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Light-Activated Biomedical Applications of Chlorophyll

Derivatives

Carlotta Pucci,* Chiara Martinelli,* Andrea Degl’Innocenti,

Pasquale, and Gianni Ciofani*

Tetrapyrroles are the basis of essential physiological functions in most living
organisms. These compounds represent the basic scaffold of porphyrins,

chlorophylls, and bacteriochlorophylls, among others. Chlorophyll derivatives,

obtained by the natural or artificial degradation of chlorophylls, present
unique properties, holding great potential in the scientific and medical fields.
Indeed, they can act as cancer-preventing agents, antimutagens, apoptosis
inducers, efficient antioxidants, as well as antimicrobial and
immunomodulatory molecules. Moreover, thanks to their peculiar optical
properties, they can be exploited as photosensitizers for photodynamic
therapy and as vision enhancers. Most of these molecules, however, are
highly hydrophobic and poorly soluble in biological fluids, and may display
undesired toxicity due to accumulation in healthy tissues. The advent of
nanomedicine has prompted the development of nanoparticles acting as
carriers for chlorophyll derivatives, facilitating their targeted administration
with demonstrated applicability in diagnosis and therapy. In this review, the
chemical and physical properties of chlorophyll derivatives that justify their
usage in the biomedical field, with particular regard to light-activated

* Andrea Desii,* Daniele De

1. Introduction

In organic chemistry, tetrapyrroles are
loosely defined as those compounds formed
by four pyrrole or pyrrole-like rings con-
nected by single-atom carbon bridges at po-
sitions a of each ring; when these origi-
nate a closed structure, the tetrapyrrole is
called macrocyclic, or more often simply
cyclic. Macrocyclic tetrapyrroles tend to dis-
play high affinity to metal cations, which
can be trapped at the center of the pyrrole
frame forming a coordination complex."?]
Together with a high degree of conjuga-
tion, this fact renders tetrapyrroles pivotal
molecules for biochemistry: among other
things, in biological systems tetrapyrroles
act as prosthetic groups, meaning that they
are bound to proteins, forming with them
vital functional units. Tetrapyrroles became
part of the metabolism of early livings, and

dynamics are described. Their role as antioxidants and photoactive agents are
discussed, introducing the most recent nanomedical applications and
focusing on inorganic and organic nanocarriers exploited in vitro and in vivo.
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are still essential for the physiology of or-
ganisms from all kingdoms of life. Their
overall cell roles include light harvesting,
oxygen transport or storage, and electron
transfer.l]

Major types of cyclic tetrapyrroles are
porphyrins, chlorins, bacteriochlorins, and
corrins. While these categories generally resemble each other
from a structural point of view, few variations in the degree of hy-
drogenation cause a relevant diversification of their biochemical
properties. Porphyrins represent the least hydrogenated group;
some iron (Fe)-coordinated porphyrins form the important pros-
thetic group heme. Hemoproteins, that is, heme-harboring pro-
teins, serve a variety of scopes in virtually all aerobic organisms:
hemoglobins, for instance, transport oxygen in the blood stream
of most vertebrates, myoglobins store oxygen within the muscle
tissue, and cytochromes are key components of electron-transfer
chains and redox cell processes, and leghemoglobins carry oxy-
gen within the root system of beans to symbiotic bacteria.’*
With a pyrrole converted to pyrroline, chlorins are a more hy-
drogenated variation on the tetrapyrrole archetype. They con-
stitute the core structure of most chlorophylls, paramount pig-
ments for photosynthesis that are widespread in plants, green
algae, and cyanobacteria. Other common chlorophyll features
are one or more side substitutions (including a long hydro-
carbon chain), a fifth ring attached to the macrocycle, and
a central magnesium (Mg) ion.>®! A further reduction on a

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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second chlorin pyrrole defines bacteriochlorins, backbone of
bacteriochlorophylls—photosynthetic pigments in different taxa
of autotrophic bacteria.l>”] Corrins, finally, are more highly hy-
drogenated tetrapyrroles that constitute a fundamental compo-
nent of cobalamins (vitamin B,).1>#]

Linear (i.e., non-cyclic) tetrapyrroles include certain luciferins,
responsible for the bioluminescence of a diverse group compris-
ing animals and protists,®! and phycobilins, capturing photons
in the photosystems of some algae and cyanobacteria.[®! Degra-
dation can also linearize cyclic tetrapyrroles, and some of such
products have a biological relevance on their own: bilirubin, a
catabolite of heme, seems to have a potent physiological antioxi-
dant activity.['%]

Breakdown products of chlorophylls, as well as any otherwise
natural or artificial variation of chlorophyll, are generally termed
chlorophyll derivatives. In a broad sense, the expression can refer
to any chlorophyll-related compound./'!!

The chemical structure of chlorophylls prevents their direct
use in drugs that need to cross the cell membrane without al-
teration. Purified chlorophylls are insoluble in water and poorly
soluble in organic solvents; in water and biological media, they
form aggregates with decreased photoactivity, unsuitable for for-
mulation as intravenous drugs. Chemically modified derivatives
have been synthesized to obtain active molecules tailored to ap-
plications as drugs, catalysts, light-harvesting compounds, and
food additives.

The main structural feature of chlorophylls, the macrocycle,
is preserved in most derivatives of technological interest. Elec-
trons of the tetrapyrrole can be excited by radiation in the visi-
ble and near-infrared (NIR) part of the spectrum: depending on
the chemical structure of the derivative and on the surround-
ing medium, excited states can relax via radiative processes (fluo-
rescence, phosphorescence) or non-radiative processes (thermal
relaxation, charge transfer, or energy transfer). The degree of
reduction of the macrocycle, the coordination of a metal ion,
and the presence of substituents dramatically change the chem-
istry of chlorophyll derivatives, from compounds acting as radi-
cal scavengers, used as antioxidants, to photosensitizers that in-
duce light-stimulated cell damage, employed in photodynamic
therapy (PDT) of tumors.!'?] Regarding other biomedical applica-
tions, they have been proposed as sensitizers for vision and pho-
tothermal therapy, disinfectants, as well as promotors of wound
healing.[13-16]

The activity and selectivity of chlorophyll-based photosensi-
tizers have been improved using molecular strategies, selecting
and modifying compounds with higher quantum yield (¢,) to-
ward photosensitization, lower dark toxicity, and absorption at
the proper wavelength for the desired application. Despite the
higher solubility of chlorophyll derivatives compared to their par-
ent compound, their pharmacokinetics is still significantly unop-
timized. Over the latest two decades, several solutions to improve
bioavailability, accumulation in the target tissue, and cellular up-
take have been proposed, many of which are based on inorganic
and organic nanoparticles (NPs).[7]

Very recently, an increased interest toward chlorophyll deriva-
tives and their applications has been registered among the sci-
entific community, as it can be appreciated by the high num-
ber of published reviews focused on this topic. However, recent
works have been mainly centered on the description of their
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metabolism, bioactivity, and bioavailability.'®-2% Some attention

has been laid also on their applications, from food industry and
medicine,[?! to the integration into organic solar cells!??! and in
controlling infective diseases, such as dengue vectors.[?3! Several
reviews have described recent progresses in the use of chloro-
phyll derivatives as outstanding natural photosensitizers em-
ployed for PDT,1242] for instance in the treatment of psoriasis!?¢!
and urologic malignancies.!?’]

For instance, in their review focused on porphyrins and their
possible application in tumor imaging and PDT, Ethirajan et
al. described in a detailed way the chemical and optical proper-
ties of synthetic porphyrins and chlorophyll derivatives.!'?] Ra-
jora et al. focused on supramolecular porphyrin structures and
their significant biomedical applications, especially those involv-
ing their photochemical properties; however, their biochemistry
and metabolism was not discussed.[?] More recently, Mansoori
et al. discussed in an extensive way the potentialities of natu-
ral products as photosensitizers in PDT against cancer.?’ The
authors also introduced some chlorophyll derivatives, such as
pheophorbide, chlorin e6 (Ce6), and chlorophyllin.[*! Neverthe-
less, it is worth noting that most of the reviews on chlorophyll
derivatives focus on their applications in PDT, without discussing
their potentialities as vision enhancers, as it will be discussed, in-
stead, in this review. Moreover, an exhaustive discussion on the
biomedical application of chlorophyll derivatives administered by
means of ad hoc-designed NPs is currently missing in the litera-
ture, together with an overview of their use in light-activated sys-
tems both in vitro and in vivo.

Here, we aim at offering a comprehensive discussion of the
chemophysical and biological properties of chlorophyll deriva-
tives, together with a focus on their main potential light-
activated biomedical applications and their recent development
in nanomedicine.

2. Chemophysical Properties of Chlorophyll
Derivatives

2.1. Fundamental Chemophysical Properties

Chlorophylls are cyclic tetrapyrroles carrying a characteristic iso-
cyclic five-membered ring (Figure 1). The isocyclic feature is de-
rived from the C13 propionic acid side chain of heme and pro-
toporphyrin IX, while the C17 propionic acid is esterified with a
long chain alcohol (phytol). They carry Mg?* as the central metal,
while hydrogen (H*) and zinc (Zn?*) ions are found in some
naturally occurring derivatives. The reduction of possible dou-
ble bonds at C7-C8 and C17-C18 maintains aromaticity and, in
fact, most chlorophylls carry a chlorin- (single bond at C7—C8)
or bacteriochlorin- (single bond in both positions) type macrocy-
cle. Only chlorophylls ¢ carries a porphyrin macrocycle, but they
are not esterified at C17; structurally, they are chlorophyllides.
In most chlorophyll derivatives, natural and artificial, the phytol
residue is removed by hydrolysis. The phytol is useful for aggre-
gation in micelles, for interacting with other pigments and cofac-
tors, and as a handle in enzymatic processes. Its high lipophilicity
is often undesirable in drugs, and its removal does not affect the
photochemical properties of the isolated macrocycle.

The aromaticity of the tetrapyrrole moiety and the reactivity of
the functional groups in the side chains define the chemistry of

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 1. Structure of chlorophyll derivatives. A) Chemical structure of a generic chlorophyll (chlorin type), with the IUPAC-approved numbering of
sites. The most common sites for chemical modification are highlighted in red. B) Chlorophyll a and some related compounds (C,E) naturally occurring
derivatives, D) a precursor, and F-H) synthetic derivatives) are depicted to highlight their structural relationships and naming conventions.

chlorophylls and their derivatives (Figure 1). The meso positions
along the macrocycle are susceptible to electrophilic reactions.
The C7-C8 double bond in chlorin can be modified with addition
and oxidation reactions without compromising the aromatic de-
localization. The C3 vinyl group can be similarly modified, ester
groups in C17° and C13? can be transesterified and saponified,
and ring E can be modified exploiting enolization. Finally, the
central metal atom can be removed and replaced.*"!

2.2. Photophysical and Photochemical Properties

Light absorption by tetrapyrroles is associated with # — z* tran-
sitions from the ground state (S,) to short-lived excited states
(S,)- The visible and NIR absorption spectrum of tetrapyrrole
macrocycles is characterized by two bands: one occurring at
around 400 nm, called B-band or Soret band, and another over the
range 600-800 nm, the Q-band. The position of the Q-band co-
incides with the upper limit of the optical window for photother-
apy (650-1350 nm), where the penetration of light in tissues is
maximized.

Reduced tetrapyrrole macrocycles, that is, chlorin and bacte-
riochlorin, show a progressively red-shifted Q-band when com-
pared to porphyrins. The Soret band is blue-shifted and split in
the case of bacteriochlorins. The presence of the isocyclic ring in
chlorophylls red-shifts the visible absorption of the tetrapyrrole
and increases its intensity, by reducing the symmetry of the con-
jugated macrocycle. Substituents carrying carbonyl groups in-
duce a red shift of the Soret band, while the effect on the Q-band
depends on their position: blue shift along the x-axis (C7), red
shift along the y-axis (C3, C13'). The chelation of a central metal
increases the symmetry of the macrocycle, inducing a blue shift
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of the Q-band, which decreases in intensity and collapses to two
peaks.

S, excited states rapidly decay non-radiatively to the first ex-
cited state S, via internal conversion. The chlorophyll derivative
can return to the ground state via non-radiative vibrational relax-
ation, fluorescence, or passing through a triplet state (T}) through
a forbidden electronic transition (intersystem crossing, ISC). Re-
laxation from T to S, can be radiative (phosphorescence, due
to the longer lifetime of triplet states), or occur through interac-
tion with surrounding chemical species in two ways: with charge
transfer to molecular substrates to form radical species, which
in turn react with oxygen to form reactive oxygen species (ROS)
(Type I reaction), or with a direct energy transfer to the ground
triplet state of molecular oxygen (*0,) to form singlet oxygen
(*O,) (Type 1I reaction) (Figure 2). Type I and Type II processes
are at the basis of PDT, as discussed in Section 4.1.

The specific relaxation pathway is determined by the struc-
ture of the derivative and its surroundings. The selection of the
central metal provides a most effective way to modify the pho-
tochemical behavior of the tetrapyrrole. Heavy metals increase
ISC, resulting in the generation of more triplet electrons, pro-
moting phosphorescence and ROS generation.3233] Diamagnetic
ions, like Mg?* and Zn?*, increase the singlet state lifetime while
minimizing ISC, promoting fluorescence, and energy transfer in
photoreceptors. Conversely, paramagnetic ions (Mn**, gadolin-
ium, i.e., Gd**) shorten the lifetime of excited states, promoting
internal conversion and thermal relaxation." The capability of
the tetrapyrrole to coordinate most metals allows the introduc-
tion of ions used in imaging techniques like magnetic resonance
imaging (MRI) or positron emission tomography.>+33]

Light activation of chlorophyll derivatives depends also on
intermolecular interactions. Dispersive interaction and z-z

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. Photochemistry of chlorophylls. A) Jablonski diagram showing possible relaxation pathways of excited chlorophyll derivatives. B) The three
photoactive compounds representing the types of chlorophylls found in nature (note that most bacteriochlorophylls are not bacteriochlorins, yet rather
chlorins). C) spectra of porphyrin-, chlorin-, and bacteriochlorin-type chlorophylls. Reproduced with permission.[311 Copyright 2013, Elsevier.

stacking contribute to the formation of aggregates, which mod-
ify the position of the Q-band while decreasing its intensity. In
the case of face-to-face aggregates (J-aggregation), the Q-band is
red-shifted, while for side-to-side aggregates (H-aggregation) it is
blue-shifted. Aggregation may be inhibited with the introduction
of bulky substituents; steric hindrance distorts the macrocycle,
weakening intermolecular interactions.

3. Biochemical Properties of Chlorophyll
Derivatives

3.1. Metabolism

Chlorophylls are the primary photosynthetic pigments in
plants, and are synthesized in the thylakoid membrane of
chloroplasts.[*®] Chlorophyll is located in protein complexes of
photosystem I and II; its content varies during the different
phases of the plant’s life.’”] Chemically, chlorophylls present a
tetrapyrrole porphyrin ring very similar to that of heme, even
though it chelates Mg instead of Fe, and an esterified phytol.
Different chlorophyll forms display peculiar pigmentation prop-
erties, correlated to their specific chemical structure.*®! Chloro-
phylls a and b are primarily found in edible plants, whereas
chlorophylls ¢, d, and f are mainly present in cyanobacteria,
diatoms, dinoflagellates, and algae.***’l Once removed from
their physiological location, chlorophylls become very sensitive
to light, high temperature, low pH, enzymes, and oxygen, both
in vitro and in vivo.[*! Indeed, chlorophylls can be converted
into other compounds by means of specific biochemical reac-
tions. Catabolism of chlorophyll follows the so-called “pheophor-
bide a oxygenase (PAO)/phyllobilin” pathway, widely studied
in the processes of leaf senescence and fruit ripening.*?! Cur-
rently, all known catabolic products except one are derived from
chlorophyll a, which upon loss of the phytol chain and Mg de-
chelation becomes pheophorbide a. This reaction is catalyzed
by the enzyme chlorophyllase, responsible for the hydrolyza-
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tion of the phytol chain, the creation of chlorophyllide a, and
Mg de-chelation. While this process has been confirmedly doc-
umented during fruits ripening, some doubts have been raised
on its involvement in leaves senescence.[**4] Indeed, also pheo-
phytinase (PPH) has been demonstrated to de-phytilate chloro-
phyll, originating pheophytin during leaf senescence,*! and
the so-called STAY-GREEN (SGR) enzyme has been shown to
be responsible for Mg de-chelation.*! In conclusion, SGR and
PPH are involved in the formation of pheophorbide a in plants.
PAO accounts for the formation of phyllobilins, by opening the
macrocycle and producing a linear tetrapyrrole structure.[*’] The
resulting phyllobilin (red chlorophyll catabolite) is then trans-
formed into a primary fluorescent chlorophyll catabolite, and ex-
ported from chloroplasts to the cytosol.[*®! Here it can be mod-
ified, generating many different structures that are imported
into the vacuole, thanks to an adenosine triphosphate (ATP)-
binding cassette transporter.[*’! In the final reaction, due to the
vacuolar acidic pH, non-fluorescent chlorophyll catabolites are
originated by isomerization.[] Notably, cleavage of the isocyclic
rings procure very complex structures that can be employed as
photosensitizers.['8>1]

During food processing, conventional thermal treatments and
acidification can induce the formation of chlorophyll deriva-
tives. Indeed, in acidic conditions, pheophytin can be origi-
nated by displacing coordinated Mg with H. In presence of
other metal ions—such as copper (Cu), cobalt (Co), Fe, and
Zn—metalloporphyrins,[®2) semisynthetic derivatives including
sodium (Na)-Cu chlorophyllin (SCC),53] Fe-pheophytin, and Fe-
chlorins can be produced.’***! In order to preserve color, flavor,
and nutritional properties of chlorophyll, it is essential to avoid its
degradation in foods. Recently, the introduction of controlled at-
mosphere, non-thermal procedures, and post-harvest treatment
with phytohormones has led to the retention of chlorophyll con-
tent and color in food.[5%! For instance, high-pressure processing
has demonstrated to be suitable for increasing cell disruption,
facilitating intact chlorophyll extraction.l>”]

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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3.2. Bioavailability

Chlorophyll is the most diffused lipophilic pigment known, and
it is present in diverse quantities among different edible plants.
It is well known that its amount can vary also depending on cul-
tivation and processing strategies. Dark-green vegetables (e.g.,
spinach) are the main source of chlorophyll in our diet,”® to-
gether with green fruits, olive oil, and edible seaweeds.[3%-¢1]
Currently, chlorophylls are widely employed as food additives
and for monitoring agriculture and ocean productivity, thanks
to their natural color. Interestingly, chlorophyll pigments have
demonstrated unique bioactive properties, therefore raising in-
terest in the scientific and medical communities.’! Indeed,
they contribute to cancer prevention, display antioxidant and
antimutagenic activities, can induce apoptosis, and present an-
timicrobial and anti-inflammatory properties. Many studies have
been performed in order to unravel the bioavailability of chloro-
phyll derivatives, which is strictly related to their chemical struc-
ture. Modifications in their chemistry change their ability to
bind proteins!'®l and their stability during circulation in the hu-
man body.[®?] For instance, the presence of the phytol chain in-
creases their hydrophobicity, while rearrangements in periph-
eral positions and in the isocyclic ring influence their absorption
properties.!18]

Concerning the preferential metabolic paths exploited in our
body, native chlorophyll follows the lipophilic absorption route
due to its polarity and reactivity, while metalloderivatives (such
as SCC) preferentially use the water-soluble route. As for other
food ingredients, these molecules become bioavailable by release
in our body thanks to the digestive processes and the subse-
quent interactions with gastric and intestinal juices. Successively,
they are solubilized in aqueous environment (if water-soluble)
or transferred to bile salt-lipidic micelles (if lipophilic), trans-
ported through enterocytes, and finally, secreted into systemic
circulation.l®’] Some of the most important aspects to be investi-
gated for understanding the beneficial effects of chlorophyll and
its derivatives on human health are their reactivity in the diges-
tive tract and their bioavailability in the gut, before reaching the
blood circulation. First studies identified porphyrins in urine,
indicating chlorophyll bioavailability.**) However, during diges-
tion, in the acidic gut lumen, native chlorophyll can be signif-
icantly modified and converted into pheophytins.[®] Researches
on the digestion and absorption of chlorophyll derivatives used in
food industry, for instance Cu-chlorophyllins and Zn derivatives,
demonstrated that Cu and Zn ions remained bound to porphyrin
also after digestion, in contrast to what happens in the case of
Mg.[%] This observation suggests that the pharmacokinetic prop-
erties of the derivatives depend on the central metal ion, re-
sponsible for recognition by the active transport system and by
the enzymes involved in chlorophyll metabolism.[%?] More recent
investigations, performed in rabbits(®®! and human plasma,l’]
have demonstrated that chlorophyll was partially converted to
pheophorbide prior to absorption, possibly by means of digestive
enzymes or gut microbiome. Chlorophyllide and pheophorbide
have been shown to be involved in enterohepatic circulation, be-
having similarly to bile salts in the gastrointestinal tract.[®*) Some
in vitro digestion studies have demonstrated that different deriva-
tives are differentially absorbed: chlorophyll a derivatives were
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micellarized more than chlorophyll b derivatives.[®*%] In other
studies, no significant differences were found in the micellar-
ized amounts.”% These variations could be explained by com-
petitive micellarization inhibition or by transport mediated by
other compounds absorbed with the same mechanism.[*°] Food
matrix effects could also play an important role on bioavailability
and would need further characterization in the next future.(®®
Changes observed in the absorption routes may also be justi-
fied by structural properties, solubility, and metabolism between
the different species. More lipophilic chlorophylls and pheo-
phytins typically require micellarization,!®>%] while hydrophilic
pheophorbides can be absorbed by simple diffusion and facili-
tated transport by ATP-binding cassette subfamily G member 2
(ABCG2) transporters,’! favoring apical efflux and thus limit-
ing/controlling their bioavailability.[”?!

A recent work analyzed liver extracts from mice fed with
a chlorophyll-rich diet, to measure the amount of chlorophyll
metabolites. Authors found that the formation and/or absorp-
tion of pheophorbides, pyro-derivatives, and phytylchlorin e6 re-
quired a first-pass metabolism. Moreover, pheophorbide a ab-
sorption was partially dependent on scavenger receptor class B
type I (SR-BI), a receptor for high-density lipoprotein. It was also
hypothesized that a complementary pathway based on the de-
esterification of pheophytin a in the liver, yielding pheophorbide
a and phytol, could justify its origin in the liver.”*! In an interest-
ing study, pheophorbide was found to be preferentially absorbed
by myeloma cells respect to normal mouse splenocytes, indicat-
ing a better affinity for tumor cells and paving the way to its pos-
sible application as photodynamic agent for cancer treatment.!’*!

SCC was characterized in human plasmal”®! and studies per-
formed in vivo allowed to determine its presence in specific
tissues.l’®] SCC, due to its partial hydrophilicity, can be absorbed
via facilitated diffusion and a portion of Cu-chlorin e4 (Cu-Ce4),
the predominant component of SCC, or its metabolites are ab-
sorbed from the human intestine.”’! Upon feeding Wistar rats
with commercial Cu-Ce4, it was found in serum, liver, and kid-
neys, indicating absorption in its intact form. Moreover, it was ob-
served an oxidative stress reduction in brain tissues in vivo, thus
indicating protection through permeation across the blood-brain
barrier.”®! Chlorophyllin, a semi-synthetic derivative of chloro-
phyll, was administered as a supplement to humans, and their
serum was found to contain Cu-Ce4 ethyl ester as well as Cu-
Ce4, which conferred a peculiar green color. This observation
suggested that the two chlorin derivatives were absorbed and
bioavailable in vivo.[”®! Interestingly, metallochlorophyll deriva-
tives distribution was analyzed in human blood fractions, and it
was found that only a small fraction of the pigments was bound
to cellular components in blood. The distribution among low-
density lipoproteins, high-density lipoproteins, and high-density
proteins was influenced by many chemical factors, such as polar-
ity, presence of specific substituents, and metallic complexes.[8]

Unfortunately, systematic studies estimating the overall ab-
sorption and bioavailability are very limited. even though in vitro
and in vivo researches point out that chlorophyll and its deriva-
tives remain poorly bioavailable and present similar absorption
levels. A more comprehensive study on specific tissue distribu-
tion, metabolism, and absorption kinetics will be required in the
next future to complement biomedical and nutritional findings.

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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3.3. Antioxidant Activity

Many endogenous and exogenous factors are responsible for the
formation of free radicals in our cells. Indeed, ROS are usu-
ally produced by our metabolism, in particular during mito-
chondrial respiration, drug metabolism, and inflammation, but
their increase can also be favored by exogenous causes such
as smoking, air pollution, infection, ionizing, and UV radia-
tions. While it is essential to maintain a correct balance be-
tween production and removal of ROS, their accumulation can
significatively impair proper cellular functioning and damage
cellular components (cell membrane, proteins, and DNA), pro-
moting inflammatory processes and oxidative stress. Indeed, if
ROS are not correctly scavenged by endogenous enzymes or
antioxidant molecules, they start accumulating, giving rise to
the onset of pathologies such as cancer, premature aging, neu-
rodegenerative diseases, and diabetes.[®!] The modulation of ox-
idative stress can be achieved by administration of antioxidant
molecules able to prevent, reduce, or favor ROS inactivation
by endogenous mechanisms.[®?! Even though very promising,
this approach presents some limitations mainly due to their low
bioavailability and solubility in water, easy degradation in physio-
logical conditions,!®! and difficulty in crossing the blood-brain
barrier, that constitutively protects our central nervous system
from hazardous molecules.

Chlorophyll and its derivatives have been reported to pre-
vent or decrease oxidative stress inside cells, by stimulating
their physiological antioxidant pathways.¥*] They effectively
scavenge different free radicals species, such as hydrogen per-
oxide (H,0,), hydroxyl radical (*OH), and '0,.[8-%] Moreover,
they have been demonstrated to inhibit lipid peroxidation in
vitro,I¥#1 in vivo,* and ex vivo.’”] Researches performed
on these compounds as antioxidant molecules have mainly
focused on chlorophyll a, chlorophyll b, and their catabolites.
Nevertheless, collected observations have been partially con-
tradictory. Some studies have suggested that chlorophyll a
and metal derivatives exhibit greater antioxidant ability, while
metal-free molecules such as pheophytins and pyropheophytins
display lower antioxidant properties.®2 Other researches
have demonstrated that porphyrin is fundamental for reducing
free radicals, and chelation of Mg enhances this property.*>*
Further works have found that chlorophyll a presents a re-
duced antioxidant ability respect to other pigments, while
pheophorbide b and pheophytin b resulted to be the most potent
antioxidant molecules, thanks to the presence of the aldehyde
group.®! Cu-chlorophyllin gave a more potent antioxidant
capacity than natural chlorophylls, due to the specificity of
the chelated metal.®®! Interestingly, the central metal ion en-
hanced the in vitro antioxidant activity when compared to that
of metal-free chlorins, pheophytins, and pyropheophytins.[**!
Chlorophyll and SCC were effective in reducing oxidative stress
and influencing the redox status of human pancreatic cells.!]
Chlorophyll a demonstrated to be more efficient as free radical
scavenger and reducing intracellular ROS production with
respect to chlorophyll b, and pheophytins showed greater ability
than chlorophylls.>] The pigments performed their beneficial
activity also reducing mitochondrial superoxide production in
human pancreatic cancer cells. Hepatoma cells treated with
heavy metals showed reduced oxidative stress upon treatment
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with SCC and chlorophyll-rich spinach extract.*! Interestingly,
metalloporphyrins have been reported to block ROS generation:
an Fe-containing chlorophyllin, Fe-Ce6, was more effective than
chlorophyllin (Cu-containing chlorophyll) in suppressing H,O,
cytotoxicity and apoptosis in human Jurkat T-cells.’®! As it has
been demonstrated in the reported studies, chlorophyll and its
derivatives efficiently work as powerful antioxidants, reducing
ROS levels. However, it has to be noticed that, compared to
other antioxidants such as carotenoids and tocopherols, they
need higher concentrations to reach similar effectiveness.”’! In
vitro studies have demonstrated that the antioxidant activity of
chlorophyllins relies on the upregulation of heme oxygenase-1
(HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO1), at
least during H,O0,-induced oxidative stress,’®®! and on the
induction of mammalian phase 2 proteins involved in cellular
protection against oxidants and electrophiles.['%] Chlorophyllin
prevented oxidative stress induced by ionizing radiation (y-
radiation),87881011  photosensitization,[#”#8]  ascorbate-Fe?*,
NADPH-ADP-Fe**, and azobis-amidinopropane hydrochloride
both in vitro and ex vivo.[*”] Moreover, chlorophyllin and pheo-
phytin a efficiently inhibited superoxide anion (O,~) generation
by 12-O-tetradecanoylphorbol-13-acetate in differentiated HL-60
cells!'??l and in mouse macrophage cells,**] and the production
of *OH by Fenton reaction.['%?] Wang et al. demonstrated that
chlorophyll was absorbed, improving resistance to oxidative
stress and promoting prolonged lifespan in Caenorhabditis
elegans.[1%4]

In conclusion, data demonstrating the antioxidant activity of
chlorophyll and chlorophyll derivatives can be dependent on the
nature of each pigment and results can be related to the spe-
cific kind of free radical analyzed, to the experimental conditions
tested, and to the fact that most of the data are obtained in vitro.
Therefore, more in-depth investigations will be needed in in vivo
models.

3.4. As Nutrients and Drugs

Researches performed in vitro and in vivo indicate that
chlorophylls and their derivatives can have antimutagenic,
antigenotoxic, and antitumorigenic effects, and can regulate
the metabolism of xenobiotics, carcinogens, and mutagens
in simple organisms, animals, and humans. Chlorophyll
has been reported to be involved in chemoprotection pro-
cesses. Upon administration to trouts as a dietary supple-
ment, it avoided dibenzo[def,p]chrysene-induced DNA adduct
formation,['®] while it efficiently prevented the genotoxic
effects of 4-nitroquinoline 1-oxide in Drosophila upon oral
administration.'%! Interestingly, administration of ascorbic
acid and chlorophylls a and b protected Drosophila larvae from
acrolein genotoxicity.'””] Chlorophyll and SCC have been shown
to prevent the development of liver cancer in adults exposed to
aflatoxin.1%1%] The mechanism at the basis of the antimuta-
genic activity has been explained by the preferential binding of
mutagens in the digestive tract, able to modify their bioavailabil-
ity and thus their DNA damaging effects,['1%114] and their ab-
sorption, able to modify the activity of specific enzymes.[7:11:116]
It has been demonstrated that chlorophyll derivatives can in-
hibit cytochrome P450 enzyme and other hepatic enzymes
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responsible for the bioactivation of carcinogens.[''”18] Further-
more, they can enhance the degradation of specific mutagens
or promote the activity of detoxification inside cells.'!?] It
has to be noted that, depending on the experimental condi-
tions tested, the function of purified chlorophyll derivatives
can be hugely different, working both as tumor promoters or
antitumoral agents.['"122] Pheophorbide a and chlorophyllin
have been demonstrated to induce growth arrest,'?*! block
proliferation,['?*]  stimulate cell differentiation, and trigger
apoptosis.[12>126] Interestingly, some molecules have shown also
antiviral activity: pheophytins were able to inhibit the absorp-
tion and penetration of herpes simplex virus in vitrol'?’] and
pheophytin a inhibited hepatitis C virus replication.!1?8]

Since many years, chlorophyllin derivatives have also been
used in wound healing in animals!'?*!3% and humans.[131-133]
Some studies reported their application in different acute dis-
eases, sepsis, infection, and ulcers.!16132134135] Recently, chloro-
phyllin has been shown effective as inhibitor of hyaluronidase in
vitro, suggesting its application as anti-aging component in cos-
metic products,!'3®] and already demonstrated to be successful in
some human pilot studies.[1¢13]

Remarkable immunostimulatory and immunomodulatory ef-
fects have been proven for chlorophyllin!*37138] and pheophorbide
a.1'¥] Moreover, pheophorbide a and pheophytin a exerted their
anti-inflammatory effect in lipopolysaccharide-induced RAW
264.7 murine macrophages, showing a dose-dependent inhibi-
tion of nitric oxide production and suppression of inducible nitric
oxide synthase.!'*] Finally, chlorophyll derivatives, thanks to their
photophysical properties, have been employed as photosensitiz-
ers for PDT. In this case, upon specific illumination, tetrapyrroles
can generate ROS inducing oxidative stress with subsequent cell
apoptosis.!141l

4. Light-Activated Biomedical Applications of
Chlorophyll Derivatives

4.1. As Photoactive Agents

As shown in Section 2.2, chlorophyll derivatives have peculiar
optical properties that can be exploited in several biomedical
applications.['*?] Among them, PDT is one of the most studied.
PDT is a medical treatment that involves the use of specific light-
sensitive molecules (photosensitizers) and a light source to in-
duce damage to diseased tissues or cells. Commonly, PDT is em-
ployed to treat tumors;1**] nevertheless, it has received attention
also in antimicrobial therapy!*! and to treat age-related macular
degeneration.!'*] As already described in Section 2.2, in PDT, a
photosensitizer is excited by light at a specific wavelength from
its ground state (S,) to a short-lived excited state (S,,).1*1°] To
relax back to the ground state, the photosensitizer undergoes a
series of non-radiative and radiative decay processes (Figure 2).
In PDT, it is pivotal that the photosensitizer can effectively pop-
ulate the excited triplet state (T;) and relax back to the ground
state prevalently by Type I and Type II processes that lead to the
formation of ROS and 'O, ROS and 'O, are very reactive and
can damage surrounding tissues by activating several apoptotic
and necrotic mechanisms in cells.['*] Excitation of chlorophyll
derivatives predominantly activates Type II reactions with the for-
mation of '0,. The efficiency of 'O, generation is measured by
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the 10, ¢,, that is, the number of singlet species over the number
of photons absorbed. 10, is a short-lived, highly reactive species,
whose average diffusion length is 10-55 nm in cellular media.
Cellular damage induced by photosensitizers is, thus, very local-
ized and the overall performance depends on their cellular up-
take and distribution. The aggregation of the photosensitizer af-
fects the pharmacokinetics and pharmacodynamics, both by in-
fluencing its localization in the cell and decreasing the ¢, of 10,
(shorter triplet lifetime).

The ideal photosensitizer for PDT must fulfill some specific re-
quirements: it should be easily obtained as a pure substance with
well-known chemical and optical properties; the toxicity should
be triggered only by light irradiation at specific wavelengths, it
should be soluble and stable in the biological milieu, it should
work in the spectral range of 650-850 nm, where light penetra-
tion in tissues is at its maximum, it should have high yields of
T, formation and 'O, and ROS production, it should selectively
accumulate in the target tissue, and it should be rapidly cleared
from the body after the treatment to avoid undesired phototoxic-
ity in healthy tissues.

In this context, chlorophyll derivatives are good candidates for
PDT with respect to conventional sensitizers (e.g., hematopor-
phirin), as they fulfill most of the requirements listed above.
Chlorophyll derivatives can be extracted with high purity from
natural sources or easily obtained with simple reactions from
chlorophyll extracts, they show little to no dark toxicity and they
are rapidly cleared from the body.!'*] Their optical properties and
high ¢, of ROS are also interesting for PDT. In fact, light scat-
tering and absorption, mainly due to hemoglobin and melanin,
limit the penetration of light in tissues. To stimulate photosen-
sitizers in regions deeper than a few millimeters, their Q-band
should be above 650 nm and ideally around 800 nm. A further red
shift of the absorption maximum would generate a gap between
T, and S, that could be lower than the energy of '0,, 0.97 eV,
resulting in no singlet generation. As shown in Section 2.2, the
typical Q-bands of chlorophyll derivatives fall within the correct
range.

Natural chlorophyll a has a high !0, ¢, (0.57 in CCl,);[}*®]
however, due to its poor solubility in water, its tendency to ag-
gregate and its instability in the biological milieu, its applica-
tion in PDT is severely hampered.'*”] Pheophorbide a has a
maximum photoactivity when irradiated at 670 nm, with ¢, of
0.6!'8] and a higher dark and light stability compared to chloro-
phyll a. For this reason, its potentialities in PDT have been ex-
plored in preclinical studies.['*”] For instance, Liu et al. studied
the effect of pheophorbide-based PDT on human prostate can-
cer PC-3 cells in vitro, showing an inhibition of cell proliferation,
apoptosis induction, and inhibition of tumor invasivity and mes-
tastasis capacities.'* A derivative of pyropheophorbide a was
tested both in vitro and in vivo as photosensitizer for PDT against
subfoveal choroidal neovascularization due to age-related mac-
ular degeneration, with promising results.['**] Purpurin-18, ob-
tained by oxidative cleavage of pheophorbide and its esters, and
chlorin p6, obtained by alkaline hydrolysis of purpurin-18, have
also been investigated as potential photosensitizers in PDT.[*>!]
Purpurin-18 is a hydrophobic molecule that absorbs light at
704 nm and has a ¢, of 0.6 (in toluene), while chlorin p6 is
also stable in aqueous environments at pH 7.4, with light ab-
sorption at 656 nm and ¢, of 0.6 (measured in ethanol).['>?]
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Purpurin-18-mediated PDT has been recently shown to prevent
the growth of triple-negative breast cancer, both in vitro and
in vivo.!133]

15!-hydroxypurpurin-7-lactone dimethyl ester was shown to
induce occlusion of capillaries and blood vessels in vivo upon
appropriate light stimulation; it is, therefore, potentially suit-
able for the treatment of tumors and age-related macular
degeneration.['*] Nevertheless, the most advanced chlorophyll
derivative in clinical studies is Ce6 and its derivatives. Ce6,
formed by anaerobic alkaline hydrolysis of pheophorbide a,
is quite soluble in biological media, absorbs light between
650 and 670 nm, and has a 'O, ¢, of about 0.7 in phos-
phate buffer.'>] Ce6 accumulates in tumors and is cleared fast
from the organism.['*) Some chlorin derivatives have been al-
ready accepted in clinical practice or are undergoing clinical
trials for tumor ablation mediated by PDT.'#”:16157] For in-
stance, Foscan, a chlorin-based photosensitizing agent known
as meso-(tetrahydroxyphenyl) chlorin (WTHPC) or Temoporfin,
has been approved by the European Medical Agency in 2001118
for the treatment of advanced head and neck squamous cell
carcinoma;[®°! nevertheless, strictly speaking, Temoporfin is a
synthetic compound that aims at mimicking natural chlorin
derivatives and it cannot be really considered a product obtained
from natural sources.l'?] Other chlorin derivatives proposed
for PDT are mono-L-aspartyl Ce6 or Talaporfin,['!l approved in
Japan in 2004 and marketed as Laserphyrin,['®?! monoseryl Ce6
and Sn(IV) Ce6.['*”] Mono-L-aspartyl Ce6 has also been studied
as a potential photosensitizers for the treatment of age-related
macular degeneration.[') Ce6 and its derivatives were also tested
as antimicrobial PDT agents. For instance, Jeon et al. demon-
strated the efficacy of PDT with Ce6, stimulated with an halo-
gen light, in inactivating several skin bacteria, and, in particu-
lar, Propionibacterium acnes, offering a valid alternative to conven-
tional antibiotic therapies.['®* Uliana et al. tested the activity of
Ce6 and its hydrogenated derivative (Ce6H) as antimicrobial PDT
agents.[1®] In particular, they synthetized both Ce6 and Ce6H
starting from methyl pheophorbide a, obtained by methanolic ex-
traction from the alga Spirulina maxima. The antimicrobial PDT
activity of these two photosensitizers against a Gram-positive
(Staphylococcus aureus) and a Gram-negative (Escherichia coli) bac-
terium, and a fungus (Candida albicans) was then studied. Re-
sults demonstrated that both Ce6 and Ce6H were effective in
inhibiting bacteria and fungus growth; nevertheless, the deriva-
tive Ce6H showed higher efficacy against E. coli and C. albicans
as compared to Ce6.11%] Several chlorin derivatives with cationic
functionalization were obtained by Huang et al. from pheophytin
a and tested as antimicrobial PDT agents against S. aureus, E. coli,
and C. albicans.'%¢] The authors demonstrated that the function-
alization, chemical structure, and charge of the photosensitizers
have a strong impact on their activity and they should be carefully
evaluated, depending on the target; for instance, a higher num-
ber of cationic charges enhances the efficacy on C. albicans and
E. coli.l1%] Diogo et al. compared the efficacy of Zn(II)chlorin e6
methyl ester (Zn(II)e6Me) as a photosensitizer for human dentin
discs and root blocks photodynamic disifenction, with that of Fo-
toSan, a commercial Toluidine Blue O formulation, demonstrat-
ing the higher efficacy of Zn(Il)e6Me, with lower side effects.[1?’]
Zn(Il)e6Me-mediated PDT disinfection had higher efficacy also
compared with 3% sodium hypochlorite (NaOCl) treatments of
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root blocks; however, the opposite trend was found in the treat-
ment of dentin disks.[*¢”]

Bacteriochlorophylls, with their high extinction coefficients
(410 x 10* m~'cm—!) and longer activation wavelengths (4.,
= 760-780 nm), are also extremely interesting for PDT; how-
ever, their lower stability as compared to chlorophyll derivatives
and their insolubilty in aqueous environments make their cur-
rent application still limited.['®] Nevertheless, padeliporfin, a
palladium-substituted bacteriochlorophyll derivative soluble in
water, has been accepted in 2017 by EMA for PDT against
prostate cancer and marketed as Tookad.['®] Clinical trials are
also ongoing for the treatment of other kind of cancers and age-
related macular degeneration.!'’%"!ITechnological advances for
the photostimulation of photosensitizers in PDT have been de-
veloped in the past decades. In particular, nonlinear optical phe-
nomena provide useful tools to circumvent absorption by tissues.
Two-photon absorption (TPA) allows the excitation of photosen-
sitizers with NIR radiation. For instance, the Soret band and Q-
band of Ce6 move from 380 and 650 nm to 700 and 1050 nm in
the two-photon spectrum.!['”2] However, due to its limited absorp-
tion cross-section, photosensitization by Ce6 undergoing TPA is
ineffective. To improve the photoconversion by TPA in PDT, the
FRET (Forster resonance energy transfer) stimulation of Ce6 cou-
pled with upconverting NPs (Yb** and Er** doped NaYF,) has
been proposed.['’?! In another report, in situ photogeneration ex-
ploiting CARS (coherent anti-Stokes Raman scattering) by lipids
and SHG (second harmonic generation) by collagen has been
used to activate Ce6 in vitro.['’#] In all these nonlinear phenom-
ena, the probability of the absorption event is proportional to the
square of the intensity, allowing for higher sensitivity. The main
limitation is the use of fs lasers with small spot size, increasing
the required dose tenfold compared to traditional PDT.

Despite the potentialities of chlorophyll derivatives in PDT,
their application is limited by their instability in aqueous envi-
ronments and their hydrophobicity. In this sense, nanotechno-
logical solutions have been considered to overcome this issue, as
it will be later described in Section 5.

A thorough examination of alternatives to chlorophyll deriva-
tives in PDT is beyond the scope of the current work. Apart from
other tetrapyrroles, most relevant compounds include a number
of clinically approved synthetic dyes and natural substances, such
as phenothiazinium salts and their variations, as well as Rose
Bengal, curcumin, or hypocrellin.['”>] The first category contains
molecules, like methylene blue and toluidine blue, that com-
bine a good ROS production upon light exposure with an intrin-
sic capability of penetrating microbial cells, which makes them
especially useful as antimicrobial photodynamic agents,!*’¢! but
they have also been chosen to treat diseases with non-infectious
etiology.'””] Rose Bengal has been successfully utilized for the
photodynamic treatment of severe cases of infectious keratitis;
after all, the substance had already established its place in oph-
thalmology, being widely deployed to stain corneal and conjuncti-
val damage.l'7817%] At times, curcumin and hypocrellin have been
used as safe photodynamic agents but, due to their poor solubility
in water, they often require some kind of vector.['”]

Further candidate classes of photodynamic agents are under
study. Squaraine dyes, for instance, absorb strongly in the far-
red/NIR range and yield high quantities of 'O,, the likely most
relevant mediator of toxicity at a cell level; these dyes already gave
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Figure 3. Absorption spectra of different regions within unstained retinal tissue (averages of five specimens) of M. niger, showing peaks compatible
with the presence of bacteriochlotophyll. ELM = external limiting membrane; IPL = inner plexiform layer; ONL = outer nuclear layer; RIS = rod inner
segment; ROS = rod outer segment; RPE = retinal pigment epithelium; TS = tapetal sphere. Reproduced under the terms of the Creative Commons
CC-BY License.[®] Copyright 2016, The Authors, published by Springer Natrue.

promising results in non-clinical investigations.['’>*¥] Coordina-

tion complexes of transition metals are innovative photodynamic
chemicals that are gradually entering clinical trials. While hold-
ing great potential for the field, major obstacles are to be faced in
order to make them practically convenient: their strong points are
that they tend to display particularly pronounced and conceivably
hypoxia-tolerant phototoxicities, and that they could be efficiently
activated via TPA modalities.['®1182] However, two-photon PDT
requires comparatively higher energies, and generally needs sub-
stantial optimization; absorption wavelengths of transition metal
complexes, in addition, need to be tuned to match those ideal (in
terms of penetration depth) for each particular disease.!'3]

4.2. As Vision Enhancers

Starting from the late ‘90s, a series of breakthrough discoveries
from Douglas et al. defined an additional biological function for
chlorophyll derivatives. Besides their well-known role in photo-
synthesis, in fact, they act as enhancers of vision. Specifically, the
group found a first—and still the only known—natural instance
of an animal deploying chlorophyll derivatives for sight: the deep-
sea fish Malacosteus niger, also known as the black loosejaw, has
a green-tuned retina, which does not allow far-red vision on its
own; however, the species accumulates chlorophyll derivatives in
its eye by feeding on algae-eating crustaceans. Thanks to a biolu-
minescent organ, M. niger can shine far-red light and, when this
is reflected by its prey, it hits the fish retina, where it is detected
by chlorophyll derivatives. Through an unclear mechanism, the
energy is eventually transferred to the green-sensitive visual pig-
ment. Ecologically speaking, such adaptation virtually guarantees
stealth predation to the fish, because the majority of organisms
living in its habitat (i.e., the meso-bathypelagic zone) are blind
to long-wavelength light. Spectroscopic analyses showed that the
type of chlorophyll derivatives accumulated by the black loosejaw
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is a blend of degraded, namely de-metalled and de-farnesylated,
bacteriochlorophylls ¢ and d (Figure 3).[18+-188]

Later studies attempted to alter the spectral tuning of verte-
brate visual systems by artificially providing chlorophyll deriva-
tives. Preliminary in vitro bleaching experiments on purified
bovine rhodopsin, a well-characterized vertebrate visual pigment
composed by a photoreceptor protein bound to the chromophore
11-cis-retinal, served to select a promising chlorophyll deriva-
tive for downstream investigations on vision. Using such assay,
Washington et al. screened some compounds, and determined
Ce6 as the preferred choice.®! They went on with injecting Ce6
intravenously in mice, showing that the molecule rapidly reaches
the retina; by means of electroretinograms, the authors found
an enriched photoreceptor response to violet and red light upon
Ce6 administration.[3] Further studies focusing on PDT appli-
cations corroborate the notion that, when Ce6 or similar sub-
stances are provided systemically, in a matter of hours or even
less, they accumulate in the retinal photoreceptor layer.*! Us-
ing tiger salamanders (Ambystoma tigrinum), another team of re-
searchers proved that isolated amphibian photoreceptors also re-
spond to Ce6 treatment with an increased sensitivity toward red
light.[191)

Our group demonstrated that Ce6 strengthens visual capac-
ities of invertebrates as well, at least in the flatworm Dugesia
Jjaponica. Flatworms are photophobic, meaning that they natu-
rally escape from light. Wild-type or visually impaired specimens
were exposed to light, either being preventively soaked in a Ce6
solution or not. Ce6-treated individuals became more responsive
to UV or red light relative to controls, and such effect disap-
peared whenever their sight was compromised (Figure 4).11%?]
Photoreceptor cells sustaining vertebrate vision belong to the
so-called ciliary type. Invertebrate visual systems, in turn,
rely on another kind of photoreceptors, termed rhabdomeric.
The two typologies differ to a large extent in terms of cell
shape, light-transduction machinery, and visual pigments.['3]
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Figure 4. During behavioral assays, enhanced photophobicity is de-
tectable in a greater proportion of flatworms (here, D. gonocephala s.1.)
upon treatment with Ce6. DMSO = dimethyl sulfoxide, indicating controls
matched for solvent composition. ™ = significance for unpaired one-tailed
t-test (@ = 0.01) and for two-tailed Mann-Whitney U-test (« = 0.05). Bars
represent averages of five experimental replicas, deploying 15 specimens
each. Error bars indicate standard error of the mean. Reproduced under
the terms of the Creative Commons CC-BY License.['2] Copyright 2017,
The Authors, published by Springer Nature.

Therefore, whatever the mechanisms sustaining chlorophyll-
mediated sight, the phenomenon pertains to both ciliary and
rhabdomeric systems, suggesting a rather ancient origin.[%?!

Consistently with the idea that Ce6 might work as a trans-
ducer for light stimuli, the visual gain of function imparted by
Ce6 follows its absorption spectrum.['*1%2] The current consen-
sus is that Ce6 binds visual pigments, specifically an opsin with
its retinal cofactor, by directly fitting into a pocket within the pro-
tein but other than the chromophore one. There, it may act as an
allosteric modulator, perhaps via some mechanism mediated by
radicals.[19-1%8]

Chlorophyll derivatives induce photophobicity in humans as
well, at least because the condition is a known side effect of
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PDT.1% There are, nevertheless, unconfirmed claims of Ce6 en-
hancing human scotopic (i.e., night) vision. All things consid-
ered, it looks plausible for chlorophyll-related compounds to have
a biomedically relevant role in human sight one day but, prior
to that, many basic aspects await clarification, including impor-
tant pre-clinical and clinical notions about eye toxicity: in a bright
environment, chlorophyll derivatives may trigger a ROS buildup
that could damage the delicate retinal tissue.

Table 1 summarizes most relevant current and foreseeable
biomedical applications of chlorophyll-related compounds.

5. Nanotechnology and Chlorophyll Derivatives

5.1. Generalities

Some of the major drawbacks of using chlorophyll derivatives in
clinical applications are related to their hydrophobicity and poor
stability in biological fluids. Moreover, in PDT, off-target toxic-
ity due to accumulation in healthy tissues should be avoided as
much as possible to limit side effects.

In the last decades, medical research has experienced a huge
development in order to overcome limitations due to poor solu-
bility and target specificity of many active principles. In particu-
lar, a new branch of nanotechnology known as nanomedicine has
given a huge input in the quest for more effective and precise
treatments.[?%3204] Nanomedicine exploits the well-known pecu-
liar physicochemical properties of NPs such as their small size
(from 1 up to 1000 nm), high surface-to-volume ratio, morphol-
ogy, and properties easily tuned by choosing the right compo-
nents and preparation protocols. NPs offer several advantages as
compared to conventional therapeutic agents: encapsulation of
a high payload of active compounds, increasing their solubility,
biocompatibility, bioavailability, and stability in the biological mi-
lieu; easy protocols for conjugation with specific ligands that can
target the site of action, enhancing accumulation in the desired
location, and reducing side effects; controlled release of active
compounds.[2204] Moreover, NPs can act themselves as thera-
peutic or diagnostic agents, having an active role in the therapeu-
tic approach. In order to be used in biomedical applications, NPs
must be composed of biocompatible components, their physic-
ochemical properties must be well characterized, and their be-
havior in vivo must be thoroughly investigated before clinical
translation.

Currently, there are a plethora of NPs that can be used for med-
ical applications and, in particular, to deliver or to act in synergy
with chlorophyll derivatives. Generally, they are divided into in-
organic and organic NPs depending on their composition.[203205]

5.2. Inorganic NPs

Inorganic NPs are usually composed of metal oxides or pure
metals. Silica (SiO,) NPs, for example, attracted a lot of atten-
tion in biomedical research as drug delivery systems, thanks
to their lower toxicity and higher biocompatibility with respect
to other inorganic NPs based on metal oxides. Their meso-
porous structure and high surface-to-volume ratio allow the en-
capsulation of a significant amount of drug, and their frame-
work is based on silicon-oxygen (Si—O) bonds that are resistant
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Table 1. Summary of the main light-activated biomedical applications of chlorophyll derivatives and their current status, with references related to

examples cited in this review.

Application Photosensitizer

Status References

PDT for tumor ablation

Ceb6 derivatives such as mono-L-aspartyl Ce6 or
Talaporfin, monoseryl Ce6, Sn(1V) Ce6

Pheophorbide a, purpurin-18, chlorin p6

PDT for antimicrobial therapy Mainly Ce6 and its derivatives

PDT for age-related macular Pyropheophorbide a derivatives,

degeneration 15'-hydroxypurpurin-7-lactone dimethyl ester,

and Ce6 derivatives
Vision enhancement
deploying de-metalled and de-farnesylated
bacteriochlorophylls ¢ and d.
Optogenetics Phytochromobilin-, phycocyanobilin-, or
biliverdin-bearing phytochromes and similar
(cyanobacteriochromes) have been evaluated
as possible red-shifted optogenetic tools

Foscan (a synthetic chlorin derivative) and Tookad

Ce6; a natural instance of chlorophyll-aided vision

Currently accepted for the treatment of advanced [158,159,169-171]
head and neck squamous cell carcinoma

(Foscan, 2011) and prostate cancer (Tookad,

2017) by EMA. Other clinical trials are ongoing

Talaporfin has been accepted in Japan (2004) and [147,156,157,161,162]
under clinical trials in other countries. Other
chlorin derivatives are also under clinical trials
or at research stage

Currently at research stage [147,149,151,153]

[164-167]

[150,154,163]

Currently at research stage

Currently at research stage
Currently at research stage

[13,184-188,191,192]

Currently at research stage [200-202]

to degradation in different conditions.[?°! Chlorophyll extracted
from leaves was successfully loaded into SiO, NPs and pre-
served its typical optical features, making this system an interest-
ing bio-friendly approach for medical imaging applications.!2”]
Zhang et al. prepared mesoporous SiO, NPs co-loaded with Ce6
and a prodrug of cisplatin, a conventional chemotherapeutic,
to treat cisplatin-resistant A549R lung cancer cells with chemo-
photodynamic combination therapy.[2%! In vitro tests showed
promising anticancer activity, especially after irradiation with
660 nm light. Other commonly used inorganic NPs are gold
(Au) NPs or Au nanoshells.?®! The latter consist of a dielec-
tric core (generally SiO,) coated a thin layer of Au. These sys-
tems have peculiar optical and electrical properties, low toxic-
ity, and potential biodegradability that make them interesting
for biomedical applications. For instance, it is known that they
can generate a photothermal effect when irradiated with NIR
light.?®] Chuang et al. synthetized Au nanorods covalently con-
jugated to polyethylene glycol (PEG) and polyethylenimine via S-
Au bonds (APP), and subsequently loaded with Ce6 (APP/CeO6).
Obtained APP/Ce6 was subsequently loaded in adipose-derived
stem cells (ADSCs) to favor colon cancer uptake and homo-
geneous intratumor drug distribution. APP/Ce6 loaded ADSCs
were exposed to light irradiation at 808 and 660 nm after tu-
mor uptake to achieve a dual photothermal and photodynamic
anticancer approach against colon cancer. This nanosystem was
tested both in vitro and in vivo showing promising results
(Figure 5).121]

Fe-oxide NPs are also widely investigated for biomedical
applications.?!!] In particular, superparamagnetic Fe-oxide NPs
(SPIONSs) have been used both for MRI and tumor thermal abla-
tion via magnetic hyperthermia upon stimulation with an appro-
priate alternated magnetic field.[2!2213] SPIONs were successfully
coated and stabilized in water with Ce6, forming nanoclusters
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about 96 nm thick. These nanoclusters proved to be promising
magnetic resonance and fluorescence contrast agents and anti-
cancer tools via PDT against breast cancer.[?!*]

5.3. Organic NPs

Organic NPs exist in a variety of morphologies and composi-
tions. Liposomes are spherical vesicles composed of one or more
phospholipid bilayers enclosing an aqueous core. Thanks to this
peculiar morphology, they can encapsulate both hydrophobic
and hydrophilic molecules.!?'] Liposomes are made of phospho-
lipids, lipids, and cholesterol, while an outer layer of PEG is often
added to impart steric and stealth stability.?!® Liposomes were
the first NPs approved for cancer treatment by the Food and Drug
Administration.[?’’] Yang et al. encapsulated Ce6 in liposomes
composed of dimyristoyl-sn-glycero-phosphatidylcholine and of
the cationic surfactant cetyltrimethyl ammonium bromide, and
demonstrated their efficacy as antimicrobial PDT agents against
C. albicans and infected burn wounds.[?'®] Pyropheophorbide
acid (PPa), obtained from chlorophyll degradation, was loaded
into liposomes for a trimodal imaging-guided PDT of cancer.
The hydrophobic nature of PPa hinders its applications in PDT;
nevertheless, the encapsulation in liposomes enhanced its water
solubility, blood circulation, and biodistribution in vivo. By irra-
diation at 690 nm, liposome/PPa NPs inhibited tumor growth
in mice bearing 4T1 tumor models. Moreover, by exploiting the
fluorescent features of PPa and thanks to the extra radiolabeling
with iodine-125 (1%°1), liposome/PPa demonstrated to be promis-
ing contrast agents for multimodal imaging (fluorescence,
photoacoustic, and single-photon emission computed tomog-
raphy/computed tomography imaging).?*l In a recent work,
Nishimura et al. reported an efficient strategy to manipulate the

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Scheme of the anticancer activity of APP/Ce6 loaded ADSCs nanocomplexes through combined photothermal and PDT. Reproduced with

permission.[2'%] Copyright 2020, American Chemical Society.

aggregation state of methyl pyropheophorbide a (MPP) loaded
in liposomes by inducing phase transitions in the lipid bilayer.
They showed that below the phase-transition temperature (T,,)
of the bilayer—when the bilayer is in a gel form—MPP was
found to be in a dimeric state with a red-shifted absorption
(wavelength from 674 to 704 nm). At temperatures higher than
T, MPP existed in the monomeric form and the absorption
at 674 nm increased. This thermochromic dimer-monomer
transition was shown to be reversible. This study clearly proved
how the behavior of chlorophyll derivatives is strongly affected by
the external environment; therefore, environmental conditions
must be carefully evaluated when using optical properties of
chlorophyll derivatives for specific applications.22]

Micelles are small spherical aggregates formed by self-
assembly of phospholipids or other amphiphilic polymers. Dif-
ferently from liposomes, they do not have an aqueous core;
instead, their inner region is composed by the lipophilic por-
tion of the amphiphilic molecules forming them. Therefore,
micelles can encapsulate hydrophobic molecules in their inner
core. Gong et al. obtained micelles by self-assembly of the am-
phiphilic synthetic Ce6-conjugated poly(maleic anhydride-alt-1-
octadecene) (C18PMH)-PEG-Ce6. These micelles were able to
encapsulate the dye IR825 for photothermal applications, while
Ce6—Dbesides acting as a fluorophore and photosensitizer—was
also used as a chelating agent for Gd(III) for MRI. The obtained
multifunctional nanomicelles were therefore able to be imaged
by three different modalities (fluorescence, photoacoustic imag-
ing, and MRI) and to exert an antitumor effect mediated by the
combined photothermal and PDT treatments.[34!

Polymer NPs are solid nanosphere or nanocapsules com-
posed of biocompatible and biodegradable synthetic polymers
such as poly(D,L-lactide-co-glycolide) acid, poly(lactide) acid,
poly(methyl methacrylate), and poly (e-caprolactone), or natu-
ral polymers such as chitosan, alginate, or gelatin.[?2!l The hy-
drophobic active principle is usually loaded in the core, or con-
jugated directly to the polymer chain. Polymer NPs ensure
higher structural integrity and stability, longer shelf life, and
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sustained release of their cargo, as compared to liposomes or
micelles.[’?”) Ding et al. synthetized Ce6-loaded chitosan NPs
with enhanced phototoxicity against human lung carcinoma
(A549 cells) with respect to free Ce6 in vitro (Figure 6).122}] More
recently, Yang et al. proposed polymer NPs made of a new am-
phiphilic polymer, namely chondroitin sulfate-g-poly (propylene
sulfide), to co-load paclitaxel (PTX), a common chemotherapeu-
tic, and Ce6 with good drug-loading efficiencies (24.31% and
14.93%, respectively). These NPs showed a strong synergetic
chemo-PDT effect in vitro on human breast adenocarcinoma
(MCEF-7 cells). Inhibition of tumor growth was observed also in
vivo.[224]

Another type of chitosan-Ce6 nanoassembly (CS-Ce6) was pre-
pared by covalently conjugating Ce6 with chitosan. It showed,
both in vitro and in vivo, light-activated antimicrobial activity
against Gram-positive methicillin-resistant S. aureus (MRSA) and
Gram-negative Acinetobacter baumannii (Figure 7).122]

Dendrimers are peculiar polymers characterized by multiple
branches extending radially and symmetrically from a central
core, composed of an atom or group of atoms. Branches usu-
ally terminate with functional groups that can be used for spe-
cific conjugations. The overall morphology of dendrimers is a
globular shape. Their architecture can be easily tuned to ob-
tain well-defined and monodisperse objects with desired features
and, depending on their specific composition, they can carry
both hydrophobic and hydrophilic drugs. Dendrimer synthesis
is extremely versatile, and can be performed starting from ei-
ther synthetic or natural polymers.[??%] Poly(amido amine) (PA-
MAM) G4.5 dendrimers were covalently conjugated with Ce6,
with a minimal impact on 'O, generation and fluorescence emis-
sion of the photosensitizers. PAMAM-anchored Ce6 showed a
higher photodynamic effect as compared to free Ce6 in vitro on
human pharynx squamous cell carcinoma.l?”’! In another work,
PAMAM dendrimers conjugated to Ce6 were also shown to be
potent nanophotosensitizers in vitro against human cervical can-
cer cells, inducing photoactivated apoptosis in a more effective
way than Ce6 alone.[?28]

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Solid lipid NPs (SLNs) are spherical aggregates composed of  in the lipid core during SLNs fabrication. SLNs present several
a mixture of lipids that are solid at room temperature. Usually,  advantages with respect to other nanosystems, such as higher
fatty acids, steroids, waxes, monoglycerides, diglycerides, triglyc-  drug stability and prolonged release, a green preparation proto-
erides, and/or PEGylated lipids are used to form SLNs, while a  col that does not involve the use of toxic organic solvents, and
small percentage of stabilizers or surfactants can be used during  stability in bodily fluids. A major drawback of SLNs is the high
the preparation procedure to enhance the stability and reduce the  crystallinity of the lipid core that affects their drug-loading
final size of SLNs.?2%1 Hydrophobic molecules are encapsulated  efficiency and release profile. To overcome these issues, a new
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generation of lipid NPs, termed nanostructured lipid carriers
(NLCs), has been proposed.’*l In NLCs, a small amount of
a lipid that is liquid at room temperature (e.g., oleic acid) is
included in the lipid mixture to give rise to amorphous or
partially crystalline matrices, ensuring higher drug loading and
improved release profiles.’!] SLNs loaded with mTHPC for
PDT against human breast cancer cells (MCF-7 cells) showed
promising results in vitro, making SLNs good candidates for
mTHPC delivery in clinical applications.[?*”) NLCs co-loaded
with PTX and Ce6 were also prepared and functionalized with
folic acid to target human breast cancer. The combination of
chemotherapeutics and PDT, together with the enhanced deliv-
ery and cellular uptake provided by the NPs, ensured a higher
anticancer efficacy, both in vitro and in vivo.?**]

6. Conclusion

Chlorophyll derivatives are substances containing tetrapyrroles
or tetrapyrrole-like structures derived from chlorophylls, or at
least chemically resembling them. They are plentiful, and can be
purified in cost-effective manners; in humans, these compounds
are generally both well tolerated and effectively cleared. Per se,
chlorophyll derivatives have applications as antioxidants, onco-
suppressors, disinfectants, stimulators of the immune system,
and promoters of wound healing. Some evidence supporting
their potential use in cosmetics exists as well. With light, they
cause a prompt and local overproduction of radicals. Because of
that, as well as due to their safety and availability, they are widely
used as photodynamic agents against cancer or other patholo-
gies. In the future, they might be utilized as sight enhancers,
especially to potentiate scotopic vision. Besides the traditional ad-
ministration of chlorophyll derivatives as standalone chemicals,
nanotechnological approaches have already demonstrated that
delivery, safety, applicability, as well as diagnostic and/or thera-
peutic potential can be further refined. Indeed, thanks to their
peculiar physicochemical properties, NPs have been exploited
for encapsulating poorly soluble molecules with high efficiency,
increasing their biocompatibility and bioavailability both in vitro
and in vivo. Current research is focused on the design of inor-
ganic and organic NPs as carriers of chlorophyll derivatives, and
we expect some more clinical trials to start in the close future.
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