (for 10, 11), or Cy5 filter (for 11, 13, 14). Nuclei were stained using
Hoechst, and images were taken under a DAPI filter. Scale bar: 10 pm. (E) chemical structure for the NIR emitting
BODIPY probe 15 and (F) HepG2 cells imaging data using probe 15, after incubating the probe with a
concentration of 2 x 10> M. Scale bar: (a) 40 um; (b) 20 um; (c) 10 pm. Reproduced with permission from [54],
2014, ACS,; [55], 2014, European Chemical Societies publishing; [56], 2012, RSC publishing group respectively.

towards Hela cells using fluorescence and confocal microscopy imaging (Figure 4D). Jiang et al.
fabricated a NIR BODIPY probe bearing 3,4 4a-trihydroxanthene moieties for the bioimaging
application (Figure 4E). The probe showed an absorption at 732 nm with an emission at 747 nm [56].
The targeting mechanism of the probe showed specificity for cellular components, particularly
localizing to the cytoplasm of living HepG2 cells (Figure 4F). The probe showed a turn-on
fluorescence response driven by cellular interactions, with changes linked to extended conjugation
and rigidification. It holds promise for photodynamic therapy (PDT), leveraging its NIR fluorescence
for deep tissue imaging and non-invasive diagnostics. Its stability and low cytotoxicity enhance
therapeutic potential, though comparisons with existing treatments are lacking. In vitro studies
confirmed low cytotoxicity, but in vivo research on biodistribution and efficacy is limited. While
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offering stability, non-cytotoxicity, and NIR imaging suitability, further in vivo validation and
improved fluorescence intensity and specificity are needed.

Kand et al. developed a highly water-soluble probe with precise cellular localization control and
favorable spectroscopic and photoreaction properties [42]. The synthesis involved sulfonating meso-
methyl BODIPY photocages using 2-mercaptoethanesulfonic acid sodium salt, resulting in mono-
and di-sulfonated BODIPY variants. These sulfonated groups enhanced water solubility and cellular
permeability control. The mono-sulfonated BODIPY could cross the cell membrane, while the di-
sulfonated version was restricted to cell-surface receptors. The BODIPY structure, with its
hydrophilic sulfonate groups, allowed for regulated accumulation in cells, useful in bioimaging
applications for mammalian cells and neurons.

BODIPY dyes represent significant advancements in the field of cellular imaging, especially for
cytosol studies. Their unique properties, coupled with the ability to be synthesized with diverse
spectral characteristics, make them invaluable tools for researchers seeking to elucidate cellular
functions and interactions. By enabling the visualization of microenvironments, tracking biomolecule
movements, and measuring cellular viscosity, BODIPY dyes not only enhance our understanding of
fundamental biological processes but also pave the way for innovations in disease diagnosis and
therapeutic monitoring. As research progresses, the potential applications of BODIPY dyes in cytosol
staining and imaging will likely expand, further solidifying their role in modern biological research.

4.3. BODIPY for Mitochondria Imaging

Mitochondrial imaging has gained considerable attention due to the organelle’s critical roles in
cellular metabolism, signaling, and overall health. BODIPY dyes, characterized by their unique
photophysical properties, have emerged as powerful tools for imaging mitochondria in live cells.
These dyes offer high photostability, brightness, and versatility, making them suitable for various
imaging techniques, including fluorescence microscopy. The structural versatility of BODIPY dyes
allows for modifications that can enhance their specificity and sensitivity toward mitochondria. Their
high fluorescence quantum yields, and stability mean that they emit bright signals, which are critical
for effective imaging applications. One of the main advantages of BODIPY dyes is their ability to be
fine-tuned for specific applications through structural modifications. For example, the introduction
of lipophilic cations, such as triaryl phosphonium (TPP+), facilitates the accumulation of these dyes
within the mitochondrial matrix, exploiting the negative mitochondrial membrane potential. This
characteristic enhances the effectiveness of BODIPY dyes in assessing mitochondrial function and
health.

Recent advancements have led to the development of various BODIPY-based probes,
specifically designed for mitochondrial imaging. For example, BODIPY-Mito-1 to BODIPY-Mito-6
have been synthesized to exhibit high sensitivity to changes in the mitochondrial membrane
potential, allowing for real-time monitoring of mitochondrial dynamics (Figure 5A) [48]. Among
these, BODIPY-Mito-6 was particularly noted for its efficacy, showing a reduction in emission
intensity of up to 75% upon mitochondrial depolarization, indicating its strong potential for studying
mitochondrial health and viability. The incorporation of poly(ethylene glycol) chains into BODIPY
dyes has been explored to improve biocompatibility. This modification enhances the overall stability
of the dyes and reduces cytotoxicity without compromising their ability to target mitochondria
(Figure 5B). Furthermore, these probes have demonstrated excellent localization in mitochondria, as
evidenced by high Pearson’s correlation coefficients when co-stained with commercially available
mitochondrial markers (Figure 5C).
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Mito dyes with phosphonium groups. (B) Laser-scanning confocal microscopy images for the BODIPY-Mito
dyes using HeLa cells as model system. Scale bar = 25 pm. (C) Laser-scanning confocal microscopy images for
fabricated BODIPY-Mito dyes, and Mito Tracker with their Pearsons correlation coefficient. Studies showed that
cyclohexyl and phenyl moieties attached with the phosphonium groups can realize high accumulation of the
probes in the mitochondria. Scale bar = 10 um. Reproduced with permission from [48], 2024, RSC publishing

group respectively.

Yang et al. developed a BODIPY-based fluorogenic probe (34) that selectively binds to
mitochondrial vicinal dithiols proteins [57]. The probe utilizes phenylarsenicate for vicinal dithiol
protein recognition and TPP+ for mitochondrial targeting. It enabled high-resolution mitochondrial
imaging using varying beam strengths and time gates, revealing a distinct speckled, filamentous
structure at a resolution of around 90 nm with 10% stimulated emission depletion laser power. This
advancement is crucial for studying vicinal dithiol proteins in mitochondrial-related diseases and
diagnosing conditions linked to redox activities.

Cationic compounds can disrupt cellular function by inducing depolarization of the
mitochondrial membrane, leading to unnecessary metabolic processes. To enhance the
biocompatibility and cellular penetration of mitochondrial-targeted probes, Singh introduced a
neutral BODIPY fluorophore [58]. This innovative probe enables selective mitochondrial imaging. By
incorporating small PEG chains for improved cell penetration and a CE3 group at the meso position
to generate a partial positive charge, it effectively directs the probe to the mitochondria. Compared
to the commonly used Mitotracker Red CMXRos, this probe exhibited superior mitochondrial
selectivity, making it an invaluable tool for studying mitochondrial health. Subsequently, Gupta’s
team developed another neutral mitochondrial probe based on thioglycosylated BODIPYs [59]. This
compound, which can also be utilized in anticancer therapies, enhances cellular uptake and exhibits
significant cytotoxic effects against HeLa and HaCaT cells. Later Yang and colleagues advanced the
field with the creation of a NIR mitochondrial imaging probe [60]. This probe features piperidinyl
groups as the targeting moiety, demonstrating excellent photostability, low cytotoxicity, and high
membrane permeability, enabling rapid cellular uptake and targeted accumulation in mitochondria,
effectively highlighting these areas.
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4.4. BODIPY Dyes for Endoplasmic Reticulum Imaging

Recent studies have developed novel BODIPY derivatives that specifically target the
endoplasmic reticulum (ER), improving the accuracy of imaging in live cells. For instance, the ER-
Tracker Green dye, a BODIPY derivative, has demonstrated high selectivity for the ER, enabling
researchers to visualize ER dynamics in living cells with high fidelity (ER-TrackerTM Green
(BODIPYTM FL Glibenclamide, Thermofisher). These targeted probes leverage the unique affinity of
BODIPY dyes for specific cellular structures, providing insights into ER functions and stress
responses, which are pivotal in understanding various diseases, such as cancer and diabetes. Several
imaging techniques effectively utilize BODIPY dyes for visualizing the ER. For example, fluorescence
microscopy combined with BODIPY-based dyes allows for detailed studies of ER morphology and
dynamics under physiological conditions. Techniques such as fluorescence recovery after
photobleaching have demonstrated how BODIPY dyes can be employed to investigate protein
mobility within the ER, thereby contributing to the understanding of protein synthesis and folding.
Moreover, multicolor and live-cell imaging systems, enabled by different spectrally distinct BODIPY
dyes, facilitate simultaneous tracking of multiple organelles, enhancing the overall comprehension
of intracellular interactions. The application of BODIPY dyes for ER imaging extends to disease
research, especially concerning conditions like pancreatic ductal adenocarcinoma. For instance, a
recent study by Chauhan et al. demonstrated a BODIPY-naphtholimine dyad that targets both the ER
and lipid droplets within pancreatic ductal adenocarcinoma cells, showing potential for dual imaging
and therapeutic applications (Figure 6A, B)[61]. This dual approach highlights the role of the ER in
lipid metabolism and stress responses associated with cancer, revealing avenues for targeted
therapies that exploit ER-specific pathways. Moreover, the ability of BODIPY dyes to cause robust
ER stress and cellular lipid peroxidation indicates exciting possibilities for their use in photodynamic
therapy. The targeted generation of reactive oxygen species (ROS) via BODIPY dyes can selectively
induce apoptosis in malignant cells (Figure 6C), suggesting a dual role not just as imaging agents but
also as therapeutic tools.

Jong et al. fabricated a series of BODIPY-hydroxyquinoline derivatives for targeting ER. Among
the eleven synthesized derivatives, the one with quinolin-8-ylpentanoate derivative showed
enhanced localization and in vivo labeling for the ER (Figure 6D) [62]. This derivative showed a
quantum yield of ® = 55%, with low cytotoxicity, and showed enhanced fluorescence imaging
capability than the commercial ER - Tracker Red (Figure 6E).
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Figure 6. BODIPY dyes for endoplasmic reticulum imaging. (A) Chemical structure for the synthesized BODIPY
dyes for ER targeting (B) fluorescence microscopic images for the dye NbB localized in ER and in the lipid
droplets. Scale bar = 20 um. (C) Represents the PDT based response for NbB dye after 30 minutes of exposure
with visible light after incubating them into PANC-1 cells. The % Sub G1 population shows damaged DNA and
apoptosis after 24 h of exposure of the dye with visible light. (D) Chemical structure for the 8-hydroxyquinoline
based BODIPY derivative for ER targeting and imaging applications. (E) Fluorescence images for the
intracellular localization in HeLa cells using 8-hydroxyquniline based BODIPY dye (10 uM, excitation at 405 nm,
emission collected between 420-480 nm) alongside ER-Tracker Red (0.2 pM, excitation at 559 nm, emission
collected between 590-640 nm), MitoTracker Red (1 uM, excitation at 635 nm, emission collected between 640-
690 nm), and LysoTracker Red (1 uM, excitation at 635 nm, emission collected between 640-690 nm). Scale bar:
30 pm. Where ****p<0.0001 with respect to untreated cells. Reproduced with permission from [61], 2024, ACS;
[62], 2020, Elsevier respectively.

The application of aza-BODIPY dyes in live-cell imaging has revolutionized the study of the ER.
For example, real-time imaging of cellular processes such as protein folding, lipid synthesis, and
stress responses can be achieved due to the persistent fluorescence of these dyes [11]. Notably, aza-
BODIPY dyes can provide insights into abnormal ER dynamics in pathological conditions, including
cancer and neurodegenerative diseases. By tracking the distribution of aza-BODIPY dyes within the
ER in live cells, researchers can visualize alterations related to disease states and gain insights into
cellular stress responses. Hoenke et al. synthesized aza-BODIPY derivative conjugated with 3-O-
acetyl-triterpene carboxylic acids using a piperazinyl spacer. The fluorescence microscopy and
staining experiments showed that this derivative can be used for the ER imaging of A375 cells without
cytotoxicity [63].

Despite their numerous advantages, the application of BODIPY dyes in ER imaging is not
without challenges. The sensitivity of BODIPY dyes to environmental factors such as pH and solvent
polarity can affect their performance in live-cell imaging. There is ongoing research to improve the
stability and specificity of these dyes, as well as to expand their compatibility with various imaging
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modalities. Future studies may focus on synthesizing next-generation BODIPY derivatives with
enhanced properties for more precise and robust imaging applications.

4.5. BODIPY Dyes for SERS-Based Bioimaging

When combined with SERS, BODIPY dyes serve as effective Raman reporters, enhancing signal
detection through the electromagnetic field produced by metallic nanostructures. Upon adsorption
onto a nano-roughened metal surface, such as gold or silver, the local electromagnetic field is
significantly enhanced, resulting in increased Raman scattering signals from the BODIPY dyes [64].
This enhancement is pivotal because it allows for the detection of biomolecules at lower
concentrations than would be possible with traditional fluorescence techniques. The high specificity
of BODIPY dyes for targeted biological molecules, combined with the sensitivity of SERS, positions
them as valuable tools in bioimaging applications, particularly in the context of health diagnostics
and monitoring disease progression.

Adarsh et al. fabricated a series of aza-BODIPY derivatives (1-6), which can adsorb on AuNPs
surface for enhanced SERS response for these dyes (Figure 7A-B) [65]. Among the series of aza-
BODIPY dyes, the derivative 4 showed excellent photophysics in terms of stability, and Raman
response under excitation using a laser. Remarkably, it identified three human cancer cell types
(A549, HeLa, and HT-1080) without requiring specific surface markers, producing clear Raman
mapping and signature peaks (Figure 7C). A cluster analysis was conducted using characteristic
Raman spectral scans for each cancer cell line, under the assumption that the Raman nanotag was
likely localized near the cell surface. This proximity of 4-Au@PEG to the cell surface was further
validated through three-dimensional Raman imaging and single spectral analysis, which revealed
distinctive SERS peaks corresponding to the aza-BODIPY probe 4-Au@PEG. However, no such
recognition occurred in normal fibroblast (3T3L1) cells. To validate, the nanoprobe was conjugated
with EGFR, a tumor-targeting marker for HT-1080 cells. This enhanced the probe’s specificity for
cancer cells, enabling ultrasensitive detection and targeted imaging while sparing normal cells
(Figure 7D). Klapper et al. showed that using Raman spectroscopy the proportions of body fat and
fat-free mass can be identified and imaged for metabolic C. elegans [66]. As shown in Figure 7C,
BODIPY 493/503-labeled structures overlapped with lipid signals as it was measured by Raman
spectroscopic measurements.
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Figure 7. BODIPY dyes for Raman based imaging. (A) A schematic for the working principle of aza-BODIPY
dye for SERS based Raman imaging in tumor cells. (B) Chemical structures for a series of aza-BODIPY dyes for
Raman based imaging applications (C) Bright field, Raman and Cluster images for the aza-BODIPY dye 4
conjugated with Au and PEG for Raman mapping studies in three different cancer cells. Scale bar 8 um. (E)
Bright field, Raman, 3D color code Raman and Cluster images for aza-BODIPY dye 4-PEG with targeting group
EGFR incubated with HT1080 cell line. Where (a) Single spectra abstracted from the cluster mapped region and
(b) in the cluster mapped image. Reproduced with permission from [65], 2017, Wiley.

4.6. BODIPY Dyes for Photoacoustic Based Bioimaging

The field of biomedical imaging has significantly advanced with the integration of photoacoustic
imaging (PAI), combining the spatial resolution of optical imaging with the deeper penetration depth
of ultrasound. The BODIPY chromophores have been widely used in bioimaging, yet they are not
ideal for PAI due to high fluorescence. But the advancement in synthesis and tuning their optical
properties, recently BODIPY dyes have been used for PAI applications [67-69]. For instance,
modifications such as 1H-pyrrole conjugation can lead to increased absorption wavelengths,
extending up to 799 nm, which is advantageous for PAI[70]. A nonfluorescent PyBODIPY dye series
was designed through 1H-pyrrole conjugation, and enable PA signal detection at low concentrations,
with sensitivity reaching 1 nmol/mL in tubes and 35 pmol/mm? in tissue phantoms (Figure 8A-B). In
addition to being nonfluorescent, they are non-phototoxic, photostable, and exhibit high molar
extinction coefficients and resistance to nucleophilic addition. PEG-400 modification enhances their
aqueous solubility, making them suitable for in vivo imaging. PyBODIPY’s properties make it a
promising PA contrast agent, with potential for coupling to targeting ligands and further applications
in designing near-infrared quenchers for clinical translation.
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Figure 8. BODIPY dyes for photoacoustic imaging. (A) Synthetic route for Py-BODIPY dyes for PAl applications.
(B) PA image snapshot at 790 nm of py-BODIPY 14 in PBS with dilution of 10 x 10°to 1 x 10 M and the PA
image snapshot at 790 nm of py-BODIPY (14, 10, 8) at 5 and 2.5 x 10-6 M in PBS. (C) Chemical structure and (D)
time dependent in vivo PAI for a Hep-G2-tumor bearing mouse injected with Na-BD 2.5 wt% (a) and (b) three-
dimensional rendering of the scanning area before injection and 24 hours post injection (the images were zoomed
in to make the tumor site clearer). (E) Working principle and in vivo PAI for arthritis mice after injecting BODIPY
dye which is responsive for PAI after ONOO- sensing. AZB-1 initially exhibited a strong photoacoustic signal at
660 nm. However, the addition of ONOO- suppressed its PA signal by inhibiting the ICT effect. Furthermore,
the probe was effectively utilized to monitor ONOO- fluctuations in mouse models of inflammation.
Reproduced with permission from [70], 202, Wiley; [67], 2016, RSC publishing group; [71], 2021, Elsevier
Publishers respectively.

Ni et al. prepared a naphthalene fused BODIPY dimer Na-BD, which possesses excellent
photostability and NIR absorption band between 600-850 nm (Figure 8C) [67]. On evaluation of their
PA imaging capability the BODIPY dimer showed excellent PAI signals than commercial
indocyanine green dye. Na-BD further loaded into bovine serum albumin nanoparticles and were
injected into the mice having Hep-G2-tumor. The PAI imaging studies showed the accumulation of
these formulations inside the tumor region, with sharp contrasting effect than indocyanine green
(Figure 8D). Similar studies were performed using a meso-ester substituted BODIPY near-infrared
dyes for the PAI applications for Hep-G2-tumor bearing mice [68]. Enhanced PA signals were
observed for 72h of post injection. Ma et al. reported an aza-BODIPY derivative for monitoring the
variation of ONOO- ions in vivo using PAI [71]. The PA signal can be controlled by ICT effect and
by the electron withdrawing group at 2-posiiton of BODIPY dye. This can be used for studying the
arthritis inflammation in the mice, and as shown in Figure 8E, the left limb injected with A-
carrageenan showed a PA signal three times intense than right limb which is injected with saline. The
arthritis causes increased elevation in the level of ONOO- ions, thus resulting in a lesser PA signal
from the left limb. In another study a ratiometric signal probe was used for monitoring the oxidative
stress and activated neutrophils in plaques [72]. A BODIPY core attached with neutrophil elastase
peptide was fabricated, and under oxidative stress the peptide cleaves enhance the photoinduced
electron transfer impacting photoacoustic intensity at 685 and 745 nm as studied by in vivo
experiments.

A donor-acceptor BODIPY-Xanthene derivative was fabricated by Xu et al.[73]. The designed
BODIPY dye showed absorption within 700-1000 nm with excellent photostability and photoacoustic
signal properties. The PA signal intensity showed distinguishable signal even at a depth of 4 mm
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using chicken breast and showed a clear distinguishable signal from the ultrasound signals. In vivo
experiments showed the BODIPY dye can accumulate in both venous vessels and intestines, thereby
dissecting the relevant physiological or pathological events of these two organs.

Thus, the adoption of BODIPY dyes in photoacoustic imaging represents a significant
advancement in biomedical diagnostics. Their distinct optical properties, ease of modification, and
broad applicability in various medical fields underline their potential as invaluable tools in
improving patient care and outcomes in the realm of medical imaging.

5. Therapeutical Application of BODIPY

51. BODIPY Dyes in Photodynamic Therapy (PDT)

BODIPY dyes, widely recognized for their exceptional biomarker capabilities, have evolved into
crucial tools for photodynamic therapy (PDT) when strategically designed. Photodynamic therapy
employs a combination of light, a photosensitizing agent, and molecular oxygen to target and
eliminate abnormal cells, particularly cancerous ones. Recently, a novel generation of PDT agents
rooted in the BODIPY core has emerged, showcasing significant potential in therapeutic applications
over the past decade [74,75]. The incorporation of heavy atoms, such as halogens and metal ions, into
the BODIPY framework serves as a fundamental strategy to enhance its photosensitizing attributes.
This deliberate arrangement of heavy atoms such as iodine, bromine, metal ions within the BODIPY
structure promotes spin-orbit coupling (SOC), facilitating intersystem crossing (ISC). These processes
are critical to the increased production of reactive oxygen species (ROS), which act as mediators of
cell destruction through various programmed cell death pathways. Consequently, the tailored design
of BODIPYs as photosensitizers marks a significant advancement in the efficacy of photodynamic
therapy for cancer treatment. A list of various BODIPY dyes used for PDT applications are
represented in Figure 9.

For instance, Caruso et al. investigated the photodynamic therapeutical effectiveness of various
BODIPYs, specifically the BODIPY-PDT-1a-x and BODIPY-PDT-2a-b compounds. They incorporated
an aromatic ring in the meso position along with iodine atoms located in the p-positions, which
demonstrated enhanced efficiencies in singlet oxygen production [76,77]. Similarly, Kim et al. focused
on a BODIPY variant known as BODIPY-PDT-3, which displayed remarkable singlet oxygen
sensitization capabilities, effectively inducing necrosis in Lewis lung carcinoma cells during in vitro
analyses [78].

In addition, Cosa and colleagues showcased ROS’s role in activating singlet oxygen
photosensitizers [79]. They found that the inclusion of a trap segment in BODIPY-PDT-4 enhanced
its control over singlet oxygen sensitization compared to BODIPY-PDT-5, thereby presenting a
substantial improvement in the management of photodynamic reactions. Further investigations by
Epelde-Elezcano et al. highlighted the differences in singlet oxygen generation between halogenated
BODIPY dyes, illustrating that iodine atoms enhanced ISC more effectively than bromine atoms in
the variant BODIPY-PDT-6a-I [80].


https://doi.org/10.20944/preprints202501.1852.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 January 2025 d0i:10.20944/preprints202501.1852.v1

19 of 36

Ar

=
N
' \N‘B,N\ !
FF

Aromatics on the R =Ar, Mes, NHR
meso position X=8Br |
BODIPY-PDT-2,, n=4 BODIPY-PDT-3 BODIPY-PDT-4 BODIPY-PDT-5 BODIPY-PDT-6 MA-BOP
BODIPY-PDT-1.x  BODIPY-PDT-2,,, n=8

o _
=t/
s Pap aas
0 7 N \-O.
ow,:;\}\’oﬂ ¢ °‘/€=\“
-
NjB N R= OO o7

CgHy70 OCgHy7

BDP-CR
Cz-BODIPY Aza-BODIPYphoto-d

™ &
Z oF 2NZ Ny F
’N‘B’N // N\ N ’N‘B‘N // N\ N
e S B -
DI-BODIPY6
Di-BODIPY1 D-BODIPY2, R = H DI-BODIPY4 Di-BODIPYS

Di-BODIPY3, R = Et

Figure 9. List of BODIPY and aza-BODIPY dyes used for PDT based applications.

Moreover, Zhao and teams successfully synthesized a near-infrared (NIR) monoiodinated aza-
BODIPY photosensitizer, which exhibited significant efficacy in vivo for photodynamic applications
[81]. Yoon et al. contributed by developing highly efficient triplet BODIPY derivatives aimed at
photodynamic treatment and bioimaging roles [82]. Recent advancements also include the work by
Qian et al., who reported the development of orthogonally linked donor-acceptor-framed BODIPY
variants, such as MA-BOP and Cz-BODIPY, which induced ISC providing promising avenues for
intracellular photodynamic therapy [83,84].

Furthermore, Wang et al. made strides by introducing a heavy-atom-free helical BODIPY
derivative that demonstrated a record low dosage effectiveness in PDT-augmented immunotherapy
[85]. The extensive literature now includes systematic reviews addressing the applications and
advancements of heavy-atom-free BODIPY-based photosensitizers in photodynamic therapy,
emphasizing their growing significance in therapeutic contexts [86-89].

5.2. BODIPY Dyes in Photothermal Therapy (PTT)

BODIPY dyes possess remarkable photothermal conversion efficiencies, particularly in the near-
NIR region, which is advantageous for penetrating biological tissues with minimal damage. Their
tunable absorption properties allow for precise customization based on the specific wavelengths
required for effective PTT. PTT kills cancer cells by hyperthermia or by generation of heat-shock
proteins. BODIPY dyes exhibit strong absorption in the NIR range, making them suitable candidates
for applications where deeper tissue penetration is needed. For instance, researchers have developed
ri-extended BODIPY dyes that achieve over 90% photothermal conversion efficiency, highlighting
their effectiveness in converting light energy into heat (Figure 10A) [31]. Upon 808 nm laser
irradiation (0.75 W cm-2), the temperature of aqueous dispersions of the meso-CFs-BODIPY NPs (20
um based on dye) increased with time and reached a maximum at 66.8 °C (AT =43 °C, TCFsPEn), 64.9
°C (AT =41 °C, TCFsMEn), and 64.3 °C (AT = 41 °C, DCF3MEn) within 5 min (Figure 10B). The in
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vitro and in vivo studies showed an enhanced tumor ablation using a MCF-7 Xenograft model with
50% reduction in tumor volume after the treatment. As shown in Figure 10C, the meso-CFs
substituted BODIPY (TCFsM) showed exceptional efficacy in inducing cancer cell apoptosis and in
vivo tumor ablation using low-power NIR laser irradiation (0.3 W cm=, 808 nm) than the other
derivatives studied. In another study Li et al. showed a series of aza-BODIPY derivatives can be used
for PTT applications with a photothermal conversion efficiency of 48-50% with an anticancer
property towards human colon cancer cells [90].

(A) (B)
meso-substituted BODIPY photothermal agents (PTAs)

TCF;P: R=CF3 TCF;M: R=CF, DCF;M: R=CF;
TiPrP: R=isopropyl  TiPrM: R=isopropyl  DiPrM: R=isopropyl

©  control 808 nm 671 nm TCFP,, TPP, TCF4Pg, TiPrPg,

water
control) DiPM, TiPMg, TiPrPg, DCFiMg,TCF;Mg, TCFF

Irradiation time (min)

laser laser + laser + laser

36.9°C | 38.1°C : ; 50.3°C | 39.0°C 7° °C
25°C

Figure 10. BODIPY dyes for PTT application. (A) Chemical structure for a series of BODIPY dyes. (B) IR thermal
images for the synthesized BODIPY dyes under 808 nm laser irradiation (0.75 W cm2). TCFsMEn and TCFsPEn

showed a rise in temperature. (C) Thermal infrared images illustrating temperature variations at tumor sites in

mice following intratumoral injection, either with or without (TCFsPEn or TiPrPEn, 15 uM, incubated for 2
hours), and subsequent laser irradiation (0.3 W cm2 for 5 minutes). Reproduced with permission from [31], 2024,
Wiley.

Liu et al. fabricated an aza-BODIPY derivative with a strong NIR absorption at 781 nm having
excellent photostability and PT conversion efficiency [91]. PT studied showed the photothermal effect
is concentration dependent and a maximum temperature of 74.5 °C was attained for a concentration
of 35 ug mL~! upon irradiation for 5 min. As shown in Figure 9D, a dose dependent cell cytotoxicity
was observed for the dye after laser irradiation for CT26 cells. The in vivo imaging and simultaneous
PTT showed a maximum temperature rise of 44.9 °C after 1 min of irradiation with a suppression in
tumor about 96 % for intertumoral injection and 89 % for intravenous injection. The body weight of
the mice increased with days indicating no significant toxic effects after PTT. In a similar work
Pewklang et al. showed that aza-BODIPY-Pyrazole derivative can show excellent NIR absorption at
900 nm with photothermal conversion efficiency upto 33 % [92]. The confocal microscopic images
showed that these dyes can penetrate the cancer cells less than in 6 h, and PTT studies showed
elimination of 70% cancer cells. Moreover, the same dye was used for antibacterial studies towards
Escherichia coli 780, and Staphylococcus aureus 1466 with 100 % activity upon laser irradiation.
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The application of BODIPY dyes in photothermal therapy highlights their potential as
transformative agents in oncological treatments. Their favorable photophysical properties, coupled
with the ability to serve multifunctional roles, enable BODIPY dyes to offer targeted and effective
thermal ablation of tumors. As research progresses, the incorporation of these dyes into combined
therapies may further enhance cancer treatment modalities, paving the way for innovative solutions
that address the complexities of cancer management. Continued exploration of BODIPY dyes will
undoubtedly solidify their role as critical components in the evolving landscape of photothermal
therapy and cancer treatment strategies.

5.3. BODIPY Dyes in Boron Neutron Capture Therapy (BNCT)

Boron Neutron Capture Therapy (BNCT) represents a pioneering strategy in cancer treatment
that leverages the unique properties of boron-containing compounds and neutron irradiation to
selectively target and destroy tumor cells [93,94]. Among the emerging boron carriers, BODIPY
derivatives have shown significant promise due to their favorable characteristics, including high
photostability, biocompatibility, and the ability to accumulate preferentially in tumor tissues. BNCT
relies on the interaction between stable boron-10 isotopes (1°B) and low-energy thermal neutrons to
induce a nuclear reaction that produces high-linear energy transfer particles, specifically alpha
particles and lithium-7 ions. These particles are cytotoxic and can kill cancer cells within a subcellular
range of about 10 micrometers. The effectiveness of BNCT is contingent upon achieving a sufficiently
high concentration of boron in tumor tissues while minimizing accumulation in surrounding healthy
tissues [95,96]. Recent studies have indicated that BODIPYs can serve as efficient boron delivery
vectors, as they demonstrate a significant uptake in tumor cells and maintain high tumor-to-normal
tissue ratios, making them suitable candidates for BNCT applications [97-99].

BCNT shows promising results for glioblastoma treatment, but the major difficulty for this
treatment is the passage of drug/Boron through blood brain barrier (BBR). To address this challenge,
researchers are investigating innovative solutions to enhance boron delivery to tumor sites. Among
these solutions, carborane-BODIPY derivatives have been synthesized as potential agents for BNCT.
Specifically, studies conducted by M.G. Vicente et al. focused on assessing the permeability of these
derivatives, BDP-Me-oCB-20 and BDP-Me-0CB-21, using human brain endothelial cell lines, such as
hCMEC/D3 [97]. Their findings revealed that BDP-Me-oCB-20 exhibited a permeability coefficient
(Pe) of 0.05 x 10-6 cm/s, while BDP-Me-0oCB-21 demonstrated a Pe of 0.13 x 10-6 cm/s, indicating that
both derivatives were inadequately internalized. The poor uptake is likely attributed to their high
hydrophobicity, as evidenced by their log P values of 1.41 and 1.35, respectively. Consequently,
enhancing the properties of carborane-BODIPY derivatives to improve their BBB penetration remains
crucial for their application in BNCT. Continued research in optimizing these compounds is
anticipated, aiming to increase their therapeutic efficacy against GBM while mitigating the limitations
imposed by the BBB.

One of the primary advantages of using BODIPY derivatives in BNCT is their versatile
photophysical properties, which can be tailored through chemical modifications. These
optoelectronic characteristics allow BODIPYs to be engineered for enhanced solubility, stability, and
tumor-targeting capabilities. For example, aza-BODIPY, a BODIPY variant, has been developed that
emits in the near-infrared (NIR) region, which is advantageous for in vivo optical imaging due to its
deeper tissue penetration and lower autofluorescence of biological tissues. Additionally, aza-
BODIPY can form stable conjugates with boron-containing compounds such as sodium borocaptate
(10B-BSH), improving the delivery of boron into tumors and facilitating real-time imaging of its
biodistribution within the body [100]. The newly developed aza-SWIR-BSH-01 compound, for
instance, has been demonstrated to achieve high tumor accumulation due to its favorable
physicochemical properties, while simultaneously conveying imaging capabilities for monitoring its
delivery and distribution. Clinical trials exploring the potential of BODIPY-based BNCT have yielded
promising results, particularly for the treatment of solid tumors such as glioblastoma and head and
neck cancers. In preclinical models, the use of aza-BODIPY/10B-BSH conjugates has shown improved
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therapeutic efficacy as compared to conventional boron carriers like 10B-BSH alone. Studies reveal
that tumor growth was significantly reduced when treated with the aza-BODIPY-conjugated boron
agents combined with neutron irradiation. This advancement not only underscores the effectiveness
of BODIPY in enhancing BNCT but also positions it as a potential frontrunner in the search for
targeted therapies against challenging cancers that are resistant to conventional treatments [100].

Bellomo et al. fabricated a library of 2,6- and 3,5-distyrenyl-substituted carborane-BODIPY dyes
with excellent NIR absorption and photostability [101]. The attachment of BODIPY unit to carborane
enhanced the boron content for BNCT as suggested.

6. BODIPY Based Nanomedicines for Theragnostic Applications

Owing to good photostability, fluorescence and therapeutical applications use of BODIPY for
biological applications are still challenging due to hydrophobicity of most of the dyes, or special
synthetic routes needed for making them water soluble. Advancement in nanotechnology overcomes
these issues and various BODIPY based nanoparticles (BDPNPs) have been prepared recently for
biomedical applications [32,102,103]. Controlling the aggregation property of BODIPY (J or H-
aggregates) using nanoprecipitation method allows fabrication of a library of BDPNPs for bioimaging
and therapeutical applications [104-107]. The aggregation enhances the emission and
photosensitization property for such dyes for biomedical applications. Another strategy is BODIPY
dyes can directly conjugate with metallic NPs for various biomedical applications [108-113].

6.1. Sel-Assembled BDPNPs for Bioimaging and Therapeutical Applications

For preparing self-assembled BDPNPs mostly nanoprecipitation technique is used, in which a
miscible solution of dye in acetone, methanol, tetrahydrofuran (THF) etc. were added dropwise to
water under stirring condition and the organic solvent is evaporated slowly, followed by dialysis,
centrifuge, the precipitated NPs were collected and redisperse them in water for various applications.
As shown in Figure 11A the self-assembled NPs can be used for various biomedical applications.

In recent developments within the field of photodynamic therapy and bioimaging, BDPNPs
have emerged as significant agents due to their impressive optical properties and biocompatibility.
A series of BDPNPs were prepared from various BODIPY dyes as shown in Figure 11B.
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Figure 11. Self-assembled BODIPY dyes for biomedical applications. (A) A general scheme for the application of
BDPNPs for various cellular imaging and therapeutical applications. (B) Chemical structure for various BODIPY
dyes used for nanoparticle formations. (C) A schematic for the self-assembling process in BODIPY dye for the
formation of BDP-2 and BDP-3 NPs. (D) Confocal laser microscopy images of HeLa cells costained with BDP-3-
NPs (5 uM) and Lyso-Tracker Red. The images showed the fluorescence of nuclei (blue), TBDP-NPs (green),
Lyso-Tracker Red (red) and merged images (yellow) from left to right. Scale bar 100 pM. (E) A cartoon
representation for the structure of hexa-Iodo BODIPY dye and its applications for PDT and cellular imaging. (F)
In vitro phototoxicity in C6 cells treated with Hexaiodo BODIPY nanoaggregate under dark and light conditions.
(G) Confocal microscopic image of C6 cells treated with Hexaiodo BODIPY nanoaggregate (12.5 ug mL™) excited
at different wavelengths. The cells were stained with nuclear staining dye Hoechst 33342 and phalloidin-TRITC.
Scale bar is 10 pm. Reproduced with permission from [103], 2020, Wiley; [114], 2017, Elsevier; [107], 2020, RSC
Publishing group respectively.

A stable nanoparticle composed of a BODIPY dimer, specifically BDP 1, was reported by Z. Li
et al. [115]. These nanoparticles were synthesized using a structure that combined the BODIPY dye
with tetraphenylethene, resulting in nanoparticles with an approximate diameter of 110 nm, as
measured by both transmission electron microscopy and scanning electron microscopy. Importantly,
the photostability of BDP 1 nanoparticles showed noteworthy enhancements compared to their
monomeric counterparts when assessed under UV light irradiation in tetrahydrofuran. This
photostability is a crucial factor for their practical application in cellular environments. The cellular
imaging capabilities of BDP 1 nanoparticles were evaluated using confocal laser scanning microscopy
on human cervical carcinoma (HeLa) cells, revealing bright red fluorescence localized in the
cytoplasm. This highlighted the potential of BDP 1 nanoparticles for effective imaging in biological
systems, paving the way for further research and applications. Building upon these findings, Liu et
al. synthesized two additional BODIPY derivatives, BDP 2 and BDP 3, which also demonstrated the
ability to self-assemble into nanoparticles, achieving diameters of 112 nm and 98 nm, respectively
(Figure 11C) [114]. A notable observation regarding BDP 2 NPs was their sensitivity to temperature,
as their diameter expanded significantly from 112 nm to 2,000 nm upon storage at room temperature
for one month, indicating a potential instability issue. In contrast, BDP 3 NPs exhibited enhanced
stability in aqueous environments. Of particular interest is the dual-emission characteristic of BDP 3
NPs, which displayed peaks at 566 nm and 683 nm upon excitation at 500 nm, contrasting with a
maximum emission wavelength of 543 nm in THF. When THF was introduced to BDP 3 NPs in water,
fluorescence spectroscopic analysis indicated an increase in intensity at 566 nm alongside a decrease
at 683 nm, suggesting a transition from nanoparticle aggregates to individual molecules. According
to dynamic light measurements, BDP 3 NPs were eliminated from the medium with the addition of
just 30% THF, underscoring their transformation dynamics in varying solvent conditions.
Remarkably, BDP 3 NPs retained their proficiency for cellular imaging, with fluorescence localization
confirmed within lysosomal compartments, thus indicating their effectiveness as imaging agents in
live-cell applications (Figure 11D).

Kumar et al. fabricated a hexaiodo BODIPY with efficient photostability and self-assembling
property (Figure 11E) [107]. Incorporation of iodine atoms quenched the fluorescence of BODIPY dye
in solution, but the self-assembled nanoaggregates enhanced the emission and photosensitization
property of this BODIPY dye. The nanoaggregates showed a singlet oxygen quantum yield of 0.82
which is higher than commercially available methylene blue. Owing to the high singlet oxygen
quantum yield the nanoaggregates used for PDT studies and results showed ~60% cell death for C6
cells after irradiation of NPs with laser (Figure 11F). Owing to the enhanced emission property the
nanoaggregates were used for cell imaging using different laser excitations such as 405/488/561 nm
simultaneously (Figure 11G).

These findings collectively depict the advancement in BODIPY nanoparticle technology,
demonstrating their significance as versatile tools in both imaging and therapeutic modalities in
cancer treatment.
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6..2. Physical Encapsulation of BODIPY to Form BDNPs

Due to the hydrophobicity and extended pi conjugated backbones BPODIPY dyes can be easily
entrapped into various liposomes, polymers, etc for the fabrication of BDPNPs. In of the studies
carbazole-BODIPY dye was entrapped into PLGA-Folic acid conjugate for the fabrication of BDPNPs.
The NPs showed an average size of 20 nm with excellent stability for days with enhanced NIR
emission [116]. PDT studies on subcutaneous 4T1 tumor xenograft model showed that this NPS can
suppress the growth of 8 mm sized tumors with efficient singlet oxygen generations and showed
enhanced bioimaging capability. In another study Huang, Li, et al., showed that conjugating two
BODIPY units using a triazole link can act as a FRET pair with 1.9-fold enhanced in singlet oxygen
generation than the monoderivative. Amphiphilic pluronic surfactant with folic acid conjugate was
used as matrix to improve the solubility of the dye, and in vitro and in vivo studies showed the NPs
can kill HeLa cells than normal cells [117]. Naim et al. reported a supramolecular nanocomposite
from BODIPY, tetra iodoethylene, embedded into chitosan matrix for enchanted singlet oxygen
generation [118]. Nanocomposite showed excellent photostability, as compared to individual
components, and reduced cytotoxicity for bioapplications. The use of tetra iodoethylene is crucial
since it enhances the intersystem crossing of the nanomaterial for photosensitization. The water-
soluble nanomaterial showed an average particle size between 250-330 nm, with a singlet oxygen
quantum yield of 0.12. In vitro tumor studies (C6 cells) showed 39% cell viability after irradiating the
nanomaterial with white light (80 mW cm?) for 30 minutes.

BODIPY compounds have garnered significant attention due to their responsiveness to the
tumor microenvironment, particularly those that are pH sensitive. Among these, the aza-BODIPY
reported by Dong’s group features a dimethylaminophenyl group, enhancing its utility in biomedical
applications [119]. The NPs formed from this compound, BDP 13, exhibit a diameter of approximately
30 nm and are created using a combination of hydrophobic BDP 13 and amphiphilic DSPE-
mPEG2000, an agent that facilitates better solubility and stability in physiological conditions. As the
pH of the surrounding environment decreases from 7.4 to 5.0, BDP 13 NPs display enhanced
capabilities in photoacoustic imaging, as well as photodynamic and photothermal effects. These
improvements were confirmed through both in vitro and in vivo studies, demonstrating the potential
of these NPs for effective tumor visualization and treatment.

Furthermore, research by Lin et al. has expanded the applications of BODIPY compounds by
integrating them with PEG-PLA for NIR fluorescence imaging, which boasts a high signal-to-noise
ratio, along with PA and computed tomography functionalities [120]. This series of pH-sensitive
BODIPY nanoparticles offers a great promise for simultaneous imaging and therapeutic
interventions.

Dong's team has also explored variations in the number of diethylaminophenyl groups attached
to BODIPY, which further heighten its pH sensitivity compared to compounds with
dimethylaminophenyl groups [121]. Notably, the introduction of two diethylaminophenyl groups in
BDP 14 resulted in a marked red shift of the absorption and fluorescence emission wavelengths,
enhancing tissue penetration. Following a similar preparation with DSPE-mPEG2000, BDP 14 NPs
achieved an absorption peak in the NIR range at 735 nm. Additionally, under illumination with a 730
nm laser, BDP 13 NPs demonstrated an increase in temperature from 19.5 to 22.3 °C, accompanied
by a pH drop from 7.4 to 5.5, indicative of an enhanced photothermal response. This pH/ROS-
activated strategy highlights the dual utility of these BODIPY NPs, making them promising
candidates for fluorescence-guided photodynamic therapy (PDT) and photothermal therapy (PTT)
in cancer management. Through these advancements, pH-sensitive BODIPY nanoparticles not only
facilitate improved imaging and therapeutic efficacy but also pave the way for more targeted and
effective cancer therapies.

6..3. Supramolecular Approach Using Metallic Nanoparticles

The integration of metallic nanoparticles with BODIPY dyes has opened promising avenues in
the fields of cancer imaging and therapy. Suitable designs from BODIPY dyes which can anchor with
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metallic NPs can exhibit enhanced properties, including improved localization in tumor tissues and
increased efficiency in light-activated therapeutic mechanisms [32].

Metallic nanoparticles, such as gold and silver, offer unique optical properties due to their
surface plasmon resonance, which can be exploited to enhance the photodynamic effects of BODIPY
dyes. These nanoparticles can accumulate preferentially in tumor tissues due to the EPR effect,
thereby facilitating targeted delivery of the BODIPY dyes directly to malignant cells [122]. Studies
have shown that gold nanoparticles fused with BODIPY derivatives can act both as imaging agents
and therapeutic agents, providing dual functionality [88,123]. For instance, BODIPY-conjugated gold
nanoparticles have been effectively used as fluorescent sensors in in vitro models of cancer, enabling
real-time imaging of biological processes specific to tumor development [124]. Uniform
polyethyleneimine-coated magnetic FesO, nanoparticles were synthesized via a modified co-
precipitation method and covalently conjugated with the BODIPY fluorophore using DCC/DMAP
coupling reactions. The NPs showed imaging capability was tested for the first time on human cancer
cells (A549 and Ishikawa), while cytotoxicity was assessed on both cancer and healthy HUVEC cells
using the MTT assay. Additionally, the nanoparticles’ in vitro activities were evaluated and suggest
they can be used for future MRI applications.

Kim and colleagues designed an innovative drug delivery platform utilizing gold monolayer
nanoparticles [125]. Their approach incorporated “hydrophobic pockets,” previously identified by
Lucarini and Pasquato, to facilitate effective payload encapsulation. Zwitterionic chains were grafted
onto the gold surface, creating spaces to load BODIPY molecules as fluorescent markers. The study
revealed that the dye transfer occurs via a monolayer-membrane interaction mechanism.
Additionally, the nanoparticles exhibited minimal uptake in MCF-7 human breast cancer cells.
However, significant cytosolic delivery was observed within two hours of incubation. Notably, the
BODIPY-loaded nanoparticles demonstrated remarkable stability, retaining their integrity for over a
month.

In PDT studies incorporation of AuNPs with BODIPY dye showed enhanced therapeutical and
bioimaging applications. For instance, Kumar et al. showed a series of design strategy in which
AuNPs can be incorporated with BODIPY dyes and controlling their structure activity relationships
the photophysics and fluorescence of these nanomaterials can be controlled for various applications
[109]. Use of tryptophan reduced AuNPs as a matrix the simple BODIPY dye can be incorporated
into the AuNPs via various supramolecular interactions (Figure 12A). The nanomaterial showed
enhanced photostability, and quenched fluorescence from BODIPY with a singlet oxygen quantum
yield of ®A = 0.46. These nanomaterials showed enhanced PDT effect towards C6 cells with a
phototoxicity of 85% without cytotoxic to normal cells (Figure 12B-C) [112]. This work has been
extended using interplay between BODIPY structures and a FRET based nanocomposite is prepared.
Under light, these nanocomposites showed enhanced luminescence on the surface of AuNPs via
distinct radio pathway, and this property used for simultaneous cell imaging and PDT studies
(Figure 12D). The nanocomposite showed singlet oxygen quantum yield of ®A = 0.68, which is
comparable with known dye methylene blue, but the nanocomposite showed excellent photostability
than methylene blue [109]. Detection biothiols in tumor cells is important since an elevated biothiol
concentration is present in tumor cells. Using an indicator displacement approach, in which the
BODIPY dyes were non-fluorescent on the surface of AuNDPs, displace the BODIPY from metallic
surface after interaction with biothiols, and shows a fluorescent turn-on for BODIPY dyes (Figure
12E). Such design strategy is used for the cancer cell imaging and quantification of biothiols in tumor
cells [111,113].

Overall, the combination of metallic nanoparticles and BODIPY dyes represents a powerful
strategy for advancing cancer imaging and therapy, leveraging their complementary strengths to
improve diagnostic capabilities and therapeutic efficacy in oncological applications. This innovative
approach not only facilitates early detection and precise monitoring of cancers but also enhances
therapeutic responses, thereby paving the way for more effective cancer treatment modalities.
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Figure 12. Fabrication of BODIPY nanoparticles using gold nanoparticles as a matrix. (A) A pictorial
representation for the formation of nanocomposite from Pyrrole BODIPY and tryptophan. (B) Quantification of
intracellular ROS in C6 cells treated with Pyrrole BODIPY-Au NPs and (C) Cytotoxicity of Pyrrole BODIPY-Au
NPs against C6 cells under dark and light irradiation using a 36 W white LED. *Two-tailed P value equals 0.0001.
(D) Schematic representation of a hybrid nanocomposite from BODIPY and AuNPs, and the simultaneous FRET
and electron transfer from BODIPY aggregates to gold resulting in fluorescence and singlet oxygen generation.
(E) Confocal laser scanning microscopy images of nanocomposite NC2 and NC3 treated C6 glioma cells. B/F are
bright-field images; 405, 488, and 561 nm are the wavelengths of the laser used to excite the nanocomposites.
The scale bar is 10 pm. (F) represents the fluorescence “turn-on” from BODIPY dye after the biothiol interaction
with the nanocomposite having BODIPY and AuNPs. The nanoparticles were non-fluorescent initially which
showed “turn-on” fluorescence after interaction of biothiols with gold, and the BODIPY dye displaced from the
surface of Au regains its fluorescence. Reproduced with permission from [112], 2019, RSC publishing group;
[109], 2022, ACS respectively.

7. Summary and Conclusions

The utilization of BODIPY dyes and their nanoparticles in cancer imaging and therapeutics
represents a promising frontier in modern oncology, driven by the inherent optical properties and
versatility of these compounds. BODIPY derivatives have been recognized for their strong absorption
and emission characteristics in both the visible and near-infrared regions, making them highly
effective fluorescent probes for imaging applications. Their excellent photostability and high
quantum yield are pivotal for enhancing imaging fidelity, thus facilitating accurate diagnosis and
treatment monitoring. Furthermore, BODIPY dyes can be engineered to target specific cancer cells,
minimizing damage to surrounding healthy tissues, which is a crucial advancement over traditional
therapies that often lack precision.

In recent developments, BODIPY nanoparticles have emerged as a powerful platform for
photodynamic therapy (PDT), providing a synergistic approach to cancer treatment. By generating
reactive oxygen species (ROS) upon light activation, these nanoparticles can effectively induce cell
death in cancerous tissues while maintaining a favorable safety profile. Their ability to enhance
cellular uptake and selectively accumulate in tumor microenvironments, aided by the Enhanced
Permeability and Retention effect, significantly augments their therapeutic efficacy. Despite their
potential, challenges remain, including the need for improved water solubility and selectivity of
BODIPY photosensitizers. Ongoing research focuses on addressing these limitations through
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innovative modifications and the development of multifunctional nanoparticles that can cater to both
diagnostic and therapeutic needs simultaneously.

In conclusion, BODIPY dyes and their nanoparticles hold great promise in revolutionizing
cancer imaging and therapies, offering novel approaches that may enhance patient outcomes by
improving diagnosis accuracy and treatment precision. As research continues to uncover the full
potential of these compounds, they are likely to play an increasingly significant role in the future of
cancer care, paving the way for more effective, targeted, and less invasive treatment modalities.

8. Future Outlook for BODIPY Dyes and Nanoparticles in Cancer Imaging and
Therapy

The field of cancer treatment has seen significant advancements, but challenges remain in
accurately detecting and effectively treating various types of cancer. BODIPY dyes, known for their
superior photophysical properties, and BODIPY nanoparticles present great promise in enhancing
cancer imaging and therapeutic applications. This essay discusses the outlook and potential
developments regarding the use of BODIPY dyes and nanoparticles in tackling cancer challenges.

8.1. Enhanced Targeting and Delivery Mechanisms

One of the primary areas of advancement for BODIPY-based nanoparticles lies in enhancing
targeting mechanisms and drug delivery systems. The unique properties of BODIPY dyes, such as
their strong absorption in the visible and near-infrared regions, can be effectively exploited using
nanoparticles that can preferentially accumulate in tumor tissues. Future research should focus on
engineering nanoparticles that are responsive to specific biological stimuli within the tumor
environment, including pH, enzymatic activity, or hypoxic conditions. This will enhance the targeted
delivery of BODIPY-based therapeutics, minimizing adverse effects on healthy tissues while
improving therapeutic efficacy [5,126].

8.2. Integration of Theranostic Applications

The integration of therapeutic and diagnostic functionalities into a single platform, termed
theragnostic, represents a promising direction for BODIPY dyes and nanoparticles. The development
of BODIPY conjugates that exhibit both imaging capabilities and therapeutic action can significantly
speed up the clinical translation of cancer therapies. The ability to perform real-time monitoring of
drug effectiveness using fluorescence imaging while administering treatment could allow for more
personalized and timely interventions. Recent advancements in BODIPY-based theragnostic systems
are encouraging, with preliminary studies showing their potential to provide dual functionality in
cancer imaging and therapy [30].

8.3. Innovations in Photodynamic Therapy (PDT)

BODIPY dyes have emerged as highly efficient photosensitizers for photodynamic therapy
(PDT). Future advancements will likely focus on improving the efficacy of BODIPY-based PDT by
optimizing their chemical structures to enhance singlet oxygen generation, thereby increasing their
phototoxicity towards cancer cells [75]. Furthermore, combining BODIPY dyes with other therapeutic
modalities, such as chemotherapy or immunotherapy, could lead to synergistic effects, providing a
multifaceted approach to cancer treatment [127]. For instance, incorporating BODIPY dyes into
existing chemotherapy protocols has demonstrated improved selectivity and reduced side effects due
to their targeting capabilities [128] Progressing nanotechnology to improve targeted cancer
treatment: overcoming hurdles in its clinical implementation.

8.4. Development of Novel BODIPY Derivatives

Ongoing research into modifying the core structure of BODIPY molecules has the potential to
revolutionize their applications in cancer therapy. Structural modifications can yield new derivatives
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with carefully tailored properties, such as altered solubility profiles, emission wavelengths, and
enhanced stability under biological conditions. Innovations in synthetic techniques, such as click
chemistry, can facilitate the creation of libraries of BODIPY derivatives, leading to the identification
of optimal candidates for specific applications.

8.5. Utilization of BODIPY in Combination with Nanotechnology

The intersection of BODIPY chemistry and nanotechnology opens new avenues for cancer
imaging and treatment. Nanotechnology not only enables enhanced stability and solubility of
BODIPY dyes but also aids in the creation of multifunctional nanocarriers capable of delivering
multiple therapeutic agents. Additionally, the development of targeted nanosystems that can
respond to specific tumor markers offers a promising pathway for the precise delivery of BODIPY
dyes, enhancing their role in both imaging and therapy.

8.6. Addressing Challenges

Despite the significant potential of BODIPY dyes and nanoparticles, several challenges remain
to be addressed. These include concerns over biocompatibility, long-term stability in biological
systems, and the scalability of synthesis techniques for clinical applications. Future research must
focus on overcoming these challenges to facilitate the translation of BODIPY-based technologies from
the laboratory to the clinic. The establishment of clear regulatory pathways and guidelines for the
use of nanoparticles in medical applications will be critical in this regard [129].

The future of BODIPY dyes and nanoparticles in cancer imaging and therapeutic applications
looks promising. The ongoing development of advanced targeting mechanisms, innovative
theragnostic platforms, and novel chemical derivatives will likely enhance their efficacy and
applicability. By addressing current challenges and optimizing their properties, BODIPY-based
technologies could play a transformative role in the fight against cancer, leading to improved
diagnostic capabilities and more effective therapies for patients worldwide. As research continues to
advance, BODIPY dyes are poised to become integral components of the next generation of cancer
treatments.
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