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Photoactivatable nanomedicines are therapeutic agents that generate heat, produce reactive oxygen
species, or initiate photochemical reactions through their interaction with light. These agents can be
used for the diagnosis, monitoring and remote induction of therapeutic effects. However, such
nanoconstructs may have limitations, primarily attributable to the light—matter interaction and/or to the
physiological characteristics of the disease. Consequently, there is growing interest in photoactivatable
bioinspired nanoconstructs, which have led to significant improvements in their functionalities. By
employing rational design methodologies, biomimicry enables researchers to engineer light-responsive
nanomaterials with enhanced functionalities. The bioinspiration from phototrophs, light-harvesting
antennas, chlorophylls, and carotenoids has led to the development of unique spatial organizations with
broad spectral cross-sections. This resulted in more effective light collection and conversion into
chemical energy. For instance, mechanisms like photoprotection can prevent photodamage and ensure
treatment safety. In addition, certain animals, particularly marine species, generate or utilize light from
other non-photosynthetic species to enhance their function. Finally, photoactivatable nanomedicines

Received 11th March 2025 bioinspired by the functionalities of DNA scaffolds or biohybridized with cell membranes, cyanobacteria
DOI: 10.1039/d5¢s00257e or hemoglobin have been discussed. This review provides a comprehensive perspective on how

bioinspiration has contributed to the development of photoactivatable nanomedicines by overcoming
rsc.li/chem-soc-rev some of the conventional nanosystem limitations.
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1. Introduction

Photomedicine is the field of medicine that utilizes light either
alone or in combination with light-responsive molecules or
nanoconstructs to diagnose, treat, and monitor disease.'
Although the origin of photomedicine can be traced to ancient
times,” the science has progressed considerably,® particularly
with the advent of lasers” and its application for the treatment
of eye® and skin diseases,®® as well as with the discovery of
photodynamic®'® and photothermal therapies in the 20th
century. Subsequent advancements in nanotechnology and
photonics have led to the development and application of
numerous light-activatable nanoconstructs, utilized for thera-
peutic and imaging purposes, either in vitro or in preclinical
studies. The primary applications of light-responsive nano-
medicines encompass phototherapy, light-induced drug release,
imaging and diagnostics. Upon illumination at a specific wave-
length, photoactivatable nanoconstructs transition to an excited
state, followed by the emission of the absorbed photonic energy as
a fluorescence signal (Fig. 1a). Furthermore, the excited nanoma-
terials (i.e. photosensitizers) can enter the triplet state via inter-
system crossing where they can transfer their energy to the triplet
state of oxygen, leading to the production of singlet oxygen via a
Type II reaction. Depending on the nature of the photosensitizers
and their surroundings, photosensitizers can transfer electrons to
the adjacent molecules through a Type I reaction to generate
radicals and reactive oxygen species (ROS) that can kill the cancer
cells. The efficiency of the photosensitizers in photodynamic
therapy (PDT) hinges on the effectiveness of both Type I and
Type II reactions. Apart from fluorescence and PDT, the absorbed
energy can be dissipated through non-radiative relaxation, result-
ing in the production of heat that can lead to the destruction of
diseased cells and tumor ablation. This process is known as
photothermal therapy (PTT) (Fig. 1b). Of particular interest is
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the phenomenon in which the illumination of photothermal
agents with a pulsed laser (nanosecond, picosecond laser) at high
irradiance generates ultrasound signals that can be detected by a
transducer for imaging purposes. This imaging technique is
known as photoacoustic imaging (PAI) (Fig. 1b). Finally, light
can be used as a stimulus to trigger the release of a conjugated
drug via a chemical or physical process in a controlled spatio-
temporal manner."*™* However, despite these numerous applica-
tions, only a few of the developed photoactivatable nanomedicines
have been approved for clinical use. This is due not only to
technical challenges such as light attenuation in biological
tissues caused by the intense light absorption and scattering
by the endogenous chromophores (i.e. hemoglobin, melanin)
and water, but also to systemic challenges ranging from bio-
compatibility, design complexity, scaling and to the extremely
complex physiology of human diseases."*"® Consequently,
photoactivatable bioinspired nanomedicines have witnessed
substantial advancements in recent years, accompanied by
numerous pivotal developments aimed at enhancing their bio-
medical applications."®

Biomimicry, encompassing biomimetics and bioinspiration,
stands at the core of innovative nanotechnologies that address
a range of therapeutic, economic and environmental concerns.
Through rational design, biomimicry enables researchers to
engineer light-responsive nanomaterials with improved func-
tionalities while preserving or mimicking biological systems or
processes. Bioinspiration and biomimetic are two different
concepts that include learning nature’s design principles and
rules to create new models for engineering purposes.'® Bioin-
spiration employs a bottom-up strategy and does not always
intend to exactly reproduce nature’s already developed solu-
tions but instead adapts the primary essences or mechanisms
found in nature to solve human or environmental problems.
On the other hand, biomimetic is a top-down approach that
involves a direct emulation of certain processes found in
biological systems.'® Indeed, nature serves as a perpetual
source of inspiration for the design of light-responsive nano-
materials for health applications. For instance, photosynthetic
species known as phototrophs exhibit a variety of natural
chromophores mainly including chlorophylls and carotenoids.
However, they have developed ingenious strategies and unique
light-harvesting antennas to efficiently collect light and convert
it into chemical energy. This is achieved by tuning the spatial
organization of the natural pigment arrays in the light-
harvesting systems to obtain a broad spectral cross-section,
thereby enabling more efficient light collection under low light-
conditions. Furthermore, under conditions of excess light, the
photosynthetic systems have evolved mechanisms of photopro-
tection, allowing them to regulate their light-harvesting capa-
city and avoid photodamage (Fig. 1c). These natural regulatory
mechanisms of light collection and photoprotection have pro-
vided a foundation for the development of nature-inspired
light-responsive nanomedicines either to enhance their absorp-
tion capacity or to protect healthy tissues from photodamage,
respectively.”® Besides phototrophs, light-responsive nano-
medicines were inspired by the ability of some marine animals
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Fig. 1 Schematic representation of light-responsive nanoparticles with multifunctional properties. (a) Simplified Jablonski diagram illustration (b) for the
fluorescence/PDT mechanism, and (c) for photoacoustic imaging (PAl) and photothermal process. (c) Schematic illustration summarizing the main

inspiration from photosynthesis and photosynthetic systems to design light-

responsive nanomedicines. The figure of carotenoids/chlorophyll interaction

have been reproduced after permission from ref. 17 copyright 2017 Springer Nature.

to produce light or by other non-photosynthetic species or
biological processes to improve their functionality. In consid-
eration of the aforementioned facts, the objective of this review
is to report on the various aspects of inspiration from nature or
biological systems in the design of advanced light-responsive
nanomedicines, with the aim of overcoming the limitations
typically encountered with conventional ones. Bioinspired light-
responsive nanomedicines can be categorized into two primary

8172 | Chem. Soc. Rev,, 2025, 54, 8170-8195

classes: The first category includes photoactivatable nanomedi-
cines inspired by photosynthetic systems (i.e. green plants and
other phototrophs), to enhance their interaction with light and
their theranostic outcome. The second category encompasses
nanomedicines inspired by marine animals, non-photosynthetic
species or biological processes, to improve their physiological
and optical performance. This review will provide an overview of
how bioinspiration from photosynthesis, phototrophs, and other

This journal is © The Royal Society of Chemistry 2025
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biological structures has advanced the design of photoactivatable
nanomedicines, while overcoming the fundamental problems
encountered with conventional photomedicines. Additionally,
the modification of living photosynthetic cells (i.e. cyanobacteria)
with artificial materials and photosensitizers, a process known as
biohybridization, will be discussed. Finally, the subject of photo-
activatable nanomedicines, inspired by the DNA nanostructures
and their response to thermal triggers is also described.

2. Photosynthesis-inspired
light-responsive hanomedicines

2.1. Inspiration from light-harvesting antennas

The sun is the primary source of energy on Earth. Phototrophs
are photosynthetic organisms that contain light-harvesting
(LH) antennas carrying out numerous crucial functions in the
process of photosynthesis. Theses antennas absorb efficiently
the solar energy, enabling not only the migration of excitation
energy but also its transfer to the reaction center.”’** There-
fore, the absorbed photonic energy is converted into chemical
energy that is used for biomass production. These antennas are
made of several photosynthetic chromophores that can absorb
the sunlight efficiently in a wide range of wavelengths.***
These chromophores mainly include chlorophylls, bacterio-
chlorophylls and carotenoids. Chlorophylls are the primary
light absorbers in photosynthesis. To effectively capture light
photons and transport excitation energy, they assemble into
organized supramolecular structures with the aid of protein or
polypeptide scaffolds. This process is exemplified in the case of
purple photosynthetic bacteria (Fig. 2a and b).*! Conversely,
other phototrophs such as green sulfur bacteria (Fig. 2¢) pos-
sess a unique light harvesting complex named chlorosome
which enables bacteria to efficiently harvest sunlight and thrive
under dim light conditions.>® Chlorosome is composed of a
highly sophisticated arrangement of chlorophyll dyes that do
not require the assistance of any protein scaffolds for photon
collection (Fig. 2c-g). In fact, the aggregation of hydrophobic
chromophores such as porphyrin derivatives or porphyrinoids
into well-organized multichromophoric structures enable them
to acquire novel photophysical properties compared to their
monomeric counterparts. Such phenomena have attracted the
attention of many researchers for the development of highly
ordered aggregates of chromophores. Two main ordered aggre-
gates of chromophores have been described so far, the
H-aggregates and the J-aggregates (Fig. 2h). These two types
of aggregates have been categorized by Michael Kasha®® on the
basis of Coulombic coupling as determined by the alignment of
the transition dipole moments between two chromophores.>®
Hence, compared to monomers, the aggregates will exhibit
energetic shifts in their main absorption peak with subsequent
changes in their radiative decay rate. Kasha’s model predicts
that if transition dipole moments are arranged in a ‘side-by-
side” fashion, the resulting aggregates are called H-aggregates
and their absorption spectra undergo a blue shift (hypsochro-
mic effect) and a reduction in radiative decay. In J-aggregates,
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the transition dipole moments are arranged in a “head-to-tail”
fashion (also called ‘“edge-to-edge”), which results in a spectral
redshift and an increase in the rate of radiative decay. Such
intermolecular organization is characterized by their ability to
delocalize and migrate excitons.”” These unique molecular
aggregates were discovered by E. E. Jelley”®* and G. Scheibe®
in the 1930s and were referred to later as “J-aggregates”. However,
this classification is not universal for all chromophores where
some unconventional aggregates can show a red shift (bathochro-
mic) in absorption spectra but they can exhibit fluorescence
quenching.***" The alignment between the monomers depends
mainly on their structure which determines the balance between
the attractive (m-m stacking, hydrogen bonds and electrostatic
attraction) and repulsive forces (steric hindrance and electrostatic
repulsion) between the molecules.*?

2.1.1. Inspiration from photosynthetic purple bacteria for
the design of light-responsive nanomedicines with improved
light adsorption capabilities in the NIR region. Photosynthetic
purple bacteria (Fig. 2a) are anoxygenic photosynthetic species
that are widely distributed in aquatic environments and can be
classified into two main groups, purple sulfur bacteria and
purple non-sulfur bacteria.*® Compared to purple sulfur bac-
teria which can poorly grow in the dark, purple non-sulfur ones
possess diverse capacities for metabolism and growth in the
dark.*® In addition, and conversely to oxygenic photosynthetic
species, which utilize ultraviolet and visible wavelengths for
photosynthesis, non-sulfur purple bacteria can absorb light in
the NIR region. Light photons in the NIR are efficiently cap-
tured by the peripheral antenna (LH2) and the light-harvesting
core antenna (LH1) which are then transferred to the reaction
center for the photosynthesis. LH2 is composed of two circular
organized homomeric aggregates (i.e. rings) of bacteriochloro-
phyll-a pigments named B800 and B850.>”~*° In the B800 ring,
the Bchl-a chromophores exhibit weak intermolecular coupling
due to the large distance between them (~21 A) which results
in a localized excitation state. Conversely, in the B850 ring, the
Bchl-a chromophores are densely packed and exhibit specific
edge-to-edge orientation and distance between them, which are
maintained by a protein scaffold with a surrounding lipid
membrane (Fig. 2b). Such chromophore arrangement enables
a shared excitation state among multiple chlorophyll molecules
within the ring structure, thus resulting in a significant batho-
chromic shift in the absorption spectrum of Bchl-a from
800 to 850 nm."®***%*° Ingpired by such pigment arrange-
ments and mainly by the delocalized excitation state in
the B850 ring of purple bacteria, Kenneth et al.*' conjugated
bacteriopheophorbide-a to 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine to obtain bacteriopheophorbide a-lipid con-
jugates (Fig. 3a and b). These conjugates were formulated at
15 mol% with 5 mol% of DPPE-mPEG,, (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000]) and 80 mol% of DPPC as host phospholipids. The obtained
lipid vesicles (referred to as J-aggregated nanoparticles, JNP 16)
displayed an enhanced and narrow Q, absorbance band at
824 nm which corresponds to a 74 nm red-shift when compared
to the solubilized monomeric dye (Fig. 3c). The circular dichroism

Chem. Soc. Rev., 2025, 54, 8170-8195 | 8173
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Fig. 2 (a) A photo of a contaminated pond near Hildesheim in Germany (left) with purple bacteria (right). (b) Model of the light-harvesting complex 2
(LH2) found in purple non-sulfur bacteria, illustrating the phenomena that affect the excitation energy transfer.®> (c) Transmission electron microscopy
(TEM) micrograph of a wild type of purple bacteria Chlorobaculum tepidum showing chlorosomes as very lightly stained structures surrounding the
periphery of the cytoplasm.>* (d) Cryo-EM micrographs of chlorosomes from wild-type Chlorobaculum tepidum fixed in a vertical position in an
amorphous ice layer. The micrographs reveal the packing of some lamellae in concentric rings, others in a more irregular association.?* (e) Scheme
representing the structure of the light-harvesting complex (LHC) in green sulfur bacteria highlighting the main components: () chlorosome;
(1) baseplate; (lll) Fenna—Matthews—Olson protein complexes and (IV) reaction centers. (f) Absorption spectrum of a Chlorobaculum tepidum bacterial
culture showing the Q,-band. The marked ranges correspond to the different structural units of LHC. The structural unit | is composed of BChl c
pigments, while the units 11, Ill and IV contain BChl a pigments.*® (g) Schematic representation of a chlorosome with the molecular arrangement of the
self-aggregated chromophores.?! (b)—(g) were reprinted and adapted with permission from copyright 2016 American Chemical Society, copyright 2002
American Society for Microbiology, copyright 2010 Springer Nature, copyright 2014 Springer Nature and copyright 2020 Elsevier, respectively.
(h) Molecular arrangements of H- and J-aggregates of porphyrinoid derivatives with their corresponding Jablonski diagrams. In the figure, we illustrate
the two extreme cases of H- and J-aggregates, where the chromophores either exhibit side-to-side or edge-to-edge arrangement respectively.
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Fig. 3 (a) The chemical structure of bacteriopheophorbide-lipid conjugates which can assemble into (b) J-aggregating nanoparticles abbreviated as
JINP (15 mol% Bchl-lipid, 80 mol% DPPC, and 5 mol% DPPE-mPEG;q0) With colored photographs below and above the phase transition temperature of
the host phospholipid. (c) Absorption, (d) circular dichroism and (e) fluorescence spectra of assemblies before (blue) and after (red) their disruption by the
addition of detergent. (a)—(e) were reprinted and adapted from ref. 41, Copyright (2014) America Chemical Society. (f) The chemical structure of the
Pyr,LPC conjugates with the absorption spectra of the PyrsLPC assemblies (95 mol% of PyrsLPC, 5 mol% of DSPE-mPEG,qq0) before (red) and after their
disruption with a Triton X-100 detergent. Molecular dynamics simulation snapshot of the Pyr,LPC bilayer showing the preference of intra-leaflet
porphyrin interactions. (g) The results correspond to the Ph,LPC conjugates bilayer with their clear preference to form inter-leaflets interaction within the
bilayer structure. (f) and (g) were reprinted and adapted with permission from ref. 45, Copyright 2022 The Royal Society of Chemistry.
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spectrum revealed the appearance of a negative effect peak which
is related to the formation of ordered chiral packing between the
bacteriopheophorbide-lipid molecules (Fig. 3d). In contrast to
other lipid porphyrin-conjugates,*>** the fluorescence signal
of the JNPs was not intensively quenched (Fig. 3e) and exhibited
a negligible Stokes shift which provides further evidence the
formation of coherently coupled J-aggregates.*" DPPC (16:0 PC)
bilayers disclose a transition temperature (Ty,) of ~41 °C. At room
temperature or even at the physiological temperature, the DPPC
bilayers exhibit an ordered rigid gel phase. However, upon
increasing the temperature above the T, the bilayer adopts a
disordered fluid phase. Such change in the fluidity of the bilayer
may influence the packing between the pigments and modify the
structure of the J-aggregates. To investigate this hypothesis, the
authors prepared different JNPs by using various host phospho-
lipids DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine; 14:0
PC; T,, ~ 24 °C), DPPC (1,2-dipalmitoyl-sn-glycero-3-phospho-
choline; 16:0 PC; T, ~ 41 °C), DHPC (1,2-diheptadecanoyl-sn-
glycero-3-phosphocholine; 17:0 PC; T, ~ 50 °C) DSPC (1,2-
distearoyl-sn-glycero-3-phosphocholine; 18:0 PC; T,,, ~ 55 °C) or
DNPC (1,2-dinonadecanoyl-sn-glycero-3-phosphocholine; 19:0 PC;
Tm ~ 62 °C)) which display increasing transition temperature.
Interestingly, the authors observed a decrease of J-aggregates
absorption at 824 nm upon increasing the temperature above
the T, of host phospholipids with the subsequent appearance of
the Q) band of the monomer at 750 nm. In addition, when the
samples were heated above the transition temperatures of the
host phospholipids, the photoacoustic signals decreased rapidly.
This suggested that the nature of the host phospholipids dictates
the ordered arrangement of the pigments inside the bilayer and
can be used as thermal sensors for photoacoustic imaging.
As proof of principle, the authors succeeded in collecting
marked photoacoustic signals at 824 nm after intratumoral
injection of JNP16 in KB-tumor bearing mice. At such absorp-
tion wavelength, the hemoglobin absorption is low, so the
photoacoustic resolution can be improved. Moreover, com-
pared to ICG photoacoustic contrast agent, the photoacoustic
signal of JNP16 was sensitive to the temperature upon tumor
heating.*' In another study, the same authors have used the
same strategy of embedding bacteriopheophorbide a-lipid
conjugates in host phospholipids exhibiting different transition
temperatures to develop photothermal enhancing auto-regulated
liposomes (PEARLS).** Indeed, conventional photothermal
agents due to their high absorption at the excited wavelength
suffer from high light attenuation which results in reduced
depth of heating with large thermal gradients between the
superficial and the deeper target tissues. This will provoke
collateral damage and inefficient treatment respectively.
Hence, taking advantage of the sensitivity of the formed
J-aggregates bacteriopheophorbide a-lipid conjugates to the
thermoresponsive lipid bilayer, the authors succeeded in
designing PEARLs that demonstrate an improved light trans-
mission and regulated photothermal effect with a predefined
maximal temperature. This latter can be tuned as a function of
the transition temperature of the host phospholipids. When
the temperature reaches that of phospholipid transition,
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the bilayer becomes fluid and the absorption band of the
J-aggregates decreases, hence enabling the light to penetrate
further.

The proof of principle of PEARLS has been further demon-
strated on 3D polyacrylamide hydrogel phantom.”* In another
fundamental study, Charron et al.*® reported that by changing
the composition of the lipid bilayer from DSPC to DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine), the bacteriopheophor-
bide a-lipid conjugates formed disordered aggregates in the
unsaturated lipid matrixes. Moreover, despite their fluores-
cence quenching they maintain significant photodynamic activ-
ity, whereas, their incorporation inside a saturated lipid matrix
(DSPC), bacteriopheophorbide a-lipid conjugates phase sepa-
rated inside the saturated lipid matrix and formed highly
ordered J-aggregates which offer them very interesting photo-
thermal and photoacoustic properties.*® Besides, Cui et al.*’
have investigated the modulation of organized J-aggregates
formation by the lipid scaffold caused Pyropheophorbide-a
chromophores incorporation inside DPPC lipid matrix doped
with either DOTAP (1,2-dioleoyl-3-trimethylammonium-propane)
or DPPG (1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol)).
The authors®” found that the electrostatic interaction between
the polar headgroup and the carboxyl group of Pyro-a chromo-
phore is the key interaction that governs the ordered J-aggre-
gates. While DOTAP with a positively charged polar headgroup
led to a non-organized pattern, the negatively charged head-
group of DPPG showed the opposite tendency. These assemblies
were used as specific probes for third harmonic generation
microscopy of PC3 living cells and showed significantly
enhanced contrast compared to non-ordered aggregates.*” Fol-
lowing the same line of research, our group has designed several
light-responsive nanoconstructs based on the supramolecular
assemblies of lipid-porphyrin conjugates.'"**>*>*#* They were
synthesized by grafting Pheophorbide-a or Pyropheophorbide-a
to either lysosphingomyelin'™***® or lysophosphatidylcho-
line***>*84% 4ig different linker lengths (Fig. 3f and g). The
conjugates were able to self-assemble into different supramole-
cular structures depending on the type of porphyrins. Pheo-a
conjugates (Ph,LPC) assembled into closed ovoid or spongious
structures, whereas Pyro-conjugates (Pyr,LPC) assembled into
rigid open sheets. All of the assemblies exhibited intensive
fluorescence quenching, with a significant and slight red shift
in their Q-band region for Pyr,LPC and Ph,LPC respectively.
With the aid of molecular dynamics simulations, it was demon-
strated that the interaction between the porphyrin moieties
rather than the linker length plays a central role in controlling
the structure of the assemblies and thus their optical
properties.*>*® While Pheo-a conjugates tend to form inter-
leaflet m-stacked dimers (Fig. 3g), the Pyro-conjugates form
dimers within the same leaflet thus hindering the bending of
the bilayer (Fig. 3g). Interestingly, all of the conjugates when
mixed with equimolar percentage of cholesterol formed
liposome-like structures while maintaining intensive fluores-
cence quenching with a slight red shift in their absorption
spectra.***> The formation of liposomal structures was related
to the complementarity of the geometrical packing parameters

This journal is © The Royal Society of Chemistry 2025
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between the conjugates (truncated cone shape) and cholesterol
(inverted cone shape).'"'** In addition, our results evidence
that the longer the linker, the higher the stability of the
assemblies in physiological conditions. This is due to the deeper
embedment of the porphyrin core inside the bilayer. Moreover,
Pyr,LPC assemblies demonstrated enhanced stability during
incubation with serum-containing medium, accompanied by
increased photothermal activity and diminished photodynamic
activity when compared to Ph,LPC formulations.’® This result
was related to the structural differences in porphyrin moiety,
which lead to different packing propensity between the porphyr-
ins inside the assemblies. Moreover, Pyr,LPC conjugates were
able to form J-aggregates when incorporated in the lipid bilayer
made of phospholipids with high transition temperatures
(DPPC, DSPC, DAPC (1,2-diarachidoyl-sn-glycero-3-phosphocho-
line)) which was not the case for Ph,LPC compounds.*® Hence,
by changing the lipid composition of the lipid bilayer, it is
possible to tune the formation of J-aggregates and thus their
absorption efficiency in the NIR but also their efficacy in the
photothermal conversion compared to their photodynamic activ-
ity. In comparison to Pyro-a porphyrinoid, Pheo-a has an extra
carboxymethyl group in the ortho position relative to the ketone
functionality which introduces a steric effect hindering the
stacking of both sides of porphyrin cores.*> These conjugates
have proven their efficiency in PDT and PTT against cancer
cells*® or bacteria and biofilm*® but also in light-triggered release
of hydrophilic cargo.'" Recently, our group developed a novel
strategy for the design of novel generation of porphysomes,
which enables tunable photothermal properties with improved
photodynamic efficiency against cancer while maintaining
an exceptional high payload of porphyrins (Fig. 4a). The new
porphysomes are made of smart PL-Por conjugates, and are
composed of one ROS-responsive linker separating the por-
phyrin moiety from the polar headgroup of the phospholipid
(Fig. 4b). Upon their illumination, they enable mild-hyperthermia
with subsequent release of the porphyrins moieties, which cause
the dissociation of the assemblies (Fig. 4c and d). Moreover, the
dissociated lysolipid backbone might act as a detergent-like
molecule, which can fragilize the cancer cell membrane thus
leading to the enhancement of the therapeutic outcomes.
Compared to conventional porphysomes made of Pyrolipid**
(Pyro-a conjugated to a lysophosphatidylcholine without any
linker) or Pyr,LPC (x = 3), the new assemblies demonstrated
their versatility and superiority for PDT application in vitro
(Fig. 4e and f) and in vivo against a subcutaneous prostate
cancer model. Indeed, the PDT efficiency was improved up to
20-fold in vitro and complete tumor ablation was evidenced in
80% of PC3 prostate subcutaneous tumor-bearing mice com-
pared to 0% using conventional porphysomes (Fig. 4¢ and h).>"

In addition, the novel porphysomes reduced the dark toxicity
of the free porphyrins while maintaining its PDT efficiency.”®
In another example, Wang et al.>®> synthesized self-assembled
porphyrin photosensitizers for more efficient photodynamic
therapy against bacteria. Using zinc meso-tetra(4-pyridyl)-
porphyrin (ZnTPyP) and CTAB detergent, cubic nanoparticles
with an average size of 40 nm were obtained. Nitric oxide was
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then absorbed into the obtained nanoparticles through the
coordination with the central metal Zn ions to form
ZnTPyP@NO nanoparticles. These latter improved the photo-
dynamic therapy efficiency due to the subsequent release of
ROS and highly reactive peroxynitrite (ONOO™) molecules that
exhibited enhanced antibacterial photodynamic activity.

2.1.2. Inspiration from chlorosomes for the design of light-
responsive nanomedicines with improved light adsorption
capabilities in the NIR region. Compared to other photosyn-
thetic light-harvesting systems, green photosynthetic bacteria
such as Chlorobaculum tepidum®* which are anaerobic and
thermophilic bacteria, possess another type of light-harvesting
antennas called chlorosomes (Fig. 2c-g).>®> These latter are
considered as one of the most efficient LH systems enabling
green sulfur bacteria that reside at a depth of 100 m under the
sea surfaces, to absorb light efficiently under low photon flux
conditions. Chlorosomes are characterized by their flattened and
ellipsoidal structures with a length of 100-200 nm, width of
30-60 nm and height of 10-20 nm. Also they do not exhibit
proteins to maintain the distances and mutual orientations
between the pigments.>' The chlorosome core is the result of
the supramolecular assemblies of BChl-c, d, e and f pigments
into multilayer tubular or bent lamellar structures.>*”>® BChl
orientations are maintained through n-n stacking between the
chlorin cores but also through specific hydrogen bonding
between the 3'-hydroxy group and the 13-keto carbonyl moiety
and the coordination of the 3'-hydroxygroup with the central
magnesium. The chlorosome core is enveloped with a lipid
monolayer embedded with proteins. It has been estimated that
each Chlorobaculum Tepidum cell contains up to 200 chloro-
somes that are composed of 100 000 to 250 000 BChl ¢ molecules
per chlorosome. The Bchl molecules assembled within the
chlorosomes exhibit J-aggregate characteristics with a large red
shift of the Q, absorption band toward the 700-800 nm wave-
length region due to the strong excitonic coupling among the
chromophores. Such optoelectronic properties inspired several
researchers to design synthetic LH systems mainly for solar cells
and artificial photosynthetic devices but also for the design of
light-responsive nanomedicines. Such bioinspired nanomedi-
cines enable the improvement of their absorption cross sections,
which are crucial for several medical applications such as
photoacoustic imaging, fluorescence, photothermal and photo-
dynamic therapies. In this context, Kenneth et al>” developed
ordered J-aggregate structures based on modified chlorin chro-
mophores. These was obtained through the formulation of
modified lipid-porphyrin (Lipid-Por) conjugates (20 mol%) in
DPPC/DPPE-mPEG,, liposomes (75/5 mol%). To do so, the
authors made three modifications on the Pyropheophorbide-a
chromophore. First, a methoxy group was inserted into the 3
position. Second, the Pyro core was coordinated with a zinc
atom. Finally, the modified Pyro-a was conjugated to a lysophos-
phatidylcholine through esterification. The authors demon-
strated that the zinc insertion in the chlorin core enabled axial
coordination between the chelated Zn and the 3'-methoxy-
substituent, which was crucial for ordered chlorin aggregation
in the lipid bilayer like those observed in chlorosomes.
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(a) Schematic representation of the concept of the new porphysomes generation. (b) Scheme representing the structural modifications of the

new PL-Por conjugates and their possible impact on the assemblies’ properties. (c) The change in temperature (AT) (photothermal profiles) of different
porphysome formulations at 200 pM of PS concentration under 15 minutes laser illumination (670 nm laser at an irradiance of 0.8 W cm™2 at room

temperature), followed by a 20 minutes cooling phase (laser turned off).

The heating/cooling cycle was repeated three times for each formulation.

(d) Normalized absorbance changes (symbols) at 380 nm after 10 min illumination (670 nm, 100 mW cm™2) of the ABDA probe incubated at different
concentrations with PL—Por formulations (10 uM of PS) in HEPES buffer indicating the higher photodynamic efficiency of novel porphysomes compared
with conventional PysLPC. Histograms of IC50 values of (e) Pyro-conjugates and (f) Pheo-conjugates in comparison to the free Pyro-a and Pheo-a in

DMSO against PC3 cell lines in the dark (Fluence = 0 J cm™2) and with PDT

treatment at different light fluencies (2 = 670 nm, fluence = 2, 4 or 6 J cm™2).

(g) Tumor volume (mean =+ S.E.M.) measurements up to 30 days post-PDT. (h) Mouse survival monitoring up to 40 days post-PDT. Reprinted and adapted

with permission from ref. 51, Copyright 2025 Elsevier.

The obtained vesicles exhibited a hydrodynamic diameter of
~100 nm with an intensive bathochromic shift of 72 nm Q,
band with an increase in the absorbance. These vesicles were
then used as a photoacoustic (PA) contrast agent and have
proven their efficiency in improving the PA imaging signal on
a hamster oral carcinoma model.’” With the aim to construct
more complex and stable chlorosome-like particles without
external bilayer template assistance and exhibiting tunable optical
properties for photomedicine applications, Harmatys et al.>®

8178 | Chem. Soc. Rev,, 2025, 54, 8170-8195

used a multi-pronged biomimetic approach by reconstructing
chlorosome aggregates into the HDL core-shell biomimetic
structure.>**® To do so, the authors synthesized first a modified
chlorin with a 3'-OH group and a central zinc metal to replicate
the n-n stacking, the hydrogen bonding and the metal-oxygen
coordination observed in natural chlorosomes (Fig. 5a). The
synthesized chlorin was then conjugated at its 17-position with
a lipophilic oleylamine moiety to anchor efficiently these dyes
in the lipophilic core of HDL particles using DMPC and R4F as

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00257e

Open Access Article. Published on 08 July 2025. Downloaded on 12/6/2025 10:32:59 AM.

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

(cc)

Review Article

Nature’s Design: 1. Chlorosome Light-Harvesting Complexes

2. High-Density Lipoprotein [§| 142 = Dual-Biomimetic Approach
Biomimetic #1
« Effient ight-to-energy comersion
*  High-density, ordered dye assembly
= Near-infrared absorbance

) R e
Pant
Blomimetic #2; HOL
- Un-smatsize
*  Hydrophobic cargo defivery
- Longcrcation

Bacteriochlorophyll ¢

Ve ® Ope Qo Chiorosome
o= A g@'. 2 9% proteins
1 G R~ & SoaR repue 39 THo¥cerde
o o %0 OB || @ o e
y < -y ) 28 S ,
/7 Zine Chiorin - J&b R Phosphotpid  J Apo-Al protein
(Tt ~15-30 nm ¥ or peptide mimi ic
Bb ool - s .
BD-PGy,, BD-COOwy :
poroxynirite R = methyl H
) BD-PGg, BDLCOOE |
f R = ethyl '
'
BD-PGo.. BD-COOm, 1
R = n-butyl '
AR )
BD-Gus BD-COOwe
‘ BD-Ce BD-COOq
BD-Ceu BD-COO,
c)
£CH hydrophilic _hydrophobic
of on SO o : o
o™ ——— Aot ok =S D=8 Py
< AN NE50,Ps
PEGOH PEG-PCL, (Py) O~~~ NE80, Py
d) J-aggregated
BODIPY dyes
WINANAAN
N8l "
, . w Dye-templated
self-assembly
WONANANANAN
Pso Crm]
imuli “ ~ =
Polymer-dominated Stabilized by PEG chains
self-assembly

BODIPY aggregates

(Hypothetical Structure)

Fig. 5 (a) The strategy adopted by Harmatys et al.?%°® to design bio-
inspired chlorosome-like nanoparticles. The design strategy is based on
replicating the high-density ordered bacteriochlorophyll dye assembly
using a zinc chlorin oleylamide derivative (Chlorin 4) that can self-
assemble by noncovalent interactions in the absence of protein assistance,
as in chlorosomes. The obtained assemblies were further stabilized within
HDL-like nanoparticles to achieve controlled size and structure while
maintaining the desired optical properties. Adapted with permission from
ref. 58, copyright 2018 Wiley-VCH. (b) Chemical structures of the designed
carboxyl-caged BODIPY dyes (BD-PGMe, BD-PGEt, and BD-PGBu), and
their stimuli-triggered deprotection chemistry. (c) Synthesis scheme of
amphiphilic diblock copolymer PEG-PCL,, (Pn) with different lengths of
hydrophobic PCL segments. (d) Schematic representation of the engi-
neered water-stable nanoplates which exhibit a dye slip-stacked arrange-
ment as a core surrounded by a hydrophilic polymeric shell through dye-
templated self-assembly. The nanoassemblies when submitted to external
stimuli can undergo shape transformation and concomitant rearrange-
ment of dyes from J-stacking to non-stacking arrangement, thus resulting
in remarkable optical properties changes. Adapted with permission from
ref. 59, Copyright 2018, American Chemical Society.

an external lipid monolayer and Apo-Al mimetic peptide
respectively. The obtained nanoparticles exhibit a spherical
shape with a monodisperse distribution with an average dia-
meter of ~11 nm. In addition, the obtained nanoparticles
exhibited intensive fluorescence quenching (>90%) and a
significant bathochromic shift of 61 nm (from 654 nm to
715 nm) of the Q, maximum absorption band.>® The obtained
nanoparticles demonstrated their efficiency in their intact form
for photoacoustic imaging in the subcutaneous prostate tumor
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mouse model. In addition, these chlorosome mimicking particles
exhibited activatable fluorescence imaging over time following
their passive dissociation inside the tumor.>® Besides porphyrin
chromophores, Su et al.>° developed a novel class of BODIPY-
based J-aggregates, which are activatable by endogenous per-
oxynitrite stimuli for selective photodynamic therapy applica-
tions while avoiding non-specific photodamage of healthy
tissues or skin (Fig. 5b). The developed nanosystem consists
of peroxynitrite-responsive iodo-substituted BODIPY dye (BD-
PGy) and an amphiphilic diblock copolymer poly(ethylene
glycol)-block-polycaprolactone (PEG-PCL,) with different PCL
segments lengths 8, 50 or 80 denoted as P8, P50 and P80
(Fig. 5b and c). The synthesized BODIPY dye discloses an
arylboronate moiety as a protecting group responsive to perox-
ynitrite to generate meso-COOH substituted BODIPY. Copoly-
mers with longer PCL segments (P50 and P80) formed micelles
encapsulating the BD-PGy. in the hydrophobic core in both
slip-stacked and non-stacked arrangements (Fig. 5d) which
appeared under TEM observation as darkened dots with a size
of 3-5 nm.>® In contrast, the P8 polymer possesses weaker self-
association properties probably due to a shorter hydrophobic-
PCL segment. But it allows the formation of J-aggregated dye-
templated nanoassemblies (1n.x 788 nm) with a core-shell
nanoplate shape (length > 200 nm and thickness around
10 nm) of BD-PGy./Ps as determined by AFM. It should be noticed
that other BODIPY dyes with longer hydrophobic chains such as
ethyl (BD-PGg) or n-butyl chains (BD-PGg,), displayed lower frac-
tions of J-aggregates. The BD-PGMe/P8 nanoplates were remark-
ably stable in a physiological medium with complete photo-
sensitivity suppression. However, upon their incubation with
peroxynitrite at low concentration, the photosensitivity was
restored due to the deprotection of the carboxylate group, which
disrupted the J-aggregates arrangement. These nanoplates proved
to act as specific stimuli-activatable nanophotosensitizers in vitro
against activated RAW 264.7 macrophages.*®

2.2. Inspiration from the nature photoprotection
mechanisms of the photosynthetic apparatus for the design
of safer nanophotosensitizers for PDT applications

Photosynthetic organisms known as phototrophs which include
plants, algae and photosynthetic bacteria possess unique and very
efficient light-harvesting complexes with unprecedented quantum
efficiency, approaching up to 99% of the absorbed photons. These
elegant complexes ensure efficient energy transfer to the reaction
centers of the photosynthetic units.®”®" In addition, light-
harvesting systems have a dynamic nature and can self-regulate
their light absorption properties to operate both under dim light
and intense sunlight conditions. Indeed, intense sunlight can
provoke photodamage due to the generation of reactive oxygen
species (ROS). Hence to avoid any possible photodamage, plants
have developed several photoprotective mechanisms mainly (i) by
quenching the excited state of chlorophylls under excessive excita-
tion through non-photochemical quenching (NPQ) or (ii) through
rapid transfer of electrons to acceptors within the chloroplast such
as carotenoids.® NPQ is the most efficient mechanism, which
dissipates the excessive light excitation into heat before it can be
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transferred to the photosynthetic reaction centers. NPQ is char-
acterized by a strongly reduced chlorophyll fluorescence lifetime
caused by the clustering of light-harvesting antenna and/or by the
energetic interconnectivity between them.®® This kind of photo-
protecting mechanism has prompted the development of light-
responsive nanoconstructs to enable not only activatable photo-
dynamic therapy but also photothermal therapy and photoacoustic
imaging. For instance, chlorophyll or porphyrin derivatives
have been conjugated to lipid derivatives,>*>** peptides®® or
polymers® to design amphiphilic conjugates, which can self-
assemble into supramolecular structures® with a high density of
porphyrins within the assembly. Such assemblies exhibit high
fluorescence quenching due to the intensive n-r stacking between
the porphyrin moieties, thus upon the illumination, the absorbed
photonic energy will be mostly dissipated into heat with a drasti-
cally low yield of singlet oxygen generation and fluorescence.
However, upon their internalization inside the targeted cells, they
will dissociate by releasing the monomeric conjugates which in
turn recover their fluorescence and their photodynamic activity.®®
Besides the NPQ mechanism, carotenoids are essential pigments
in both photosynthesis and in protecting photosynthetic organ-
isms from photodamage.®”* Indeed, compared to chlorophylls,
carotenoids can absorb light strongly in the blue-green region
(450-550 nm) and transfer the excitation energy to chlorophylls.
This enables the expansion of wavelength light range of absorption
to efficiently drive the photosynthesis. In addition, carotenoids can
protect the reaction centers of photosynthetic organisms from the
excess light exposure via the triplet-triplet energy transfer from
chlorophylls to them.®” Inspired by the photoprotection mecha-
nism of carotenoids, Moore et al.’® investigated the structural
requirements needed for carotenoid photoprotection, by synthe-
sizing different carotenoid-porphyrin dyads.”® By formulating one
of these dyads either in liposomes or in emulsion, the authors
demonstrated specific accumulation of the carotenoporphyrins in
the tumor in mice bearing the MS-2 fibrosarcoma model. This
conjugate enables selective tumor imaging while avoiding singlet
oxygen generation and photodamage of healthy tissues. Indeed, in
caroteno-porphyrin dyads, the carotenoid completely suppresses
the formation of singlet oxygen, but has little effect on the
porphyrin singlet-state properties, including fluorescence.”® Simi-
larly, Chen et al.”* designed an enzyme-responsive Pyropheophor-
bide-peptide-carotenoid (PPC) conjugate, which was synthesized
by linking the two molecules via a cleavable caspase-3 substrate
(GDEVDGSGK). In comparison to free Pyropheophorbide-peptide,
PPC exhibited 8-fold less *0,. The incubation of caspase-3 with
PPC resulted in a 4-fold increase in 'O, signal, thus indicating the
high efficiency of the carotenoid in quenching the singlet oxygen
production.”* Although promising, this kind of strategy may
present limited PDT potency toward the cancer cells since the
cleaved carotenoids can interact with the released photosensitizers
and quench the singlet oxygen generation.?

2.3. Bioinspiration from thylakoids for the design of photo-
activatable nanomedicines overcoming tumor hypoxia hurdles

Photosynthesis occurs within abundant vegetable cellular orga-
nelles called chloroplasts and more precisely, in a network of
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membranes known as thylakoids (Fig. 1c).”> Chloroplasts are
characterized by three main compartments: (i) the envelope
which consists of a double membrane that delimits the chlor-
oplast itself; (ii) the stroma which corresponds to an aqueous
phase mainly composed of soluble proteins, and (iii) an inter-
nal membrane system, the thylakoids, which contains the
major photosynthetic protein complexes (photosystem II (PSII),
cytochrome b6f (cytb6f), photosystem I (PSI), and ATP
synthase). The PSII photosystem complex is responsible for
the light-driven O, production in plants, algae or cyanobacteria
where a molecule of O, is generated from two water molecules
in four light-driven electron-transfer steps. This process involves
several redox species and starts with the photoexcitation of a
chlorophyll special pair called P680 followed by a primary charge
transfer between the electron donor and acceptor sides of PSIL’>
However, to avoid oxidative damage in plants, they developed
robust antioxidant systems in both the stroma and the thylakoid
membranes. For instance, catalase enzyme embedded in the
thylakoid membrane can efficiently decompose toxic H,O, into
0,.”*”* Inspired by the unique functions of thylakoids, Ouyang
et al.”® prepared nanothylakoid (NT) particles to overcome tumor
hypoxia by decomposing tumor endogenous H,0, into O, (Fig. 6).
Indeed, added to the hypoxic environment of solid tumor, PDT can
further exacerbate tumor hypoxia due to the fast O, consumption
during the treatment. This will in turn reduce the PDT efficiency.

The NTs were prepared from chloroplasts, which were iso-
lated from spinach leaves (Fig. 6). The nanothylakoids were
then obtained from the thylakoid membranes through extru-
sion. The obtained NTs exhibited a nanovesicle structure with a
hydrodynamic diameter of ~50 nm and a membrane thickness
of ~9 nm. The researchers demonstrated the capacity of the
NTs to produce singlet oxygen in a highly efficient manner
under conditions of both normoxia and hypoxia. This capability
is attributable to the NTs hypoxia modulation activity, which
is facilitated by catalase enzyme. Interestingly, the NTs have
proven their photodynamic efficiency in vitro against 4T1
cancer cells and in vivo against the subcutaneous tumor-
bearing mouse model. The thylakoid-inspired drug delivery
systems for biomedical applications have been recently
reviewed and published by Kong et al.”®

2.4. Nature-inspired multichromophore complexes for the
design of photoactivatable nanomedicines with enhanced
fluorescence properties

Fluorescence bioimaging with a high signal-to-background
ratio (SBR) and high selectivity toward the diseased tissue is
considered an efficient imaging approach for theranostics
as well as in surgery fluorescence-guided imaging. Although
interesting, fluorescence imaging suffers from some key issues
which include low penetration depth of light especially for
chromophores absorbing in the visible (400-700 nm) NIR-I
region (700-900 nm), light scattering, autofluorescence,
quenching and photobleaching.'* To improve the light pene-
tration depth and to increase the SBR, several researchers have
already designed chromophores that can absorb light in the
NIR-IIa (1300-1400 nm) and NIR-IIb (1500-1700 nm) with

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic representation of the preparation of the nanothylakoids containing chlorophyll, catalase, and their utilization as efficient nanocarriers for

PDT applications against cancer. (b) Negatively stained transmission electron microscope (TEM) micrographs of nanothylakoids. (c) Dynamic light scattering
size distribution analysis of the nanothylakoids. (d) Membrane protein analysis by SDS-PAGE revealing that the (1) thylakoid membrane and (2) nanothylakoids

preserved most of the membrane proteins. (e) UV-Vis absorption spectrum of

the nanothylakoid suspension with their photo in the inset. (f) Fluorescence

spectrum of the prepared nanothylakoids. Adapted and reprinted with permission from ref. 75 Copyright 2018, RSC Royal Society of Chemistry.

improved fluorescence intensity.'* Besides the synthesis of new
fluorescent probes, the lessons learned from the J-aggregation
in multichromophore complexes have inspired researchers to
develop photoactivatable nanoconstructs with enhanced fluores-
cence properties for biomedical applications. In fact, the restric-
tion of intramolecular motions of the chromophores with
subsequent improvement in the fluorescence can be obtained
by inducing organized aggregation such as the formation of
J-aggregates. The formation of J-aggregates is not solely interesting
for improving the absorption of chromophores by shifting their
absorption bands to longer wavelengths but also for the design of
nanoconstructs with enhanced fluorescence in the NIR. In parti-
cular, the aggregation-induced emission (AIE) in the NIR-II repre-
sents a unique strategy for enhanced fluorescence resolution for
clinical applications. In AIE, the chromophores only fluoresce
upon their aggregation in specific conditions such as high con-
centration, solvent polarity, enzymatic reaction, etc. In addition, in
the NIR-II range, the light exhibits deeper tissue penetration than
shorter wavelengths; the tissues have very low autofluorescence
signals (Fig. 7a and b) thus selective and highly resolved fluores-
cence can be obtained.”” Although interesting, J-aggregates
usually encounter a major problem of instability under physio-
logical conditions due to their dissociation in the presence of
blood proteins, lipoproteins or cells, which limit their utilization
in biomedical applications (Fig. 7c). Consequently, various meth-
ods have been described for the stabilization of such aggregates
for in vivo applications including the use of lipidic or polymeric
drug delivery systems or the structure chemical modification to
tune the formation of stable J-aggregate chromophores under
physiological stimuli. Whereas the formation of J-aggregates in
chromophore delivery systems is dependent on the carrier struc-
ture and leads to fragile aggregates, the chemical modification of
the chromophores enables the design of activatable and stable
aggregates under physiological conditions. Consequently, Li et al.”®
designed a series of solid-state fluorophores based on 2-(2-
hydroxyphenyl)-4(3H)-quinazolinone (HPQ) derivatives to obtain
stable J-aggregates in vivo which fluoresce in the NIR-II region

This journal is © The Royal Society of Chemistry 2025

(1000-1200 nm) with low or anti diffusion properties allowing
selective imaging of the tumor as well as its precise resection. This
wavelength range enables high fluorescence resolution due to the
higher penetration depth and the low auto-fluorescence of endo-
genous pigments. HPQs are classical and well-known chromo-
phores for AIE applications. Such chromophores can interact
together via strong intra and intermolecular H-bonding interac-
tions to form highly fluorescent aggregates. Thus, they can be used
as active fluorescent probes at a given site upon their selective
aggregation (Fig. 7c and d). Among several HPQ derivatives
designed by Li et al,”® HPQ-Zzh-B appeared to be the most
successful compound for in vivo fluorescence imaging. This com-
pound consists in fusing a HPQ unit onto the conjugated structure
of a simple hemi-cyanine dye and protecting the hydroxyl group
with phenylboronic acid pinacol ester, which is an ONOO™ sensi-
tive group. HPQ-Zzh-B was not fluorescent under physiological
conditions. However, upon removal of the protecting group by
ONOO™ ions, which are present at high concentration in tumors,
the released dye molecules were able to form J-aggregates in situ
with strong NIR-II fluorescence. Interestingly, these aggregates
exhibited very low diffusion and maintained stable and selective
fluorescence inside the tumor even after 8 hours following their
intratumoral injection in 4T1 subcutaneous tumor-bearing mice.
Finally, the authors demonstrated the efficiency of such in situ
formed aggregates for fluorescence image-guided cancer surgery in
mice.”®

3. Bioinspiration from non-
photosynthetic species for the design
of light-responsive nanomedicines

3.1. Inspiration from marine animals for the design of
photoactivatable nanoconstructs with improved fluorescence
properties or other functionalities

The discovery of fluorescent proteins in marine animals includ-
ing green fluorescent protein (GFP) found in jellyfish, has

Chem. Soc. Rev., 2025, 54, 8170-8195 | 8181
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(a) Scheme of skin illustrating the light penetration depth as a function of wavelength. (b) Absorption spectra of tissue chromophores and water.

Note the presence of three optical therapeutic windows, where the absorption of endogenous pigments and water is minimal for maximal light
penetration. (c) Schematic representation of the conventional J-aggregation chromophore preparation method, which requires the use of nanocarriers
to assist stabilization. (d) The novel approach adopted by Li et al.”® for the formation of stable NIR-1I-J-aggregates without the need of nanocarriers. The
red part represents the HP-LZ chromophore, the green part represents the HPQ unit, and the blue part represents the hydrophobic groups. Adapted with

permission from ref. 78, Copyright 2023, Nature Publishing Group.

prompted researchers to mimic such fluorescence behavior.
GFPs from the jellyfish Aequorea Victoria have been extensively
utilized as fluorescent probes to monitor gene expression,
protein localization and for numerous other biological
studies.”® The interesting fluorescence properties of GFPs are
related to the location of the fluorescence chromophore
p-hydroxybenzylidene-2,3-dimethylimidazolinone (p-HOBDI) at
the center of a [-sheet barrel which shields them from
the external quenchers while offering steric hindrance which
disables the free rotation of the aryl substituents and the
formation of a hydrogen-bond network that prevents the cis/
trans isomerization pathway (Fig. 8a).”>*® Such chromophore

8182 | Chem. Soc. Rev, 2025, 54, 8170-8195

conformation suppresses the non-radiative relaxation and facil-
itates excited state proton transfer. The GFP chromophore
is formed via autocatalytic oxidized dehydration of a tripeptide
motif (Ser-Tyr-Gly) with subsequent cyclization of the
chromophore.®” Mimicking the steric hindrance of the GFP
cavity enabled researchers to develop a GFP chromophore
analogous with the restricted rotation of the aryl-alkene bond,
thus leading to improvements in their fluorescence intensities
and quantum yields. Besides the chemical modification of the
GFP chromophore skeleton, their incorporation into nanoscale
cavities®® such as metal-organic frameworks (MOFs) allow
the chromophores confinement while maintaining their rigid

This journal is © The Royal Society of Chemistry 2025
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(a) Crystal structure of GFP (GFP/S205V mutant, Protein Database (PDB) entry 2QLE) from Aequorea victoria showing the GFP chromophore

immobilized inside the barrel. (b) Chemical structures of TPE lipids 1-3 and hydrophilic TPE 4 inspired by (c) the glowing shape of the jellyfish. (d) The
proposed mode of aggregation of lipids—TPE 1-3 and (e) lipid—TPE-4. (b)-(e) were adapted and reprinted with permission from ref. 85, Copyright 2023,

The Royal Society of Chemistry.

molecular conformation. A review about this aspect has been
recently published.?® In addition to the GFP conformation
and the fluorescence yield enhancement, Zheng et al.®®> were
inspired by the glowing structure of the moon jellyfish to
design smart fluorescent lipids consisting of tetrasubstituted
tetraphenylethene (TPE) with four symmetrical amphiphilic
side chains composed of m-PEG and alkyl chains (Fig. 8b-e).
The m-PEG and the alkyl chains (either n-dodecyl or n-hexyl
group) resemble the bell and tentacles of the moon jellyfish,®*
whereas the TPE core can be assimilated to the glowing 4-blade
core. The balance between the pegylation and alkylation con-
trolled the aggregation of these compounds and thus their AIE,
fluorescence yield, stability, cell internalization and toxicity.
The authors showed that below the critical micelle concen-
tration (CMC), the amphiphilic compounds 1-3 facilitated the
intramolecular interaction between the alkyl chains while
maintaining the TPE core at the hydrophilic-hydrophobic

This journal is © The Royal Society of Chemistry 2025

interface, which restricted its intramolecular movement. Inter-
estingly, above the CMC the compounds 1-3 formed spherical
nanoparticles with a “side-by-side” aggregation and AIE which
was promoted by the steric hindrance offered by either the
m-PEG chains or the hydrophobic alkyl groups in comparison
to the compound TPE-4.%°

Another example of inspiration from marine animals is the
developed vision system of some deep-sea fishes known as
dragon fishes.®® These later possess chlorophyll antenna in the
proximity of opsin-bound retinal complexes.®” This antenna
can efficiently absorb red light under deep-sea conditions, with
a subsequent triplet-energy transfer mechanism to the nearby
retinal molecules, which undergo photoisomerization from cis-
retinal to ¢rans-retinal conformation. This photoisomerization
facilitates a change in the conformation of the opsin protein,
thereby enabling the fish to detect the red light.*” Similar to
retinal, azobenzenes are a class of molecules widely employed

Chem. Soc. Rev., 2025, 54, 8170-8195 | 8183
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in numerous applications as photoswitches due to their capa-
city to undergo photoisomerization from their stable E isomer
to the Z metastable one.®® However, such photoswitchable
reactions generally necessitate the utilization of short wave-
lengths in the UV region, a limitation that restricts their
application, particularly under in vivo conditions. Inspired by
the visual system of deep-sea fish, Gemen et al. adopted the
disequilibrium by sensitization under the confinement (DESC)
approach. The latter involves the selective caging of the stable
E-isomer azobenzene with a dye (BODIPY, resazurin, resorufin),
which acts as an antenna. The components of the supramole-
cular system used for DESC consist of six Pd** ions and four
triimidazole ligands, as well as a photosensitizer that were
assembled together. Upon illumination at different wave-
lengths, including red, the photosensitizer undergoes a transi-
tion from the ground state to the singlet-excited state. However,
the confinement offered by the cage promotes the intersystem
crossing of the dye to its triplet state. The azobenzene dynamics
facilitates the dye to azobenzene triplet-energy transfer, thereby
enabling the azobenzene to adopt its Z isomer.®” This strategy
offers a promising avenue for the utilization of azobenzene
photoswitches in numerous applications.

3.2. Bio-inspiration from marine species for the design of
self-illuminated PDT nanomaterials or adhesive
photoactivatable delivery systems

Bioluminescence is a chemical process that enables certain
living species, including some insects and marine organisms to
produce visible light. In the deep sea, some species of fish, such

View Article Online

Review Article

as anglerfish display a dangling lure (i.e., “esca”) on the top of
their heads (Fig. 9a).®° This organ serves as a habitat for
symbiotic bacteria identified as Photobacterium phosphoreum
which can generate light through a bioluminescent reaction.*®
Bacterial luciferase is a two-component flavin-dependent
monooxygenase that binds to reduced flavin mononucleotide
(FMNH,, FMNH ) and catalyzes its oxidation in the presence of
molecular oxygen to form a C4a-peroxyflavin intermediate
(Lux:FMNHOO"). This intermediate undergoes further reactions
after its reaction with the aldehyde substrate to form the lumines-
cent emitter (C4a-hydroxyflavin, LuxxFMNHOH), emitting blue-
green light (Fig. 9b).”' The bioluminescence mechanism has
inspired researchers to develop self-illuminated PDT nanoplat-
forms to overcome the limited penetration depth of external light
for their activation.”®*® Indeed, the engineering of self-illuminated
nanoplatforms can be accomplished through the implementation
of either bioluminescent resonance energy transfer (BRET) or
chemiluminescent resonance energy transfer (CRET), thereby
enabling the photoactivation of the PS without the necessity of
an external light source.”® The distinguishing characteristic
between these two processes lies in the origin of the substrates
involved in the luminescence mechanism. In particular, BRET is
based on the transfer of energy from a bioluminescent donor to an
acceptor in the presence of an enzyme, with luciferase being a well-
known example of a bioluminescent enzyme. Conversely, CRET
involves a FRET mechanism subsequent to a chemical reaction
catalyzed by an endogenous stimulus, such as hydrogen peroxide
found in cancer cells or a chemical compound like luminol. The
processes are outlined in more detail in Fig. 9c.
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Fig. 9

(a) Drawing of an anglerfish with the glowing photobacterium inside the dangling lure. (b) The mechanism of bioluminescence driven by bacterial

luciferase. The crystal structure of the bacterial luciferase was adapted from PDB entry 1LUC. (c) Schematic illustration of the designed photoactivatable
nanoparticles with either a BRET or CRET self-illuminating process for PDT application. (d) Chemical structure and schematic illustration of the
Ce6-Luminol-PEG (CLP) conjugate designed by Xu et al.®® for inflammation imaging and self-illuminating PDT application. () Scheme of the self-
assembly of the CLP conjugates. (f) The absorbance and fluorescence spectra of CLP assemblies compared to free Ce6. (h) TEM and DLS measurements
of the CLP assemblies.® (d)—(h) were reprinted and adapted from ref. 95, Copyright 2019, American Association for the Advancement of Science.
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As an example of self-illuminating PDT nanoplatforms
based on the BRET process, Yang et al.’® developed biodegrad-
able PLGA poly(lactic-co-glycolic acid) (PLGA) nanoparticles
doped with Rose Bengal as a photosensitizer and decorated
with luciferase enzyme. These nanoparticles exhibited a hydro-
dynamic diameter of ~28 nm. Upon the administration of the
luciferin substrate, the endogenously generated biolumines-
cence enabled the activation of the photosensitizer to generate
ROS. On top of that, in vivo studies in a mouse model of
hepatocellular carcinoma (H22) demonstrated the efficacy of
the developed nanoplatform by significantly inhibiting the
tumor growth by BRET-PDT, a process that occurs in the
absence of external light.”® Other studies on BRET-PDT have
been described so far which consist of conjugating quantum
dots®” or polymer-based nanoparticles®®?*?° with luminescent
proteins including luciferase and horseradish peroxidase.’?
To overcome the problems of the in vivo toxicity encountered
with conjugated quantum dot-based nanoparticles especially
for long term therapy but also the separate administration of
the enzymes and analytes, Xu et al.”® developed biodegradable
polymeric core-shell nanoparticles based on the self-assembly
of Ce6-luminol-PEG,oo (CLP) conjugates. These nanoparticles
are capable of chemiluminescent resonance energy transfer
(CRET) upon their reaction with reactive oxygen species (ROS)
and myeloperoxidase, which are produced in inflammatory
sites or in the tumor microenvironment. This property facil-
itates the detection of inflammation and PDT against cancer.
While chlorin e6 (Ce6) was used as a photosensitizer, luminol
was conjugated to PEG polymer to function as a chemilumi-
nescent compound.'® The obtained core-shell nanoparticles
exhibited a spherical shape with a mean hydrodynamic dia-
meter of ~ 170 nm displaying reduced absorbance and fluores-
cence of the Ce6 photosensitizer due to their aggregation inside
the core.” In addition, these nanoplatforms revealed their
capability in generating luminescence in vitro under oxidative
conditions with the appearance of two emission peaks at
450 nm and 675 nm corresponding to the fluorescence of
luminol and Ce6 respectively. The authors demonstrated the
efficiency of the developed nanoplatforms in fluorescence
imaging in mice with a peritonitis model but also in PDT in
mice bearing A549 xenografts.”® Other studies based on CRET
or BRET for PDT application were recently published in the
cited reviews.?***1%! Besides the bioluminescence, some mar-
ine species such as sea snails known as abalones can cling
tightly underwater to rock surfaces due their large muscular
foot and their suction cup-like structure (Fig. 10a). Inspired by
the latter, Song et al.'®® designed an adhesive photoactivatable
drug delivery system for the treatment of periodontitis. To do
so, the authors'®® developed photoactivatable microparticles
exhibiting a cup-like structure and loaded with black phos-
phorus (BP) as a photothermal agent and minocycline hydro-
chloride (MH) antibiotic. The microparticles were synthesized
through the photocuring of polyethylene glycol diacrylate
(PEGDA) polymer with subsequent ionic cross-linking of
sodium alginate (ALG) into calcium chloride solution using a
microfluidic electrospray technology (Fig. 10b). The synthesized

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Scheme summarizing the design, preparation process and
application of the abalone-inspired microparticles (MPs). (b) Schematic
diagram of the preparation process of the microparticles. (c) Bright-field
microscopic image of the MPs. Scale bars = 200 um. (d) Scanning electron
microscope (SEM) image of an isolated MP. Scale bars = 100 um. (e) Digital
and fluorescent images of a MP with different angles. Scale bars = 100 pm.
(f) 3D confocal images of the FITC-loaded MPs outlining MPs’ suction-
cup structure. Adapted with permission from ref. 102, Copyright 2022,
Wiley-VCH.

microparticles exhibited enhanced adhesive properties underwater
on the teeth surface compared to conventional spherical micro-
particles. In addition, upon their illumination at 660 nm, the
microparticles released minocycline antibiotic in a controlled
manner and exhibited exceptional antibacterial activity in vitro
and in vivo against Porphyromonas gingivalis, the agent of
periodontitis."®*

3.3. Bio-inspiration from anaerobic bacteria to improve PDT
in hypoxic tumors

As explained above, PDT requires the presence of oxygen to
produce reactive oxygen species that destruct cancer cells.
However, solid tumors frequently exhibit conditions of hypoxia,
defined as oxygen levels below 1% O, (10000 PPM O,; 10 uM
0,), a consequence of anaerobic metabolism."* Besides cancer,
in bacterial infection and specially those related to biofilm, the
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oxygen is unevenly distributed within the biofilm, with very little
amount of it at the bottom.'® This phenomenon has the potential
to compromise the efficacy of PDT. Various strategies have been
proposed in order to overcome this kind of issue.'®® One of them
is based on the bioinspiration from anaerobic bacteria.'®®
Indeed, it has been demonstrated that anaerobic and facultative
anaerobic bacteria, such as species of the genus Clostridium and
Salmonella, can selectively invade tumor hypoxic regions and
deliver anticancer drugs to destroy cancer cells.'””'°® In addition,
when submitted to a hypoxic environment, such bacteria can
scavenge superoxide radicals by the activity of superoxide
reductase enzymes. Inspired by the tumor invasion mechanism
by anaerobic bacteria as well as by their metabolism under
hypoxic conditions, Qian et al'°® have designed polymeric
anaerobe-inspired nanovesicles (AI-NV) that are sensitive to
hypoxic tumors and can generate ROS upon illumination
through photodynamic reaction.'®® These AI-NVs are polymer-
somes (Fig. 11) which consist of three primary elements: (i) a
light responsive diblock copolymer ((Ce6)-modified diblock
copolymer PEG-poly(Ser-Ce6)), (ii) a ROS and hypoxia dual-
responsive diblock copolymer (2-nitroimidazole (NI) with a
thioether-modified diblock copolymer PEG-poly(Ser-S-NI))
and (iii) a hypoxia-sensitive prodrug (tirapazamine (TPZ))
loaded in the aqueous core.'®® After the intravenous adminis-
tration of the bioinspired polymersomes (hydrodynamic dia-
meter of 118 nm), they were expected to accumulate in the
tumors through the enhanced permeability and retention (EPR)
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AI-NV. (b) Mechanism of activation of TPZ/AI-NV nanovesicles and simul-
taneous activation and dissociation through bioreduction of the prodrug.
(c) The chemical structure of photosensitizer Ce6 modified diblock copo-
lymer PEG-poly(Ser-Ce6); the ROS and hypoxia dual-sensitive diblock
copolymer PEG-poly(Ser-S-NI). (d) The proposed mechanism of TPZ
generating toxic oxidizing radical species under low-oxygen conditions.
Adapted with permission from ref. 106, Copyright 2017, Wiley-VCH.
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photosensitizers generate singlet oxygen that can induce cancer
cell death, and at the same time oxidize the thioether func-
tional group of the PEG-poly(Ser-S-NI) polymer to PEG-poly(-
Ser-SO,-NI).'°® The hypoxic tumor environment as well as the
continuous consumption of oxygen during this photodynamic
process result in the formation of more hydrophilic PEG-
poly(Ser-SO,-AlI) catalyzed by a series of nitroreductases
through bioreduction in the hypoxic tumor. Such polymer
modification will lead to vesicle dissociation with the subse-
quent release of tirapazamine (TPZ). The hypoxia-activatable
prodrug TPZ, can then be activated to generate toxic hydroxyl
and benzotriazinyl to oxidize radicals under low-oxygen condi-
tions. In vitro and in vivo experiments on hepatocellular carci-
noma (Heps) tumor-bearing mice indicated the efficiency of the
anaerobe-inspired vesicles to induce apoptotic cell death and
significantly inhibit tumor growth.

3.4. Bio-inspiration from melanin chromophores for the
design of photoactivatable nanoparticles for biomedical
applications

Melanin pigments are natural biopolymers of dark color that
can be found in various parts of living organisms, such as the
skin, eyes, hair, and brain. These pigments can also be found in
other living organisms, including bacteria, fungi, plants, and
squid. In humans, melanin pigments are produced by epider-
mal melanocytes, and their primary functions include impart-
ing color to the skin and protecting it against UV light. Melanin
pigments exhibit intriguing optical properties due to their
broad absorption spectrum, which encompasses the UV-visible-
NIR regions. These pigments contribute to various physiological
functions, including radical scavenging, antioxidant properties,
and metal ion chelation. Consequently, melanin has been
proposed as an endogenous chromophore for photoacoustic
imaging. However, the extraction of melanin pigments from
natural sources is a complex process that necessitates several
purification steps. Thus, synthetic methods for melanin-like
polymers have been proposed, leading to the synthesis of poly-
dopamine (PDA) polymer, which was first described by Swan
et al. """ in 1963 as an analog of natural melanins. However,
significant attention has been drawn to PDA polymer since the
discovery by Messersmith’s group''? of its coating and adhesion
properties on a wide range of surfaces. These properties mimic
the strong adhesive properties of marine mussel foot proteins on
diverse wet surfaces. PDA coating layers or nanoparticles can
be easily prepared by auto-oxidation of dopamine monomer
under mild alkaline conditions."”® Due to their melanin-like
characteristics, PDA nanoparticles have emerged as versatile
nanomaterials, exhibiting several intriguing properties, includ-
ing biodegradability, biocompatibility, radical scavenging effect,
high photothermal effect, and photoacoustic properties.'**
Numerous reviews have addressed the use of PDA nanoparticles
and the diverse therapeutic approaches and combinations.'** ™"
For instance, our group has developed a PDA-based nanoplat-
form for PTT and PDT bimodal therapy of esophageal cancer.
These nanoplatforms entail the functionalization of the PDA
nanoparticles with the PEG polymers bearing at their extremity

This journal is © The Royal Society of Chemistry 2025
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trisulfonated-tetraphenyl porphyrin (TPPS3) photosensitizers,
which are conjugated with thioketal as ROS-responsive linkers.
The illumination of the obtained nanoparticles at 808 nm
generated heat, while excitation at 590-642 nm led to the
generation of ROS, following the release of the photosensitizer,
thereby enhancing the photodynamic effect. This enabled suc-
cessful PTT/PDT bimodal therapy in vitro against human squa-
mous esophageal cells.™

4. Biohybridization of
photoactivatable nanoconstructs with
biological materials to improve their
in vivo functionalities

4.1. Cell membrane biomimetic ghosts for improved safety
and targeting ability of light-responsive nanomaterials

Even though phototherapy possesses many advantages, most
of the photoactivatable nanomaterials suffer from short circu-
lation time, targeting and specificity deficits. Normally, it is
difficult to exert treatment solely on disease areas. Scientists
worked on nanomaterial design to enhance targeting and
pharmacokinetic properties for better delivery of photothera-
peutic agents. However, a vast variety of materials cannot
escape the human’s immune system, leading to immune
responses such as renal and liver clearance, resulting into
inefficient treatment. Biomimetic camouflaging has emerged
as a nanomaterial modification method that consists of the
coating of the photoactive materials with cell membrane. For
instance, membrane extracted from platelet cells, red blood
cells, leucocytes, macrophages or cancer cells were recorded as
camouflaging components (Fig. 12a) to engulf drug delivery
systems to boost the accumulation, targeting, and release of an
active molecule.'*® For example, platelets and red blood cell
(RBC) membranes possess an integrin-associated protein CD47
marker, which decreases the susceptibility of RBCs to destruc-
tion by phagocytosis. Thus coating photoactive nanomaterials
with these membranes enables the prolongation of their circu-
lation time in the blood."*® Coating photoactive nanomaterials
with a leukocyte membrane enables recognition of the cancer
cells. Whereas, the cancer cell membranes express some sur-
face markers and adhesion molecules on their membrane thus
enabling tumor targeting thanks to the homotypic binding
to cancer cells."” Indeed, homotypic targeting, which is fre-
quently observed in immune responses, tissue formation, and
cell adhesion, is the innate capacity of cells to interact prefer-
entially with cells of the same or similar types.'®'*® Although
interesting, the membrane-based camouflage strategy encoun-
ters several hurdles, limiting their utilization in clinics due to
the complexity of the membrane extraction process, purifica-
tion and composition variability from batch to batch. For a
more thorough description of the biomimetic camouflage of
light-responsive nanomaterials, readers can refer to a recent
review by Prasad et al''® In addition to the camouflaging
properties offered by cell membrane ghosts, these latter can

This journal is © The Royal Society of Chemistry 2025
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exhibit some functionalities thus enabling the multifunctional
properties of the designed light-responsive nanoconstructs.
Molecular chaperones are a class of proteins that assist and
regulate protein conformational change within cells.'**
In particular, molecular chaperones can capture aberrant amy-
loid peptides while preventing their aggregation into toxic
B-sheet fibrils. Moreover, they can depolymerize the amyloid
fibrils into monomers."** Inspired by the molecular chaperones
functionalities, Wang et al."** have designed erythrocyte mem-
brane (EM) coated core-shell upconversion nanoparticles
(UCNPs) loaded with curcumin as a photosensitizer (UCNP/
Cur@EM) (Fig. 12b). The UCNPs were made as NaYF4,Yb,Tm@®
NaYF4, and were further modified with a silica layer and a
mesoporous silica layer to load the curcumin photosensitizer.
The obtained UCNPs were further coated with EMs by extru-
sion, which yielded UCNP/Cur@EM with an average hydro-
dynamic diameter of ~460 nm. The interest in EM coating
was not to obtain camouflage properties but rather to act as
nanobait to attract AP peptides, which restrains in turn the AB
aggregation. Besides, upon their illumination at 980 nm the
generated ROS will degrade the preformed AP fibrils and
aggregates. The developed bioinspired light-responsive nano-
particles have proven their efficiency in vivo by decreasing the
AP deposits while improving the memory deficits and the
cognitive functions in the APP/PS1 transgenic mouse model."*?
In addition to the coating of photoactivatable nanomaterials with
biomimetic membranes, other targeting strategies have been
adopted. These include the use of full-length antibodies, engi-
neered proteins, and natural ligands for photodynamic therapy
(PDT)"** or photothermal therapy (PTT)"** applications. However,
a single receptor targeting approach is not always sufficient due to
receptor heterogeneity in cancer, which may lead to treatment
resistance. To address this challenge, Bano et al'*® designed a
novel photoimmuno-nanoconjugate (TR-PIN) nanoplatform
which can target three receptors simultaneously for PDT applica-
tions. This nanoplatform is based on liposomal nanoconstructs
that incorporate benzoporphyrin derivative-lipid conjugates. The
liposomes were then functionalized at the PEG extremity with
cetuximab, holo-transferrin, and trastuzumab. These macromole-
cules can target specifically epidermal growth factor receptor
(EGFR), transferrin receptor (TfR), and human epidermal growth
factor receptor 2 (HER-2), respectively."*® The authors demon-
strated the efficacy of this approach by enhancing the binding of
these liposomes to cancer cells and improving their photodestruc-
tion in in vitro models compared to monofunctionalized
nanoplatforms.*?®

4.2. Cyanobacteria biohybridization to improve PDT in
hypoxic tumors

Cyanobacteria are a class of photosynthetic bacteria also known
as “blue-green algae”**® which can produce oxygen by photo-
synthesis like green plants. Interestingly, some species of
cyanobacteria are biocompatible which makes them ideal
candidates for the design of light-activatable microplatforms
with light-induced oxygen-producing abilities in hypoxic
tumors or infections. Indeed, Qi et al'? attached black
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(a) Scheme representing the main strategies that have been used in the ‘camouflage’ of light-responsive nanoparticles. (b) Schematic illustration

of the preparation method of the biomimetic upconversion nanobait-based PDT for the inhibition of AR aggregates. Adapted with permission from ref.
123, Copyright 2024 Wiley-VCH. (c) Schematic representation of the fabrication of CeCyan—Cus 4O and its application in the treatment of anaerobic
bacterial infections. Adapted with permission from ref. 127, Copyright Elsevier 2022.

phosphorus nanosheets (BPNSs) as photosensitizers to the
membrane of a cyanobacteria strain (Synecoccus elongatus,
PCC7942)). Upon illumination of the system at 660 nm the
hybridized cyanobacteria generate oxygen through photosynth-
esis, while the BPNSs transform the generated oxygen into
cytotoxic singlet oxygen species. The authors demonstrated
the efficiency of the developed system in vivo on 4T1 tumor
xenograft models following intratumor injection. Similarly,
Wang et al.'®” hybridized cyanobacteria with Ce6 photosensiti-
zer and ultrasmall Cus 4O nanoparticles (USNPs) to design a
self-oxygenated photodynamic platform (CeCycn-Cus,O) for
the treatment of anaerobic infections and the tissue reparation.

8188 | Chem. Soc. Rev,, 2025, 54, 8170-8195

While Ce6 molecules play the role of photosensitizer, the USNPs
serve as nano-enzymes with high efficiency catalase activity to
reduce the oxidative stress damage accompanying the bacterial
infection. The authors demonstrated the efficiency of the hybri-
dized cyanobacteria platform iz vivo in both anaerobic infectious
keratitis and periodontitis animal models.**’

4.3. Biohybridization with hemoglobin or myoglobin for the
improvement of PDT or radiotherapy in hypoxic tumors

Hemoglobin (Hb) is the protein present in red blood cells,
which can bind four oxygen molecules in a reversible manner
to ensure adequate tissue oxygenation and oxygen transport.

This journal is © The Royal Society of Chemistry 2025
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This important functionality has inspired researchers to use
hemoglobin as an oxygen carrier to improve the photodynamic
therapy outcomes for hypoxic tumors.'®® However free hemo-
globin suffers from poor stability under physiological condi-
tions and a short circulation time. Therefore, authors have
suggested loading or conjugating Hb into drug delivery systems
in combination with photosensitizers to increase the produc-
tion of singlet oxygen and thus the PDT efficiency against
hypoxic tumors.”® In addition, due to the rapid growth rate
of cancer cells, they can upregulate proteins related to iron

View Article Online
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uptake. Therefore, decorating drug delivery systems such as
liposomes with hemoglobin facilitates their specific internali-
zation into cancer cells. Consequently, such nanoplatform
allows improved PDT efficiency with specific targeting ability
towards cancer cells."*" Besides hemoglobin, myoglobin (Mb),
a cytoplasmic hemoprotein, is found in both cardiac and
skeletal muscles. This hemoprotein consists of a single poly-
peptide chain. It has the capacity to bind reversibly oxygen via
its heme residue (Fig. 13a). This binding process enables the
storage of oxygen in muscles. As with hemoglobin, myoglobin
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(a) Schematic representation of the sources and the role of hemoglobin (PDB entry 2DHB) and myoglobin (PDB entry 1mbn). (b) Chemical

771u%*) and their formulation with myoglobin. (c)

Scheme representing the expected effect following the intravenous injection of the Mb@177Lu/Gd-NTs formulations with the possibility of SPECT/MRI
dual modality imaging to monitor the drug delivery in real time. The myoglobin enhances the radiosensitization effect thanks to the release of oxygen.

Adapted with permission from ref. 136, Copyright 2023 Springer Nature.
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has been utilized as an effective nanocarrier for porphyrin
derivatives in photodynamic therapy (PDT) applications.'**'3?
For instance, Komatsu's group™* has recently developed a
heme-free fused protein comprising Mb and human serum
albumin (HSA). This protein was termed ‘“apoMb-HSA.” The
latter was further loaded with zinc(u)-phthalocyanine (ZnPc)
photosensitizer, resulting in ZnPc-substituted Mb-HSA
(ZnPcMb-HSA). The obtained complex exhibited a higher pro-
pensity for generating singlet oxygen in comparison to ZnPc-
HSA, yet it demonstrated comparable capabilities to those of
ZnPcMb. Notably, the fused Mb-HSA protein reduced the
dissociation of the ZnPC from the heme pocket in comparison
to ZnPCMb in simulated plasma conditions. The cellular
uptake and the PDT efficiency were further evaluated in vitro
in four cell lines: HeLa (human cervical cancer), MCF-7 (human
breast cancer), A549 (human lung cancer), and NCI-N§7
(human gastric cancer). The obtained results indicated the
dissociation of the ZnPC from the protein components and
its efficient internalization inside the cells. Following illumina-
tion, ZnPcMb-HSA demonstrated efficient photosensitizing
properties, exhibiting IC50 values ranging from 0.1 to 0.5 uM,
depending on the cell type. Radiodynamic therapy (RDT) is
another therapeutic modality that employs a comparable
approach to PDT. RDT is based on the utilization of high-
energy radiation in conjunction with porphyrin derivatives also
known as radiosensitizers. One of the mechanisms of RDT, is
the ionization of the photosensitizers, thereby rendering them
capable of reacting with surrounding molecules particularly
oxygen and H,O to generate cytotoxic O,*~ or *OH radicals."”
Hence, as in the case of PDT, the RDT efficiency depends on the
oxygenation level of the tissues. Inspired by the myoglobin role
and with the objective of enhancing the RDT efficiency of the
Gadolinium ion (Gd**)-coordinated texaphyrin (Gd-Tex) radio-
sensitizer, Ma et al."*® developed a novel organic nanoplatform
loaded with myoglobin as an oxygen carrier (Fig. 13b). To do so,
the authors synthesized a novel lipid-gadolinium-coordinated
texaphyrin building block (Gd-Tex-lipid). In a manner analo-
gous to lipid-porphyrin conjugates, Gd-Tex-lipids can self-
assemble into liposomal-like structures, manifesting a high
density of texaphyrin molecules within the bilayer (Fig. 13b).
The utilization of novel building blocks at a mass percentage of
approximately 49% in combination with DSPC, cholesterol, and
DSPE-PEG,;, enabled the authors to engineer a novel liposo-
mal nanoplatform (hydrodynamic diameter ~120 nm) that
encapsulates myoglobin within its core (Mb@Gd-NTs). The
developed nanoplatforms demonstrated the capacity to release
oxygen in vitro in a manner characterized by steady release
profile kinetics. In addition, the liposomes were doped with
lutenium (*’Lu**) chelated texaphyrin building blocks (Lu-Tex-
lipid) to enable additional single photon emission computed
tomography (SPECT) imaging Fig. 13b). Following X-ray irradia-
tion at a dose of 2 Gy, the MbO2@Gd-NTs demonstrated the
capacity to produce ROS in Lewis lung cancer (LLC) cells with
high efficiency. This process resulted in a significant reduction
in cell survival percentage, reaching 99.3% compared to other
controls, including Gd-NTs devoid of MbO,. The developed
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nanoplatform exhibited a significant in vivo radiosensitization
effect and a synergistic effect in the LLC-bearing mice model
when compared to Gd-NTs or Mb@NTs (Fig. 13c). This work
unequivocally demonstrated the impact of oxygen on enhancing
radiosensitization efficacy."*®

5. DNA scaffolds to improve the light
interaction with chromophores and
their delivery

Deoxyribonucleic acid (DNA) is a well-known biomolecule,
which encodes genetic information. It exhibits a double helix
structure composed of two polynucleotide chains that interact
with complementary principle via hydrogen bonds between
bases pairs: with adenine always pairing with thymine, and
guanine always pairing with cytosine. This structure has inspired
intensive research for the design of DNA-templated photonic
materials mainly for artificial light harvesting systems'” or the
development of biosensors,"*® where the position, the orientation
or the dynamics of the chromophores can be finely tuned and
predicted by the DNA structure. Besides light-harvesting applica-
tions, DNA nanotechnology has also been applied to the design of
light-responsive nanomedicines.’®*** Indeed, photothermal and
photodynamic therapies are the main biomedical applications that
have been advanced by DNA nanotechnology. Using DNA scaffolds
in phototherapy has been mainly adopted either to (i) organize the
chromophores and photothermal agents, thus their interaction
with light or (ii) to improve internalization inside the cancer cells
and also for tumor targeting. Zhuang et al.**° have used triangular-
shaped DNA origami structures as an efficient delivery nanosystem
of a hydrophobic photosensitizer 3,6-bis[2-(1-methylpyridinium)
ethynyl]-9-pentylcarbazole diiodide (BMEPC) for photodynamic
therapy and fluorescence imaging. The DNA origami structures
(outer triangular edge ~115 nm, height ~2 nm) were first self-
assembled with M13 phage DNA, staple strands and then loaded
with BMEPC chromophores. Thanks to their positive charge, they
were easily intercalated into the DNA base pairs. Such loading
restricted the intramolecular rotation of BMPEC molecules while
increasing their fluorescence quantum yield and their photody-
namic efficiency. This nanoplatform has proven its higher effi-
ciency in photodynamic therapy and one-photon fluorescence
imaging in vitro against MCF-7 cancer cells compared to the
carrier-free BMEPC (Fig. 14a). Similarly, Song et al'*' have
reported the design of multifunctional self-assembled MUC-1
triangular DOX-AuNR (MODA) DNA origami nanostructures to
combat resistant breast cancer cells (MCF7/ADR) by a combined
chemo/photothermal therapy. The DNA origami was loaded with
doxorubicin through base pair intercalation and with gold nanor-
ods (AuNRs) which were incorporated through DNA hybridization.
In addition, this DNA origami was further functionalized with
MUC-1 aptamer to target mucin proteins, which are overexpressed
on the surface of tumor epithelial cells (Fig. 14b). Upon cell
illumination at 808 nm (4.5 W cm™?), the photothermal effect
inhibited the ATP-dependent P-glycoprotein drug efflux pump on
the cell membrane thus increasing the MCF7/ADR sensitivity to

This journal is © The Royal Society of Chemistry 2025
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the polydopamine nanoparticles conjugated with phthalocyanine photosensitizer via a pairing strategy and photosensitizer releasing process induced by
the photothermal effect. Adapted with permission from ref. 147, Copyright 2018 Wiley-VCH.

doxorubicin. Other studies have been conducted for triangular
DNA origami development where gold nanorods were attached at
specific designated locations thus enabling improved two-photon
cell imaging in vitro,"*> photoacoustic imaging'*®* and in vivo
photothermal therapy.'**'** In addition to the DNA origami
nanostructures, molecular beacons (MBs) are simpler DNA hairpin
structures that are specifically used for the design of activatable
fluorescent probes or photosensitizers.'®**'** These probes con-
tain a fluorescent molecule or a photosensitizer at one end and a
quencher molecule at the other. The close proximity between the
photosensitizer and the quencher prohibits the fluorescence or
the singlet oxygen generation until the linker between them is
enzymatically cleaved at the site of treatment. Several protease-
cleavable PDT beacons have been designed by using Pyropheo-
phorbide-a (Pyro-a) as a photosensitizer which was conjugated via
a metalloproteinase-responsive linker to black hole quencher 3
(BHQ3).214>146 These Pyro-BHQ3 PDT beacons have proven their
efficiency in vivo on multiple tumor mouse models overexpressing
metalloproteinase MMP-7."%® Besides the use of DNA nanostruc-
tures as the delivery system for photosensitizers or photothermal
agents, the thermal behavior of DNA has inspired researchers
to release the photosensitizer upon reaching a threshold tem-
perature. For example, Zhan et al'*’ designed photothermal
polydopamine (PDA) nanoparticles functionalized with adenine

This journal is © The Royal Society of Chemistry 2025

molecules (Fig. 14c). These nanoparticles enabled the specific
adsorption of thymine-modified zinc-phthalocyanine photosensi-
tizers on their surface thus yielding bimodal photothermal/photo-
dynamic nanoplatforms. Moreover, similar to DNA whose bases
will dissociate upon heating, the illumination of the PDA nano-
particles generated heat upon their illumination at 808 nm thanks
to their photothermal properties. The generated heat led to the
dissociation and release of the zinc-phthalocyanine molecules in
the tumor cells enhancing thus their photodynamic outcome upon
illumination at 665 nm."*’

6. Conclusions and perspectives

In this review, we attempted to highlight recent advances in the
development of nature-inspired photoactivatable nanocon-
structs for biomedical applications. Natural systems can pro-
vide inspiration for designing or improving the functionalities
of photoactivatable nanomedicines in several applications
including drug delivery, bioimaging and photodynamic ther-
apy. The unique ability of natural light-harvesting systems to
collect photons under dim conditions, but also to provide
photoprotection under intense sunlight, led scientists to
explore these features for the design of photoactivatable
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nanoconstructs with enhanced light absorption in the NIR
region and for the design of activatable photodynamic therapy
respectively. In addition to these systems, thylakoids, jellyfish,
anglerfish, anaerobic bacteria, melanin pigments, cell mem-
branes, cyanobacteria, hemoglobin, and DNA scaffolds can
provide significant improvements in the functionalities of
light-responsive nanomedicines for either diagnosis or treatment.
However, there are still unexplored systems and phenomenon in
nature that need to be understood to offer immense potential for
more accurate and efficient light-based therapies. Despite their
potential, challenges such as biocompatibility, scaling and in vivo
stability require further improvements to ensure clinical transla-
tion. However, the advent of nanotechnology, biomaterials and
photomedicine might make the development of scalable, bioin-
spired photoactivatable nanomedicines a conceivable prospect. In
conclusion, it should be emphasized that the design of photo-
activatable bioinspired nanomedicines should be kept as simple
as possible for the purposes of scaling and clinical applications.
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