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Reactive Oxygen Species (ROS) play an essential dual role in living systems. Healthy levels of ROS modulate several signaling
pathways, but at the same time, when they exceed normal physiological amounts, they work in the opposite direction, playing
pivotal functions in the pathophysiology of multiple severe medical conditions (i.e., cancer, diabetes, neurodegenerative and
cardiovascular diseases, and aging). Therefore, the research for methods to detect their levels via light-sensitive fluorescent
probes has been extensively studied over the years. However, this is not the only link between light and ROS. In fact, the
modulation of ROS mediated by light has been exploited already for a long time. In this review, we report the state of the art, as
well as recent developments, in the field of photostimulation of oxidative stress, from photobiomodulation (PBM) mediated by
naturally expressed light-sensitive proteins to the most recent optogenetic approaches, and finally, we describe the main
methods of exogenous stimulation, in particular highlighting the new insights based on optically driven ROS modulation

mediated by polymeric materials.

1. Introduction

For all living aerobic organisms, molecular oxygen is the cen-
tral compound for cellular respiration, being the ultimate
electron acceptor in the biochemical cycle for ATP produc-
tion. The first reduced state of molecular oxygen, superoxide
0,7, and all the successive reduced states can be physiologi-
cally found in cellular compartments and are called Reactive
Oxygen Species (ROS) [1]. The interaction between ROS
and fatty acids or nucleic acids leads to the oxidative damage
of these compounds [2]; thus, ROS overproduction has been
related to many diseases, like age-related and cardiovascular
disorders, cancer, and neurodegenerative diseases such as
Parkinson’s or Alzheimer’s [3-6]. This unfortunate corre-
lation is anyway under revision, since ROS are important
second messengers for the expression of several transcription
factors, regulation of cellular adhesion, redox-mediated

amplification of immune response, and programmed cell
death [7].

Therefore, the need for direct assessment of intracellular
ROS concentration fostered the development of probes able
to bind oxygen radicals and to selectively detect them, and
several fluorescent probes are now commercially available
[8]. The conjugation between chemistry and photophysics
has emerged as the key to achieve high spatiotemporal reso-
lution and selectivity in ROS detection. A similar approach
can be pursued also in the realization of optical actuators,
to modulate and finely control the ROS balance at nontoxic
levels. However, this route has been investigated to a much
lower extent as compared to ROS imaging probes. Still,
emerging interest from different research fields, both in bio-
technology and materials science, led to promising results.
In this review, we will focus the attention on this less beaten
path, first describing the control exerted by endogenous
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FI1GURE 1: Schematic drawing depicting reviewed approaches for optical modulation of intracellular ROS. Endogenous stimulation (left side of
the image) comprises the use of genetically modified light-sensitive proteins and photobiomodulation techniques. Exogenous stimulation
techniques addressed here (right side of the image) are based on the use of carbon-based materials and include different approaches, e.g.,
photodynamic therapy, eventually coupled to optically triggered systems for drug release, and nontoxic ROS photothermal modulation.

photostimulation, from photobiomodulation (PBM) medi-
ated by naturally expressed light-sensitive proteins to optoge-
netic approaches, followed by describing the main methods
to artificially enhance light sensitivity in living cells and thus
exogenously stimulate living organism biological activity, in
particular highlighting the new insights based on optically
driven ROS modulation mediated by polymeric materials.
Both approaches are schematically depicted in Figure 1.

2. Endogenous Photostimulation: Pros
and Cons

The idea to trigger biochemical signals and biological
responses by exposing living systems to light is one of the
most fascinating insights in science. In fact, optical tech-
niques could be more useful tools rather than the conven-
tional ones based on pharmaceutical and electrical methods
because of their higher spatial resolution and possibility to
stimulate in a less invasive way. In this section, we will dis-
cuss the close link between ROS and photostimulation of
endogenous proteins.

First, we will concentrate on PBM, a well-established
technique that is able to generate beneficial effects on cells
or tissues (i.e., wound healing and tissue regeneration) and
can also act as a natural painkiller by generating

photochemical reactions by exploiting low-power density
lasers or light-emitting diodes.

Below, we will portray one of the newest and at the same
time most groundbreaking discoveries for the optical control
of cells: optogenetics. Technically, this approach cannot be
considered completely endogenous; however, we decided to
include it in this category because, even if transfection is nec-
essary in order that cells can express light-sensitive proteins,
the biological processes generated by light originate from
within the cell itself.

2.1. Activation of Naturally Expressed Light-Sensitive
Proteins. PBM is the term that describes a technique devel-
oped almost 50 years ago by the Hungarian physician Endre
Mester exploiting the energy of light to stimulate cells and
tissues for therapeutic purposes [9].

For a long time, the technique was also known as
“low-level laser therapy,” but since it was discovered that
noncoherent light-emitting diodes (LEDs) perform as well
as medical lasers, with the advantage of a reduced cost and
reduced safety issues [10], it was decided to standardize the
nomenclature to PBM [10].

PBM has the advantage of being noninvasive and allows
broad application (i.e., pain relief to promote the recovery
of tendinopathies, nerve injuries, osteoarthritis, and wound
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healing) and differs from other light-based assays because it
does not cause ablation and it is not based on heating [11].
Although the mechanisms and actual therapeutic perspec-
tives of PBM are still hazy, in recent years, much progress
has been made in clarifying the chromophores and signaling
pathways involved. The main photobiology dogma states that
photons of light must be absorbed by the chromophore
located within the tissue to have any biological effect [12].
In the next paragraph, we will discuss the main chromo-
phores involved in PBM.

Since the principal site of absorption in mammalian cells
has been identified as the mitochondrion, it is obvious that
cells, even those not normally exposed to light during normal
living activity, but with a high number of organelles and an
intense metabolic activity (i.e., muscle cells, neurons, liver
and kidney cells among the others), can be slightly responsive
to light [13]. The mitochondrial transmembrane protein
cytochrome ¢ oxidase (CCO) is probably the most
well-known chromophore. CCO is the last enzyme in the
respiratory electron transport chain of the abovementioned
organelles converting oxygen into molecular water using
the electrons from reduced cytochrome ¢ [14]. Evidence sug-
gests that CCO acts as a photoacceptor and transducer of
photosignals in the red and near-infrared (NIR) regions of
the light spectrum (620-1000nm) [14]. PBM acts at this
point, inducing a depolarization of the mitochondrial mem-
brane potential (MMP) and increasing the levels of the
organic chemical Adenosine Triphosphate (ATP), the second
messenger cyclic adenosine monophosphate (cAMP), and
ROS as well [15].

Other important classes of photoreceptors that can be
directly gated by light are opsins [13]. These transmembrane
proteins are part of the light-sensitive G-protein-coupled
receptor superfamily and respond particularly to blue
(450-495nm) and green (495-570 nm) light [16]. The most
famous opsin is rhodopsin, the primary light-sensitive recep-
tor actuator of vision in the rod and cone photoreceptor cells
in the mammalian retina [16]. A direct consequence of
light-mediated opsin activation is the opening of light-gated
ion channels belonging to the Transient Receptor Potential
(TRP) group [17]. The TRP channel superfamily, now classi-
fied into seven related subfamilies that are found in most
organisms, tissues, and cell types [18], is at the base of the
perception of pain, warm and cold temperatures, pressure,
and noxious and pungent chemicals and is involved in many
different cellular processes. TRP activation causes nonselec-
tive permeabilization to ions (typically: calcium, sodium,
and magnesium) [19]. Interestingly, it was recently reported
that TRP channels are playing a pivotal role in the detection
of cellular redox status [20].

One of the most frequently observed changes when PBM
experiments are conducted in vitro has been the modulation
of levels of ROS such as superoxide, hydrogen peroxide,
singlet oxygen, and hydroxyl radical [21]. ROS in particular
has a Two-Face behavior; while high doses unquestionably
exert damage on cellular integrity, at low concentrations, they
have beneficial effects by inducing an adaptive response [22].

In this regard, Huang et al. measured the MMP upon
absorption of red/NIR light by mitochondria in normal

primary cells. The authors noticed that the MMP increment
led to a modest but significant increase in the level of ROS.
Interestingly, PBM had an apparent opposite behavior in
cells that had already been subjected to oxidative stress
[23]. In vitro experiments conducted on chemically oxidative
stressed cortical neurons evidenced that PBM led to
increased levels of MMP (evaluated with tetramethylrhoda-
mine) and ATP and reduced ROS while control cells had a
small increase in ROS together with the MMP and ATP levels
(Figures 2(a) and 2(b)). This was probably ascribable to an
adaptive effect of PBM that tends to increase MMP back
towards baseline, thereby lowering ROS production [23].

Not surprisingly, there have been several in vivo studies
conducted on animal models recapitulating a specific disease
or injury in which a reduction in tissue markers of oxidative
stress after PBM was measured [24].

Contrarily to red and NIR light stimulation, ROS produc-
tion by blue light, which is partly responsible for ocular pho-
totoxicity [25], is a topic still less studied, in the framework of
PBM. However, preliminary studies in adipose-derived stem
cells revealed that illumination with blue light generates an
increase in ROS tied to a reduction in ATP levels and MMP
and most importantly an impaired cell proliferation [12]. In
an interesting way, all these phenomena could be partially
blocked by treating cells with capsazepine, a selective inhibi-
tor of TRPV1 channels [26]. However, the detailed relation-
ship of the photoactivation of TRPV1 and ROS generation
is still to be completely elucidated and will deserve focused
attention in the future.

Finally, it is important to highlight that ROS are able to
activate several transcription factors and signaling pathways
that could explain why a relatively brief exposure to light
can have long-lasting results [27]. For example, in an embry-
onic fibroblast, a slight increase of ROS was sufficient to lead
to the activation of the transcription factor Nuclear Factor
Kappa B (NF-«B), a protein complex that is involved in the
control of several cellular processes, such as immune and
inflammatory responses, growth, and apoptosis, and that
can also act as a redox sensor (Figures 2(c) and 2(d)) [28].

2.2. Optogenetic Approaches. The definition of “optogenetics”
was first coined by Prof. Karl Deisseroth in 2006 to describe
the selective control of neuronal activity in vitro by light via
the expression of genetically targeted photoreceptors [29].
Later, the denotation was extended to both actuators and
sensors that are, respectively, proteins which are able to alter
the cell activity in which they are expressed after light expo-
sure and genetically encoded, voltage-sensitive fluorescent
proteins that can be used to monitor intracellular variations
in ionic concentration as well as the amount of extracellular
neurotransmitters [30]. Furthermore, novel insights have
refined the technique broadening the spectrum of application
to systems as complex as live freely moving animals [31].
Optogenetics, as any new technology, has its own draw-
backs, but conversely to traditional investigation methods
(i.e,, direct electrical stimulation and pharmacological
intervention) has the undoubted advantage of guaranteeing
a high temporal and spatial resolution that does not affect
the physiological environment of the system object of the
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F1GURE 2: Photobiomodulation (3 J/cm?, 810 nm laser) reduces ROS levels and protects cultured cortical neurons from death in oxidatively
stressed cells (a). Cortical neurons have been labelled with MitoSOX (red) for mitochondrial, MitoTracker (green) for mitochondrial
colocalization, and Hoechst (blue) for nuclei. Subpanels A1-A3 and B1-B3 refer to control cortical neurons in the dark and subjected to
the photobiomodulation protocol, respectively; C1-C3 and D1-D3 to neurons treated with CoCl, in the absence and presence of light,
respectively; E1-E3 and F1-F3 to neurons treated with H,O, in the absence and presence of light, respectively; and G1-G3 and H1-H3 to
neurons treated with rotenone in the absence and presence of light, respectively. ROS time course of NF-«B activation after laser
irradiation (0.3 J/cm?, 810 nm) in mouse embryonic fibroblasts is depicted in (c) while antioxidant therapy with 1 mM N-acetyl cysteine or
100 mM ascorbic acid abrogates laser-induced NF-«B activation (d). The figure is adapted from [23, 28].
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study [32]. Surely, in the prospect of a therapeutic applica-
tion, the main Achilles’ heel is represented by the genetic
manipulation dependence of the approach. Thus, demon-
strating the long-term safety of gene therapy in patients is
mandatory before one can think of applying the technique
for clinical purposes.

Conventional methods to study the impact of ROS path-
ways exploit the global and unselective administration of
ROS-generating or ROS-inhibiting chemicals or antioxi-
dants, thus being hardly controllable at the subcell compart-
ment level [33]. Conversely, the use of optogenetic tools may
allow to gain unprecedented spatial selectivity, as provided by
selective, genetically engineered effector proteins and highly
focused optical excitation.

Genetically encoded ROS-generating proteins (RGPs)
were originally created for cell ablation and protein inacti-
vation purposes; however, their potential to study ROS sig-
naling cannot be underestimated. The main characteristics
that allow RGP to generate a specific biological effect
depend on the type of ROS produced and on the compart-
ment where it is produced. Therefore, an intriguing feature
of RGPs is their ability to be targeted with high specificity
within cell compartments, by taking advantage of com-
monly used signal sequences (i.e., the SV40 nuclear target-
ing signal or the TOMM-20 mitochondrial targeting
sequence depending on whether you are interested in the
nucleus or mitochondria, respectively), thus optimizing
RGP impact [34].

KillerRed, the first phototoxic fluorescent protein, is an
active version of anm2CP, a homolog of the widely known
Green Fluorescent Protein (GFP), a highly exploited commer-
cial tool for imaging approaches mainly considered photo-
chemically inert. Contrariwise, KillerRed under appropriate
illumination (red light) is able to generate ROS, in partic-
ular O, via a type I reaction [35]. Notably, since the
active form of the protein is a dimer and dimerization
can have the drawback of affecting the localization and
functionality of the protein, a genetic fusion of two Kill-
erRed coding sequences, called “tandem KillerRed,” was
generated to allow intramolecular dimerization and matu-
ration of the protein and successfully exploited to block
cell division [36].

Two other newly created RGPs are SuperNova [37]
and miniSOG [38]. The first is generated by the random
mutagenesis of KillerRed and successfully used to produce
both O, and 'O, [37]. The second one, whose acronym
stands for singlet oxygen generator, is a small (only 106
amino acids) green fluorescent flavoprotein generated from
Arabidopsis phototropin 2 with an excitation maximum at
448 nm [34]. Remarkably, the capability to locally generate
reactive 'O, has made this RGP an interesting tool for cell
ablation [39]. Recently, it was demonstrated that miniSOG
monomers can generate O, rather than 'O, [40]

However, in addition to those already mentioned above,
the number of genetically encoded photosensitizers is grow-
ing. For example, Sarkisyan et al. characterized a blue-shifted,
orange fluorescent variant of KillerRed [41]. Interestingly,
the photoactivation of this new protein, named KillerOrange,
does not trigger KillerRed which opens up interesting

perspectives for a tandem application of both proteins in a
single system. Still, even if it seems that the mechanism of
oxidant production is thought to be the same type I (radical)
reaction of KillerRed, this new RGP requires further char-
acterization. However, for a more comprehensive and
detailed description of the newest fluorescent proteins able
to generate oxidants, we recommend a recently published
review article by Trewin et al. [42].

The potential application of this approach is remark-
able. Going beyond the use of KillerRed in single cells for
anticancer therapy [43], it is possible to extend the applica-
bility of genetically encoded photosensitizers to more com-
plex model organisms, in which the introduction or the
expression of recombinant exogenous genes is a standard
procedure [39, 44-46].

Photoablation with RGPs was performed in C. elegans
and both KillerRed (Figure 3(a)) [44] and miniSOG have
been used to reach the goal (Figure 3(b)) [38, 39]. However,
during photoablation with RGPs, several parameters must
be kept in mind. First, the intracellular targeting of an RGP
may affect the efficiency of ablation. Notably, mitochondrial
targeting generated a higher phototoxic effect and conse-
quent cell death rather than cytosol targeting, due to the fact
that the mitochondrion plays a role in mediating cell death
[39]. Furthermore, even targeting diverse regions of the
mitochondria resulted in different photoablation efficiency,
a discrepancy that probably represents the localized ROS
buffering capacity [39].

Secondly, phototoxic effects can be modulated by chang-
ing the duration and intensity of light stimulation. This was
seen in C. elegans expressing the outer membrane-targeted
miniSOG in motor neurons where varying the light exposure
from continuous to pulsed increased the effectiveness of
cell ablation [39]. For a future clinical perspective, the
development of far-red-shifted variants of RGPs would
greatly facilitate their clinical use since for the treatment
of tumors in vivo, the transparency of the tissue and size
of the tumor will become important aspects to be consid-
ered. Moreover, Xu and Chisholm recently reported that
the membrane-targeted miniSOG can ablate neurons and
nonneuronal tissues in C. elegans in a most efficient way
rather than mito-miniSOG, thus expanding the throughput
of optogenetic cell ablation [38].

A complementary approach that exploits ROS for
the selective inactivation of a specific protein is
chromophore-assisted light inactivation (CALI). CALIL to
acutely inactivate a target protein, requires exposing a chro-
mophore to light with an optimized light dose and increased
spatial precision. Both KillerRed and miniSOG were success-
fully used to increase CALI specificity by maintaining the
protein of interest close to the photosensitizer [45, 47, 48].

A possible future use of the RGP approach is for the study
of ROS signaling that is not easily decipherable for its intrin-
sic reactive behavior. The possibility to target RGPs to a
specific cellular compartment will allow to determine the
physiological output of the ROS signal. In addition, the abil-
ity to generate specific ROS via different RGPs might provide
new hints towards clarification of their peculiar dynamics
and physiopathological effects.
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FIGURE 3: Mitochondrially targeted KillerRed and miniSOG are used as ROS-producing tools for light-induced cell ablation. (a) KillerRed
activation in GABAergic neurons causes a shrinker phenotype in C. elegans (i.e., longitudinal shortening of the body upon head touch)
consistent with the loss of GABAergic neuronal function 24 hours after illumination. (b) MiniSOG causes paralysis in C. elegans via
ablation of Punc-17-expressing cells. As depicted in the lower panel, light dosage correlates with the percentage of paralysis induced by
miniSOG upon illumination under continuous or pulsed light. The figure is adapted from [39, 44].

TaBLE 1: ROS modulation by endogenous photomediators—some representative examples.

Endogenous photomediator ROS-generating Excitation Photoexcitation Light stimuli Lo

. . . Biological model Refs
system protein wavelength (nm) density duration
Photobiomodulation Cytochrome ¢ 810 20 mW/cm? 150 sec Cortical neurons [23]
oxidase

KillerRed 540-580 0.5 W/cm? 30 sec HelLa cells [36]
tdKillerRed 540-580 5.1 mW/mm?* 5 min C. elegans [44]
SuperNova 579 8 W/cm? 90 sec HelLa cells [37]
Optogenetics MiniSOG 460 2 mW/cm? 12 min C. elegans [38]
475 57 mW/cm? 0.5 sec on/1.5 sec off C. elegans [39]
KillerOrange 512 1 W/cm? 60 sec E colzilglEs K-293 [41]

Table 1 summarizes the excitation wavelength and types
of ROS produced by the native and genetically modified
light-sensitive proteins treated in this section.

3. Exogenous Photostimulation: The Case of
Carbon-Based Materials

ROS optical modulation can be achieved by making use of
exogenous transducers, either organic or inorganic. In this
review, we will limit our attention only to the first ones.
Carbon-based systems, and in particular polymeric materials,

have attracted considerable attention in the field of optically
driven ROS modulation, mainly due to their enhanced
biocompatibility and easier routes for chemical functiona-
lization with molecular moieties and specific drugs, as
compared to inorganic compounds.

Considerable efforts have been focused in the latest years
in particular on electrically/electrochemically inert polymers,
properly endowed with ROS-responsive units for controlled
and tuneable drug release [49]. In these cases, light excitation
has been primarily used as a stimulus to induce ROS over-
production, usually through a thermally mediated effect.
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Polymer systems are loaded with specific drugs, whose
release is efficiently triggered by the altered, increased level
of ROS. Thus, in this case, light is a mere stimulus to
increase, in a spatially and temporally controlled manner,
ROS levels, and the polymer plays the purely passive role
of a biocompatible drug carrier. Based on this approach,
several ROS-responsive polymeric micelles have been devel-
oped so far; interesting examples include the ROS-responsive
triblock copolymer micelles, containing diselenide bonds
[50] in a hydrophobic polyurethane block, e.g., poly(ethylene
glycol)-b-polyurethane-b-poly(ethylene glycol) (PEG-PUSe-
Se-PEG) [51].

Following a slightly different approach, interesting
light-responsive systems were developed by Han et al. [52],
by encapsulating porphyrins as direct photosensitizers in
the core of PEG-PUSeSe-PEG micelles. Red light excita-
tion of the photosensitizer determines the production of
singlet oxygen, which in turn facilitates the cleavage of
the diselenide bond, thus leading to the disruption of the
polymer micelle and release of Doxorubicin (DOX). Simi-
lar processes were exploited by the realization of NIR
light-responsive nanogel systems [53], and anticancer
effects were demonstrated in vitro. The successful combi-
nation of chemo- and photodynamic therapy (PDT) has
been also demonstrated through the realization of poly-
meric micelles based on PEG-b-PCL copolymers endowed
with both the photosensitizer and the anticancer drug.
Upon visible light excitation, the action of the photosensi-
tizers maximizes the release of the anticancer antibiotic
DOX, thus boosting the overall antitumor efficacy [54, 55].

Two-photon excitation (TPE) nanoparticle photosensi-
tizers represent another valuable opportunity for the realiza-
tion of efficient systems for PDT, since they enable being able
to work upon NIR light excitation, thus ensuring deeper tis-
sue penetration. TPE PDT is characterized by the nonlinear
absorption of two low-energy photons of NIR light with the
resulting emission of higher energy light, in the visible range.
The latter sensitizes oxygen to produce ROS at toxic levels,
for the treatment of cancer cells. The use of NIR light allows
for deeper tissue penetration, to achieve efficient PDT of
deep-seated tumors. Recent advances in this field, compris-
ing both organic and inorganic nanoparticles, have been
recently reviewed in [56]. Besides notable advantages offered
by TPE nanoparticle sensitizers, it is also important to under-
line that many crucial challenges currently hamper their use
in preclinical and clinical practice. First of all, detailed nano-
toxicology studies are still lacking. Most of reported systems
have been tested only in cell cultures or in mice animal
models by intratumoral injection. However, biodistribution,
blood circulation, and dark toxicity after systemic adminis-
tration are largely unknown, especially considering that
actual toxicity is a complex function of several parameters
(size, surface chemistry, chemical composition, and dose, just
to cite some). Moreover, most TPE particles can be also
excited by one-photon excitation, thus raising the potential
issue of skin phototoxicity following systemic administra-
tion. Laser systems for TPE are often complex and expensive
systems and do not allow spot sizes and photoexcitation
density values suitable for the treatment of deep-seated,

bulky tumoral areas. Last but not least, accurate light dosim-
etry methods suitable for in vivo applications are often
unavailable. Despite all these shortcomings and limitations,
however, research on TPE nanoparticle sensitizers has made
impressive steps forwards, and it is expected that they may
represent a suitable choice for precise ROS optical modula-
tion targeted at therapeutic purposes, even beyond their
application in photodynamic therapy.

Here, we will limit our attention to carbon-based semi-
conductors, including carbon dots, nanotubes, and polymers
[57, 58]. These are expected to offer enhanced biocompatibil-
ity with respect to their inorganic counterparts. Moreover,
they usually show higher resistance to photobleaching and
larger two-photon absorption cross-sections, thus represent-
ing ideal two-photon energy donors. In 2013, a first example
of the use of carbon quantum dots (CQD), covalently linked
with protoporphyrin IX (PTIX), for TPE PDT was reported
by Fowley et al. [59]. Efficient fluorescence resonance energy
transfer (FRET) processes between CQD and PTIX and
subsequent singlet oxygen generation lead to sizable results
both in vitro and in vivo. In vitro, TPE at 800 nm induced
a reduction in HeLa cell viability up to 82%. In vivo, a
fibrosarcoma mouse model was considered, and treatment
with CQD-PTIX upon NIR irradiation provoked a 60%
shrinkage of the tumor size in 4 days. Conversely, the
tumor size of control animals increased by 65%. Further
implementation of CQD to achieve higher two-photon
absorption cross-sections has been recently reported by
Wang et al. [60]. Single-walled carbon nanotubes, loaded
with Ru(II) complexes, have been also reported for
bimodal photothermal and TPE PDT [61]. This approach
seems to be very promising from a therapeutic point of
view, for cancer therapy applications. In fact, intratumoral
injection of the compound in mice models leads to nearly
complete tumor ablation, upon irradiation at 808 nm, with
a relative variation in the tumor volume of about -100%,
as compared to an increase of about +300% in the control
cases. The first example of the use of a polymer endowed
with a porphyrin photosystem for TPE dates back to 2007
[62]. A FRET efficiency as high as 96%, leading to sub-
stantial singlet oxygen generation, was reported. Initially
promising results boosted an intense activity aimed at
the optimization of several polymer/photosensitizer com-
pounds for TPE. Some nonexhaustive examples include poly-
fluorene-, polyphenylene-, and polythiophene-based polymer
nanoparticles [57, 58, 63].

Finally, conjugated polymer nanoparticles based on poly-
phenylenevinylenes have been successfully used as direct
PDT sensitizers [64].

Interestingly, a polymer-based system for PDT, endowed
with DOX, was recently coupled with a hypoxia-responsive
drug-delivery system [65]. Here, the conjugated polymer
is used as a visible/NIR light-triggered ROS source, and
it is grafted with the hypoxia-sensitive, hydrophobic
2-nitroimidazole (NI). Under hypoxia, NI is reduced to
hydrophilic 2-aminoimidazoles, thus allowing the release
of the DOX cargo. The in vivo efficacy of this approach was
tested on HeLa tumor-bearing mice, and almost complete
inhibition of the tumor growth was obtained.
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FiGure 4: Conjugated polymers based on polythiophene derivatives represent ideal candidates to optically modulate the ROS balance.
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phenomena occurring at the interface between the polymer thin film surface and an aqueous electrolyte upon visible light excitation.
Photoexcitation of the polymer leads to oxygen reduction processes and ROS production. (c) rr-P3HT and oxygen reduction energetic levels.

Overall, polymer nanoparticles hold the potential to
act as versatile, powerful, and biocompatible PDT agents,
eventually combined to chemotherapy and hypoxia condi-
tions; however, extensive in vivo studies are still lacking,
and the reliability and efficacy of this approach remains
to be fully confirmed.

In the applications mentioned above, carbon-based
materials have been mainly used as passive compounds for
controlled drug release, against ROS overproduction, and as
active, biocompatible systems for effective photodynamic,
anticancer therapy.

Much more recently, the use of organic materials has
been also proposed for the active modulation of ROS species
at nontoxic levels.

An interesting example has been reported by Miyako
et al. [66], based on carbon nanohorns, functionalized with
a ROS-generating, NIR light-sensitive dye. As with the other
previously mentioned systems, the compound has a twofold
function, since, upon NIR excitation, it can generate at the
same time both heat and ROS. It was shown that
NIR-triggered ROS production, at the level of single cells,
leads to a modulation of the Ca** signaling. Importantly,
the viability of the cells treated with the functionalized car-
bon nanohorns and exposed to NIR excitation was not signif-
icantly affected. The nanomodulator was also tested in vivo,
within a Xenopus laevis frog model, and reliable optical
modulation of the paw nerve activity was detected.

Very recently, conjugated polymers also started to be con-
sidered for nontoxic ROS modulation, thus targeting several
other therapeutic applications beyond anticancer therapies.

In this regard, the example of polythiophene derivatives
is highly instructive [67-74].

Thiophene-based materials have been extensively used in
the field of photovoltaics and photodetection, and in the
latest thirty years, they represented workhorse materials for
several applications in the optoelectronics field.

Conversely, the possibility to use polythiophenes in an
aqueous, biological-like environment has been addressed
only much more recently [67]. Several works have shown
that their main optoelectronic properties are well preserved
upon prolonged, direct exposure to water at neutral or acid
pH, at variance with other conjugated polymers [75, 76].
Importantly, the biocompatibility of several thiophene

derivatives has been largely assessed both in vitro and
in vivo [77, 78]. Our group recently proposed the use of
regio-regular poly(3-hexyl-thiophene) (rr-P3HT) as the
photoactive component of an artificial prosthesis for sight
restoration, entirely based on carbon-based materials.
Follow-up of chronical implants has demonstrated the
long-term (>9 months) compatibility, stability, and function-
ality of the device within the biological environment [79].
The rr-P3HT optical absorption spectrum and chemical
structure are shown in Figure 4(a).

Interestingly to the present context, organic devices based
on rr-P3HT show excellent photocatalytic properties,
recently reviewed in [80]. Possible applications include
photocatalytic reduction of hydrogen [81, 82] and oxygen
in an aqueous electrolyte [68]. In the framework of this
work, in particular, the oxygen reduction processes harvest
specific interest, being potentially related to the capability
to directly modulate the production of ROS in a
biological-like environment.

The main photoelectrochemical process occurring at the
interface between rr-P3HT and an aqueous electrolyte is
schematized in Figure 4(b). We notice that fully similar con-
siderations can be adapted to the case of other conjugated
polymers, in particular to low-band gap polymers widely
employed in organic photovoltaics.

The energetic levels of rr-P3HT show a good alignment
with the reduction potential of the oxygen in neutral condi-
tions, thus satisfying the fundamental condition to efficiently
reduce oxygen. Upon optical excitation, charged states are
generated within the polymer bulk, which undergo efficient
dissociation into free charges, electrons, and holes. At the
hybrid solid/liquid interface, electrons react with oxygen dis-
solved in water and give rise to efficient photoelectrochemical
oxygen reduction reactions (Figure 4(c)) [83]. It has been
shown that several conjugated polymers, with optical absorp-
tion in different regions of the visible spectrum, can serve as
suitable photocatalytic materials [84]. The temporal dynam-
ics typical of this process have been experimentally deter-
mined, showing that efficient oxygen reduction occurs on a
sub-ms timescale [69]. The phenomenon has been also
described from a theoretical point of view by making use of
a semiclassical approach. In particular, it has been shown that
the aqueous solution generates a local polarization of the
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observation is ascribed to THE optically controlled modulation of ROS levels. The figure is adapted from [72, 74].

outermost polymer layers. Upon photoexcitation, the poly-
mer/water is expected to be negatively charged, thus attract-
ing positive ions and perturbing the ion distribution in the
aqueous solution [70].

The use of conjugated polymers for direct ROS modula-
tion at nontoxic levels has been explored to a limited extent,
despite early promising results.

In a recent work, Hu et al. reported the use of polythio-
phene modified with dihydropyridine and demonstrated
their antioxidative and anti-inflammatory properties in rat
aortic endothelial cells [71].

In our group, nanoparticles entirely made of rr-P3HT
were recently synthesized and extensively tested for their

biocompatibility in cell cultures (Figure 5(a)) [85, 86]. In par-
ticular, P3HT NPs were administered to Human Embryonic
Kidney (HEK-293) cells, efficiently internalized within the
cell cytosol and subjected to a photoexcitation protocol
(540 nm, 1-100 mW/mm?). Interestingly, intracellular gener-
ation of ROS was unambiguously attributed to optical stimu-
lation of polymer beads. The only presence of NPs in dark
conditions, as well as the optical treatment in the absence
of functional, photoelectrochemically active nanomaterials,
did not give rise to ROS enhancement (Figure 5(b)). Impor-
tantly, P3HT-mediated ROS production does not induce
toxic effects on cell viability and physiology, and it determin-
istically triggers modulation of the intracellular Ca** ion flux,
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successfully controlled at the single cell level (Figure 5(c)). In
perspective, the capability of polymer NPs to produce ROS
and to modulate Ca*>* dynamics by illumination on-demand,
at nontoxic levels, may open the path to the study of
biological processes with a gene-less approach and high
spatiotemporal resolution [74].

P3HT nanoparticles were then administered to in vivo
invertebrate models of Hydra vulgaris, without any clear
adverse toxicity effect (Figure 5(d)). Interestingly, it was
shown that P3HT nanoparticles are able to enhance the ani-
mal light sensitivity, inducing a precise behavioral response
and enhancing the expression levels of a gene involved in
phototransduction, the opsin3-like gene (Figures 5(e) and
5(f)) [72].

Importantly, we have shown that P3HT nanoparticles,
once internalized within the animal body and exposed to vis-
ible light excitation, produce an increase of oxidative stress
parameters without, however, signs of toxicity. Animal anti-
oxidant defense mechanisms are modulated as a result of
polymer-mediated photoexcitation, and a clear effect on
intracellular redox balance is observed [73].

Though preliminary, these results suggest the possibility
to further exploit the use of polymer photocatalytic materials
for selective, spatially and temporally controlled, on-demand
ROS modulation. The opportunity to use different photoex-
citation intensities, stimulation frequencies, light patterns,
and materials doses will open the way to potential application
either to provoke localized cell damage or hopefully to
balance ROS levels and restore physiological conditions in
the case of dysfunctions.

Table 2 provides a nonexhaustive list of some cited repre-
sentative examples of exogenous photomediators for the
modulation of ROS levels. Beyond the largely common use
of continuous wave vis/NIR light as the activating agent,
reported systems deeply differ under most other aspects
(e.g., molecular composition, dimensions, photoexcitation
density, stimulation temporal protocols, and adopted biolog-
ical models). Thus, a comparative evaluation among different
systems is not possible at the moment. Nevertheless, the
variety of organic photomediators for ROS modulation
demonstrates the high development potential for different
therapeutic applications.

4. Current Issues and Future Perspectives

In this manuscript, we have provided a brief overview of cur-
rently available techniques to optically modulate the ROS
intracellular balance. All of them are characterized by a num-
ber of advantages and drawbacks.

The exploitation of endogenous absorption has many
benefits; PBM is a cross-sectoral approach that can be
applied to a vast range of different biological systems
(i.e., from the simplest cell model up to clinical studies).
However, its outcome is often weak and leads to somewhat
contradictory results, depending on the specific optical pro-
tocols. Effects on cell metabolism may critically depend on
light frequency, excitation density, and wavelengths, as well
as on target biological sites. Unfortunately, the available
experimental data are still partial, and the details of
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photoexcitation are not always provided with the necessary
standardization. Thus, further studies will certainly allow to
better identify physiological pathways, to achieve a more
repeatable ROS modulation, and, ultimately, to additionally
ameliorate the therapeutic potential of this technique.

Optogenetic tools hold the promise to enable ROS
generation control with high efficiency and unprecedented
spatiotemporal resolution, at the level of cell organelles, in a
highly selective and repeatable way. Furthermore, new vari-
ants of more selective and performing genetically encoded
photosensitizers are constantly produced. This, in combina-
tion with the advances in lighting, will continue to make
genetically encoded photosensitizers pivotal to the advance-
ment of redox biology. Nevertheless, it is important to under-
line that therapeutic applicability in human subjects does not
seem to be in reach at the moment, due to safety issues
related to the need for viral transfection.

Finally, we believe that the use of conjugated polymers, as
exogenous actuators, may represent an interesting opportu-
nity for an on-demand, carefully controlled ROS modulation.
In perspective, they may offer a number of peculiar advan-
tages: (i) the direct responsivity of the active material to visi-
ble and NIR light; (ii) the excellent matching with oxygen
reduction potential; (iii) superior mechanical properties and
straightforward fabrication technology; (iv) the possibility
to optically modulate ROS production with high spatial reso-
lution, within the limits of visible light diffraction (~500 nm),
thus allowing to target subcellular compartments without
making recourse to viral transfer; (v) the opportunity to tem-
porally trigger the on-demand ROS production, by properly
patterning the photoexcitation protocol; and (vi) the avail-
ability of several strategies to modulate the overall ROS mod-
ulation efficiency at toxic or safe levels (e.g., by chemical
functionalization of the exogenous organic actuator with
proper ROS catalyst/inhibiting agents and drugs and/or by
careful tuning of the light excitation density). Despite all
these pros, conjugated polymers also put a number of cons,
mainly related to the synthesis of photoelectrochemically sta-
ble materials suitable for chronic use within the harsh biolog-
ical environment. In addition, selective targeting of cell
subcompartments may be not straightforward.

The careful and selective modulation of ROS appears to
be key for future therapeutic perspectives. This ambitious
goal will only be achieved by combining interdisciplinary
knowledge, from optics to physiology, up to materials science
and biomedical engineering, thus making oxidative and
regenerative medicine ready for the bedside.
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