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Abstract: Despite specialists’ efforts to find the best solutions for cancer diagnosis and therapy,
this pathology remains the biggest health threat in the world. Global statistics concerning deaths
associated with cancer are alarming; therefore, it is necessary to intensify interdisciplinary research
in order to identify efficient strategies for cancer diagnosis and therapy, by using new molecules
with optimal therapeutic potential and minimal adverse effects. This review focuses on studies
of porphyrin macrocycles with regard to their structural and spectral profiles relevant to their
applicability in efficient cancer diagnosis and therapy. Furthermore, we present a critical overview of
the main commercial formulations, followed by short descriptions of some strategies approached in
the development of third-generation photosensitizers.

Keywords: porphyrin macrocycles; photodynamic therapy; theranostic agents

1. Introduction

Interdisciplinary research on obtaining new pharmaceutical forms to guarantee, in
one step, the identification of and therapy for certain tumor formations occupies a special
place in the medical field and generates some top themes in terms of objectives targeting
improvements in the health of the population. Despite specialists’ efforts to find the best
solutions in this respect, cancer generally remains the biggest health threat on the planet.
Characterized by an uncontrollable growth of cells that are able to invade any part of the
organism, cancer is a conglomeration of several neoplastic diseases that can be triggered
by a multitude of factors, both endogenous and exogenous. Nowadays, global statistics
concerning deaths associated with cancer are alarming [1–3]. At the global level, about
19.3 million new cases were reported in 2020, and it was one of the main causes of death in
most countries [4–6]. These statistics justify the need to intensify interdisciplinary research
in order to identify efficient strategies for cancer diagnosis and therapy by the use of new
molecules with optimal therapeutic potential and minimal adverse effects.

The integration of therapeutic and diagnostic potential into single drug molecules is
one of the most important concerns of specialists in the biomedical field [4,7].

Porphyrins possess selectivity for tumor cells, low cytotoxicity in the absence of light,
and peculiar photophysical properties (absorption and emission in the visible region, high
triplet state quantum yield, high quantum yield of 1O2* generation), which have drawn
research interest for their use as theranostic agents [8–14].
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Compared with conventional antitumor therapies, which are known for their highly
toxic effects on normal cells, photodynamic therapy (PDT) is noninvasive and has minimal
side effects [15].

PDT is a selective method of antitumor treatment based on cell necrosis/apoptosis
induced by a reactive species derived from molecular oxygen, generated during the irradia-
tion of photosensitizer (PS) molecules in the presence of oxygen molecules. Tetrapyrrolic
molecules such as porphyrins, chlorins, phthalocyanines, and bacteriochlorins are macro-
cyclic structures frequently used as photosensitizers. This review is focused on porphyrin
macrocycles, and summarizes aspects of their structural and spectral profiles relevant to
their applicability in cancer theranostics.

2. General Properties of Porphyrin Macrocycle

Porphyrins are among the most examined tetrapyrrolic macrocycle structures with
applicability in the biomedical field. Starting at the beginning of the 20th century, it was
revealed that the tetrapyrrolic macrocycles present an inherent photosensitive affinity
characteristic in relation to tumor cells, proving their potential use in antitumor ther-
apy [16–19]. The structural characteristics, spectral profiles, and great coordinating capacity
of tetrapyrrolic molecules are the main factors behind their therapeutic potential.

Structurally, porphyrin molecules include four pyrrolic units bound by methine
bridges (the C atoms in the 5, 10, 15, and 20 positions of the macrocycle, also named
meso-positions) (Figure 1) [20]. The aromatic character of tetrapyrrolic macrocycles is an
essential property of these structures, which is important in defining the spectral profile.
The π electron system contains 22 electrons, among which 18 are delocalized and follow
Hückel’s rule concerning the aromatic character. The presence of nitrogen atoms inside
the macrocycle provides ligand properties for these molecules, allowing the possibility of
coordinating metal ions [21,22].
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Figure 1. General structures of (a) free base porphyrin and (b) metalloporphyrin (atoms numbered 
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Figure 1. General structures of (a) free base porphyrin and (b) metalloporphyrin (atoms numbered
according to IUPAC (https://doi.org/10.1351/goldbook). (accessed date: 17 January 2023).

Furthermore, the properties of metal ions (ionic volume and electronic configuration)
may facilitate reactions of metalloporphyrin with monodentate ligands from the biologic
environment [23]. Hemoglobin, cytochromes, catalase, and peroxidases are examples of
molecules that contain metalloporphyrin structures and have an important role in biological
processes [24–27].

The porphyrinic structures are versatile and can be shaped by attaching peripheral
substituents with a polarity degree adequate for internalization in cells.

Their unique structural and spectral properties, especially their excellent photochemi-
cal and photophysical properties, define the profile of porphyrins as therapeutic candidates.

Porphyrins have a typical absorption spectrum described by an intense band (Soret band)
located between 400 and 440 nm, and four Q bands (Qy(1,0), Qy (0,0), Qx (1,0), Qx (0,0))

https://doi.org/10.1351/goldbook
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with reduced intensity and placed in the 440–800 nm spectral range (Figure 2). The Soret
band is not relevant for photodynamic therapy of deeper tumor tissue; only the 600–800 nm
range is useful for antitumor therapy by photosensitization.

In the case of metalloporphyrins, the absorption spectrum is described by the Soret
band, placed in the 400–440 nm range, and one or two Q bands located in the 550–600 nm
range (Figure 2).

The spectral profile of porphyrins is determined by the molecular symmetry, the
nature and position of peripheral macrocycle substituents, and the nature of the metal ions
in the case of metalloporphyrins [28–30].
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Figure 2. Absorption spectra for: 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)
porphyrin (P), 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatozinc(II)
(ZnP) and 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatocopper(II)
(CuP); (dimethylsulfoxide used as solvent) [31].

A ratio of the relative intensities of the Q bands IV > III > II > I describe, for the
porphyrinic compound, a spectrum of absorption of etio type and the porphyrin fits the
group of etioporphyrins [30]. This type of electronic spectrum is characteristic to the
porphyrins, for which six or more of the positions β of the macrocycle have substituents
with no π electrons.

Substituents with π electrons attached to the β position of the macrocycle determine
spectral modifications by shifting the maximum absorption to a higher wavelength and
modifying the ratio of Q band intensities, in the order III > IV> II > I.

Longer shifts to the red side of the absorption maximum are registered when sub-
stituents with double or triple bonds occupy the β positions and the ratio of Q band
intensity is III > II > IV > I. If the meso positions are occupied, the Q band intensity decreases
in the order IV > II > III > I [30].

Significant spectral modifications appear by protonation of the nitrogen atoms from the
tetrapyrrole core. The acidic environment determines the protonation of the nitrogen atoms,
which are inside the tetrapyrrole core, with the transition to the dicationic shape H4P2+

accompanied by the modification of the absorption spectrum, respectively, the reduction of
the number of Q bands and red shifts of the absorption peaks [28,29]. Therefore, studies



Molecules 2023, 28, 1149 4 of 34

on the spectral influence of pH modifications in biological areas where these tetrapyrroles
show activity are needed in terms of their potential therapeutic use.

Another factor that has a major influence on the spectral behavior of porphyrins
is molecular aggregation, a phenomenon that depends on the structural characteristics,
pH value, polarity, and ionic strength of the solution in which these compounds are
activated [32,33]. The 22 π electrons of the porphyrin macrocycle facilitate strong π–π
interactions and the formation of J-type or H-type aggregate, each leading to specific
spectral features in terms of bathochromic or hypsochromic shifts in the corresponding
absorption spectra.

The remarkable absorption and emission properties of tetrapyrrolic chromophores are
the most relevant from the point of view of their biomedical applicability [34–36].

Porphyrins have a good fluorescence profile, with emission capacity in the 600–800 nm
spectral range, and the potential for reactive oxygen species (ROS) formation by irradiation
in the presence of molecular oxygen. The fluorescence spectrum of a porphyrinic compound
(Figure 3) includes two spectral bands, as a result of the radiation emission that takes place
during the transition of the molecule from the excited singlet state, S1, to the ground state,
S0; these bands are located at longer wavelengths compared to the excitation wavelength
(λemis > λabs), due to the loss of energy through vibrational relaxation in the excitation state.
The registered difference between λmax of the absorption band and λmax of the emission
band is named the Stokes shift.
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Figure 3. Fluorescence emission spectra for 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-
tris(4-carboxymethylphenyl) porphyrin (P), 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-
carboxymethylphenyl)porphyrinatozinc(II) (ZnP) and 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-
tris(4-carboxymethylphenyl)porphyrinatocopper(II) (CuP) (ethanol used as solvent) [23].

The specific parameters for molecular fluorescence evaluation are fluorescence lifetime
(τs) and fluorescence emission quantum yield (ΦF). They can be experimentally determined
by spectral fluorescence analysis with the use of modern laser equipment; their test excita-
tion time is in the picoseconds, and they have some rapid response photodiodes [37–39].

The fluorescence of the tetrapyrrole structures appears as a result of the aromatic character
imprinted on the molecule by the π electrons of the double conjugated bonds. The delocalized
electrons can be involved in π→π* transitions and go through singlet excitation states.

The fluorescence of porphyrins is influenced by the nature of the peripheral sub-
stituents of the macrocycle; some substituents, such as –NH2, –OH, and –O–CH3, have the
effect of delocalizing the π electrons, with an increased probability of transitions between
the excited singlet state and the ground state, and they have an effect on increasing the
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quantum yields. On the other hand, electron withdrawing groups (e.g., –NO2 or CO2H)
lower or eliminate the fluorescence [40]. The values of the parameters that define the
fluorescent profile of a tetrapyrrole (lifetime of fluorescence (τs) and fluorescence efficiency
(ΦF)) are modified by complexation with metal ions, and the modifications are dependent
on the electronic structure of the cation. With the complexation of metal ions with high
volume (e.g., Pd2+), the values of ΦF and τs decrease. The efficiency of singlet oxygen
species formation also decreases [39].

Porphyrinic compounds with paramagnetic metal ions (Fe2+, Cu2+, Co2+) present
phosphorescent properties, while the lifetime of the excited singlet state is very short [41,42].

3. Aspects regarding Porphyrin Macrocycles as Photosensitizers
3.1. Short Background regarding to the Porphyrinoid Photosensitizers

Among the first clinical observations on the photosensitization effect of a chemical
compound (eosin) on the tumor cells are those made from 1903 by the pharmacologist
Hermann von Tappeiner and the dermatologist Albert Jesionek. By topical application of
the eosin (photosensitive dye) and exposure of the treated area to light, the two researchers
realized for the first time the photodynamic therapy and they introduced the term of
“photodynamic reaction” [43].

Subsequent studies have shown that hematoporphyrin (Hp), combined with ultravio-
let light, has a therapeutic potential on the skin diseases, including psoriasis [44–47].

The purification of hematoporphyrin led to the HpD, a combination of monomers and
oligomers with tetrapyrrole structures, with remarkable fluorescent properties and affinity
for the tumor cells. HpD was used for the first time by R. L. Lipson as an imagistic imaging
agent to visualize the tumor lesion during surgery [45,48]. Later, the team led by Thomas J.
Dougherty purifiedHpD and obtained a heterogenous mixture of porphyrins, which was
marketed as Photofrin [49,50].

The clinical use of Photofrin was limited by its difficult accumulation at cellular level,
weak absorption at λ = 630 nm, and the patients’ photosensitivity to the sun for a long
period of time after the treatment [51,52].

The deficiencies appearing in the clinical usage of HpD and Photofrin led to the
development of new porphyrinoid photosensitizers with unique structure, high absorp-
tion in the visible-near infrared spectral domain and high singlet oxygen quantum yield.
They were classified as second generation photosensitizers, and include the porphyrin
and porphyrin analogue photosensitizers (chlorin, (iso)bacteriochlorin, phthalocyanines)
such as Hemoporfin®, Foscan®, Visudyne®, Tookad®, Radachlorin®, Photochlor®, and
Photocyanine® [53,54].

However, after years of development, the second-generation porphyrin photosensi-
tizers had some disadvantages which include reduced solubility in water and biological
fluids, difficult location at the cell level, the molecular aggregation tendency, and the effect
of reducing the photodynamic efficiency [55–57].

In recent years, researchers have obtained and clinically investigated a new generation
of photosensitizers, the so-called third-generation photosensitizers, characterized by good
solubility in biologic fluids, great capacity for generating reactive oxygen species (ROS)
and good selectivity in relation to tumor cells [58–60].

The synthesis of third generation PS is carried out in a chemo- and regioselective
manner, by the attachment of fragments of bioactive molecules (folic acids, peptides, sterols,
proteins, anti-tumor monoclonal antibodies, sugars), polyethyleneglycol or nanoparticles
to the structures from the second-generation porphyrin PS [55–57,61–66]. These porphyrin
nanophotosensitizers are currently in the development stage and have not been used in
clinical trials.

Due to their structural shape and unique affinity for tumor cells, porphyrins can be
used as excellent carriers to transport anticancer drugs into tumor tissues, with synergistic
effects in the identification and destruction of tumors. Therefore, current research based
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on the development of porphyrins as theranostic agents mainly only includes studies on
porphyrins as anticancer drugs and porphyrins-bonded anticancer drugs.

3.2. Basic Photochemical Principles in PDT

Establishing a framework protocol to completely cure cancer by using optimal pharma-
cological molecules with minimal adverse effects is one of the prime objectives of research
studies in the pharmaceutical and oncological fields. Tetrapyrrolic macrocycles are among
the most studied families of compounds with regard to their therapeutic potential, espe-
cially their antitumor potential. Through their structural profile and electronic load, these
structures can efficiently generate reactive oxygen species (ROS), such as singlet oxygen, in
the presence of molecular oxygen and light.

Clinical experiments of irradiating porphyrinic structures (at the cell level) in the
presence of molecular oxygen laid the foundation for a modern noninvasive treatment
method: photodynamic therapy (PDT) [16,17,67].

The clinical procedure is initiated by administering a photosensitizer (PS), followed
by light irradiation at a certain wavelength, usually a red light laser, after the accumulation
of PS in the tumor tissue. Light irradiation has an important role in photodynamic therapy,
because it offers the necessary energy to produce reactive species, which destroy tumor
cells. Moreover, molecular oxygen has a determinant role in initiating and propagating the
reactions of destroying tumor formations [68].

The activation of PS molecules by irradiation generates a series of competitive re-
actions of ROS, which induce necrosis and/or apoptosis of tumor cells. Apoptosis is a
form of programmed cell death (the cells start their own destruction) as a response to
the physiological key index and intracellular injury. During apoptosis, cell collapse is
characterized by key morphological and chemical modifications, followed by phagocytosis.
These modifications take place while maintaining the levels of adenosine triphosphate,
activating caspase (an enzyme with proteolytic activity and a predominant role in the
process of self-destruction), chromatin condensation, and the fragmentation of DNA and
formation of apoptotic bodies. During apoptosis, an associated inflammatory response is
not identified [69].

Necrosis represents a form of uncontrolled cell death in response to a series of factors,
such as physical injury, ischemia, excessive ROS accumulation, or the presence of infectious
agents. Unlike apoptosis, necrosis is a local inflammatory response seen as a result of cells
being liberated directly in the surrounding tissue [69].

Schematically, the photophysical processes that form the basis of generating ROS are
rendered in Figure 4 (Jablonsky diagram).

In the initial stage, by absorbing light radiation, the molecules of the photosensitizer
go from the ground state (S0) to a superior energetic state, the excited singlet state (S1);
the transformation takes place rapidly (~10–15 s) through the transition of electrons on
the S0 level to the S1 excited singlet state. The duration of the S1 state is in nanoseconds.
Stabilization of the S1 state can be reached by the emission of photons (fluorescence) or
by a process called intersystem crossing (ISC), by which the electronic spin is reversed
and the electron passes onto an energetic level (T1) of the excited triplet state [70–72]. The
energy of T1 species can be dissipated by the passage to a fundamental state with weak
light emission [70–72]. The lifetime of the T1 species is in micro- to milliseconds, much
longer than the lifetime of the excited singlet species; consequently, it is more likely that
the PS found in the excited triplet state participates in photodynamic reactions. Thus, the
photodynamic effect is the result of the energetic or electronic transfer of the photosensitizer
found in the T1 state on the way to the organic substratum or molecular oxygen. The
stabilization reaction of the excited triplet state (T1) of the photosensitizer can occur by two
types of mechanisms, classified as reactions of type I and II [69].
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Type I reactions (free radical mechanism) are reactions of oxidation and reduction and
imply the transfer of electrons and hydrogen atoms between the photosensitizer (found in
the excited singlet or triplet state) and the biomolecules, resulting in free radical formation;
these radicals interact with oxygen molecules, resulting in the formation of superoxide
anion radicals, which can generate forward hydroxyl radicals and may determine the
formation of cytotoxic species.

Type II reactions (singlet oxygen mechanism) take place through the interaction of pho-
tosensitizer molecules in the excited triplet state and molecular oxygen (triplet state) with
the formation of singlet oxygen, a very reactive species in relation to the cell components
(lipids, proteins, and nucleic acids) with a large potential to destroy tumor cells [73–79].
Moreover, type II reactions proceed without the chemical transformation of PS molecules,
which is why the set of photochemical reactions can be remade with a new activation. As
the half-life of the reactive species is very short, fewer than 40 ns, the photodegradation
reactions unfold next to the areas of initiation of the photochemical reactions, which is why
the PS location at the cell level is determined through its photodynamic reactions [15,80,81].

3.3. Chemical and Pharmaceutical Aspects Concerning Photosensitizers with Tetrapyrrolic
Structures Used in Diagnosis and Antitumor Therapy

The theranostic agent profile assigned to an active substance defines its potential to act
simultaneously as a marker for the detection of tumor cells and as a therapeutic agent [8].

Photodynamic therapy (PDT) uses porphyrins as photosensitizers, which, by their
structural and spectral properties, have superior pharmacological potential compared to
classic antitumor molecules [9,82,83]. At present, PDT is an efficient therapeutic method
successfully applied for the treatment of tumor formation in the skin, breast, lung, throat
and brain [84–87]. Photodynamic therapy is a selective method of antitumor treatment
based on the cell necrosis/apoptosis induced by ROS generated during the irradiation of
photosensitizer molecules in the presence of oxygen molecules. The phototoxic reactions
induced by PDT are limited to the tumor area, where the photosensitizer accumulates and
the irradiation takes place, and for this reason, PDT has limited side effects compared to
the standard treatment methods [88]. Lately, the scientific community has made significant
investments into developing and implementing new active molecules in oncology that
are both therapeutic and diagnostic [89–92]. Regardless of the therapeutic purpose, ensur-
ing optimal biomedical efficiency requires that the photosensitizer meets the following
mandatory requirements [72,82]:



Molecules 2023, 28, 1149 8 of 34

• It has a unique, well-defined structure with maximum purity and can be obtained by
modern ecological methods;

• It has a structural profile that allows optimal internalization at the tumor level and
is described by a well-defined distribution of lipophillic/hydrophilic groups at the
periphery of tetrapyrrolic macrocycles;

• It has a well-defined spectral profile with maximum absorption in the therapeutic
range (600–850 nm) associated with good efficiency in generating singlet oxygen
(Φ∆ ≥ 0.5) and a triplet state with a lifetime in the microsecond range;

• It is soluble in nontoxic solvents accepted for pharmaceutical formulations;
• It is nontoxic in the absence of light;
• It provides rapid clearance from the organism;
• There is no toxic effect with the necessary dose for a therapeutic effect;
• There is an absence of toxicity for the photosensitizer metabolites.

The molecular structure of the photosensitizer is the predominant factor in its pharma-
cokinetic and pharmacodynamic evolution, no matter the type of therapeutic approach.
Biodistribution at the tumor mass level has direct consequences in terms of the pharma-
codynamic efficiency of any active substance [53]. Among the factors that influence the
intracellular uptake of PS are its solubility in biological fluids and the amphiphilic charac-
ter of the molecule, which determines the penetration of the double-lipid stratum of the
cell membrane.

By evaluating the relationship between the PS structure and the biodistribution capac-
ity at the tumor tissue level, Boyle and Dolphin classified PS into three main groups [53]:

• Hydrophobic photosensitizers, which have peripheral substituent hydrophobic func-
tional groups and very reduced solubility in polar solvents, alcohol, or water, at a
physiological pH;

• Hydrophilic photosensitizers, which have three or more peripheral functional sub-
stituent hydrophilic groups and slight water solubility at physiological pH;

• Amphiphilic photosensitizers, which have in their structure hydrophobic and hy-
drophilic functional groups and water solubility at physiological pH.

The solubility of tetrapyrrolic compounds meant for biomedical applications represent
a current problem in the field of pharmaceutical chemistry, because the clinical efficiency
of the active substance is directly influenced by its solubility in the biological fluid and
membrane environment [93]. For example, chlorin-type macrocycles, although character-
ized by stronger absorption capacity in the red area of the visible spectrum, present the
disadvantage of limited water and alcohol solubility. Another disadvantage of tetrapyrrole-
type photosensitizers is the molecular aggregation tendency, with the effect of reducing the
photodynamic efficiency, specifically the efficiency of producing reactive singlet oxygen
and the fluorescence lifetime [58,76].

At present, the efforts of specialists who work in medicinal chemistry are oriented
toward synthesizing photosensitizers with an amphiphilic structure by introducing periph-
eral substituents (lipophillic and hydrophilic) at the periphery of the macrocycle.

Some modern synthesis methods introduce, as substitutes, residues of polyethylene glycol
in order to obtain a soluble structure in water with excellent photophysical properties [94–98].

A series of photosensitizers with macrocycle structures approved or in clinical trials
for diagnosis and photodynamic therapy of cancer, are presented in Table 1.
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Table 1. General presentation of photosensitizers with macrocycle structures approved or in clinical
trials for diagnosis and photodynamic therapy of cancer [99–104].

Photosensitizer Active Substance,
Activation Wavelength λ (nm) Clinical Approval

PHOTOFRIN®

(Axcan Pharma Inc.,
Mont-Saint-Hilaire, QC,

Canada)
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Table 1. Cont.

Photosensitizer Active Substance,
Activation Wavelength λ (nm) Clinical Approval
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3.3.1. PHOTOFRIN®

Photofrin® (Axcan Pharma, Inc.) is a first-generation photosensitizer used in pho-
todynamic therapy. Chemically, it is a mixture of monomers, dimers, and oligomers of
hematoporphyrin, as well as esters and ethers corresponding to these compounds. The
preparation of this mixture from derivatives of hematoporphyrin was reported for the first
time by Dougherty in 1983 [49].

Spectrally, phosphate-buffered saline solution containing Photofrin® presents in the
spectrum of molecular absorption at a maximum 630 nm (ε = 3.0 × 103 M−1 cm−1) and
has lower efficiency of singlet oxygen generation (Φ∆ = 0.01). In clinical applications,
Photofrin® is given as an intravenous injection at a dose of 2–5 mg/kg, and after 24–48 h it
is activated by light irradiation at λ = 630 nm (light dose 100–200 J cm−2).

Photofrin® was approved by the Canadian Health Agency in 1993 for antitumor
therapy against bladder cancer [49]. The therapeutic applicability of Photofrin® was
later extended for the treatment of lung, esophageal, bladder, and early stages of cervical
cancer [73,74,76,105]. Photofrin® is used to identify and treat tumor formations at the
brain and lung level, and cervical dysplasia [9,102]. Wilson et al. used Photofrin® as a
marker to identify tumor formations at the brain level and as an antitumor agent for the
treatment of waste tumor cells after surgery [106–109]. The results obtained by using PDT
with Photofrin® were explained by a series of disadvantages, mainly determined by the
chemical composition of the PS (mixture of chemical compounds, some of them inactive
PDT). The non-homogeneous composition of PS determines a difficult location at the tumor
mass level, with weak radiation absorption at long radiation time and activation.

The most important disadvantage of Photofrin® is the long photosensitization after
treatment, due to which patients must be protected against bright light for 6–12 weeks. The
ability to repeat the treatment is limited by these disadvantages [17,51,52].

Other pharmaceutical forms that contain, as active substances, mixtures of monomers,
dimers, and oligomer structures derived from hematoporphyrin are Photogem® and
Photosan®. Photogem® was approved for clinical use in Russia and Brazil, and Photogem®

was clinically approved in the European Union [110–112].

3.3.2. FOSCAN®

The tetrapyrrole compound 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin, known as
temoporfin or Foscan® (the commercial name), is one of the strongest photosensitizers used
in photodynamic therapy against cancer. Temoporfin has a symmetric structure defined by
identical substitutes of the four meso positions of the tetrapyrrole macrocycle, and it was
obtained and characterized in terms of its toxicological and physico-chemical aspects by
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Bonnet et al. [113]. It is a dark violet crystalline powder, insoluble in water but soluble in
alcohol, acetone, and ethyl acetate.

The structure of 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin is characterized by a
maximum absorption capacity at 652 nm (ε~35,000 M−1 cm−1) and good distribution at the
tumor tissue level. The photophysical properties of temoporfin include a quantum yield of
singlet oxygen generation Φ∆= 0.4 (measured in dimethylsulfoxide) and high efficiency in
initiating phototoxic reactions.

Foscan® (Biolitec Pharma Ltd., Jena, Germany) is a solution for injection that contains,
as an active substance, temoporfin 4 mg/mL with ethanol solvent and propylene glycol co-
solvent. The commercial formula does not contain water, because the stability of temoporfin
decreases in an aqueous environment.

In clinical applications, Foscan® is intravenously administered at a dose of 0.15 mg/kg
and then activated by laser light irradiation at a wavelength of 652 nm about 98 h later.
An energy dose of 10–20 J cm−2 is used for irradiation. Foscan® is administered only at
oncology centers under the medical supervision of a photodynamic therapy specialist.
The therapeutic effect is mediated by generating reactive oxygen species, resulting in
intracellular interactions between temoporfin, light, and molecular oxygen. By restrictive
exposure of tumor formations to laser radiation, the cell destruction by reactive oxygen
species is limited to the components of the tumor cells. Foscan is an antitumor agent that
was approved in 2001 for photodynamic therapy of advanced squamous cell carcinoma
at the brain and throat level (a form of cancer that starts at the nasal, throat, and ear
membrane level), and is administered to patients who do not respond to chemotherapy
or radiotherapy.

Foscan® has applicability in antitumor diagnosis, as a marker in identifying the
modifications that appear in bladder cancer, and in the diagnosis of ovarian cancer and
tumors at the brain level [100,114–116]. It was clinically investigated for use in breast,
pancreas, lung, stomach, and skin cancer [63,99].

Temoporfin is a second-generation photosensitizer and, under the same experimen-
tal conditions (photosensitizer dose, energy dose), presents superior clinical efficiency
(by approximately 100 times) to the first-generation Photofrin® [117].

A disadvantage of temoporfin is the long removal time from plasma (up to 4–6 weeks
after intravenous administration), which induces photosensitivity in patients, similar to
Photofrin® [118]. Further disadvantages include side effects such as constipation, difficulty
digesting food, necrotizing stomatitis, and facial edema.

To obtain a complete response to treatment, homogeneous distribution of the PS
molecule at the tumor formation level is required, which is dependent on the pharmaceuti-
cal formula in which the agent is administered.

The problems of solubility and transport to the cells are topics under investigation
in pharmaceutical research, constituting a major objective for introducing agents to phar-
macokinetically improve the controlled and selective delivery of PS to tumor cells while
reducing toxicity to healthy tissue [119].

That is why, in order to optimize the response to antitumor therapy, other medicines
that contain temoporfin were included: Foslip® and Fospeg® (Biolitec Pharma Ltd., Jena,
Germany), which have demonstrated a better ability to internalize the PS in the tumor
mass, with better clinical effects compared to Foscan® [120]. The experimental data prove
that Foslip® and Fospeg® have efficient photosensitivity similar to Foscan®, but reduced
cytotoxicity [121,122].

Foslip® contains temoporfin conditioned in conventional liposomes. Fospeg® has
temoporfin expressed in liposomes covered with polyethylene glycol (PEG). It presents
pharmaceutical properties superior to Foscan® (demonstrated by studies carried out on
rats with tumors), and allows the administration of a third Foscan dose in order to induce
necrosis in the whole tumor volume [123].

Recent in vivo comparative studies by Reshtov et al. reported better clinical efficiency
for the liposomal formula with PEG, with reduced time between administration and
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irradiation of PS at the skin level, which significantly reduces the side effects at the skin
level [124]. Moreover, biological evaluation of the two liposome formulae (Foslip® and
Fospeg®) has followed the internalizing potential, with the distribution of PS at the tumor
mass level correlated with photosensitizing efficiency [119,123–125].

3.3.3. LASERPHYRIN®

Mono-L-aspartyl chlorin e-6 is a second-generation photosensitizer obtained by the
interaction of dicyclohexylcarbodiimide of chlorin e-6acid and di-tert-butylaspartate [126].
It is a dark green, water-soluble crystalline powder. The absorption spectrum of mono-L-
aspartyl chlorin e-6 is typical of chlorine type compounds, and it has generated interest for its
clinical applications (with a maximum absorption band at 654 nm; ε = 4.0 × 104 M−1 cm−1).
The molecule’s good efficiency in generating singlet oxygen is shown by the parameter of
quantum efficiency, Φ∆ = 0.77 (Φ∆ determined by photoirradiation in a buffer solution of
phosphate) [63,113].

Talaporfin has a shorter accumulation time at the tumor level, more rapid clearance,
and better biodisponibility than Photofrin®.

Laserphyrin® (ME2906; Meiji Seika Pharma Co., Ltd., Tokyo, Japan) was approved in
2004 for clinical use in photodynamic therapy for lung cancer. At present, it is under clinical
investigation for the treatment of colorectal neoplasm and brain, throat, and liver tumors.
In clinical applications, PDT with Laserphyrin® follows a procedure similar to the one used
for Photofrin®, but the intravenous administration uses a smaller photosensitizer dose
(0.5–3.5 mg/kg) and irradiation is performed at 664 nm 4 h after that dose. The primary
action mechanism of mono-L-aspartyl chlorin e-6, by the effect of photosensitization,
implies the degradation of tumor formation by vascular stasis and the direct effects of
tumor cytotoxicity [127].

Based on the fluorescence properties and the observed internalization ability at the
tumor level, the latest studies have demonstrated the clinical usefulness of Laserphyrin®

as an intraoperative photodiagnostic agent for brain tumors. The histological degree
of malignity was correlated with the intensity of fluorescence and the concentration of
photosensitizer in the tumor tissue.

Intravenous administration of 40 mg/m2 Laserphyrin® 24 h before surgery and irradi-
ation with laser light at 664 nm along with the surgery have allowed the guided resection
of malignant tumors, and the results obtained have shown the theranostic agent profile of
Talaporfin [104].

3.3.4. VISUDYNE®

Chemically, verteporfin is a benzoporphyrin derivative, which was obtained in 1982
by Dolphin et al. by the reaction of the protoporphyrin dimethylester with dimethyl
acetylenedicarboxylate [128]. The two regiomer forms (±) have similar pharmacokinetic
properties concerning accumulation and clearance, which is why verteporfin has been
considered from the pharmacologic point of view.

Verteporfin is a dark green, water-insoluble powder; in clinical applications, it is
used in some formulae that contain lactose, dimyristoylphosphatidylcholine, sodium phos-
phatidylglycerol, ascorbyl palmitate, and butylhydroxytoluene. AsVisudyne® precipitates
in sodium chloride or other parenteral solutions, when preparing perfusion solutions saline
is not used; instead, it is perfused with 5% dextrose solution and standard lines of perfusion,
with hydrophilic membrane filters with pore size of at least 1.2 µm.

Visudyne® is a second-generation photosensitizer. It was developed by QLT Pho-
totherapeutics (Vancouver, BC, Canada) and was clinically tested in collaboration with Ciba
Vision Corporation (Duluth, GA, USA) for the photodynamic treatment of exudative macu-
lar degeneration (wet) with subfoveal choroidal neovascularization, cutaneous membranes,
and psoriasis [63]. Since 2001, it has been used as therapy in over 70 countries. Presently,
Visudyne® is manufactured by Novartis Pharmaceuticals (East Hanover, NJ, USA) in the
form of a sterile powder for intravenous perfusion.
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From the spectral point of view, Verteporfin has maximum absorption at 686 nm, with
a molar absorption coefficient of ε~3.4 × 104 M−1 cm−1. The singlet oxygen generating
efficiency is Φ∆ = 0.7 (methanol solvent).

The intravenous dose is 6 mg/kg, 30 min before irradiation, with an energy dose of
100 J/cm2. Activation of the photosensitizer takes place at λ = 686 nm. This photosensitizer
rapidly accumulates in tumors (30–150 min after intravenous administration), while the
remaining photosensitivity lasts only for several days, minimizing the photosensitivity
effect on the patient [129].

Verteporfin registered accumulation and a clearance rate in the tumor mass 20 times
greater than Photofrin®. The plasma half-life by the clearance of Verteporfin is approxi-
mately 6 h. Moreover, the red shift of the maximum absorption compared to Photofrin®

gives the advantage of better irradiation of tumor tissue. At approximately 690 nm, the tis-
sue penetration power of light radiation is 50 times bigger compared to Photofrin® [130–132].
Visudyne® presents the advantage of spectral superiority to photosensitizers with second-
generation porphyrinic structures (Foscan®, Photochlor®, and Laserphyrin®).

The latest studies have demonstrated the clinical efficiency of Visudyne® in pancreatic
tumor treatment, even in advanced stages of the disease [133]. Visudyne® is a photosensi-
tizer with potential as a theranostic agent, under investigation with promising results in
ovarian cancer [134].

Among the adverse reactions to Visudyne® administration, the most frequently re-
ported are vision disorders, sensitivity in the region where the perfusion is administered
(inflammation, pain, edema), and, rarely, allergic reactions.

3.3.5. PHOTOCHLOR®

HPPH is a second-generation photosensitizer with a macrocycle structure, lipophilic
character, and better internalization at the cell level. Pandey et al. reported on the prepara-
tion of HPPH from methyl pheophorbide, a derivative extracted from spirulina [135,136].

The spectral behavior of HPPH is relevant for biomedical applications. In micellar so-
lution with 1% Tween-80, HPPH registers an absorption maximum at 665 nm, an extinction
molar coefficient ε~4.75 × 104 M−1 cm−1, and singlet oxygen formation quantum yield
Φ∆ = 0.48 (determined in dichloromethane). Through its molecular structure, Photochlor®

was proved to have some spectral characteristics and a certain amount of tumor accu-
mulation superior to Photofrin® or Foscan® [117,137]. After intravenous administration,
HPPH is selectively located in the tumor cell cytoplasm and presents a pharmacokinetic
and pharmacotoxicological profile superior to Photofrin® [135,136].

In clinical applications, Photochlor® is administered intravenously at a dose of 0.15 mg/kg.
Irradiation takes place at 665 nm, within 24–48 h from administration. Similar to Photofrin®,
Photochlor® is not metabolized, but is cleared from human plasma and slowly excreted [138].

Photochlor® was investigated at the Roswell Park Cancer Institute (Buffalo, NY, USA)
in stage I/II clinical studies of tumor formations at the esophagus level, in the mouth cavity,
at the lung level, and for cervical intraepithelial neoplasm.

The use of Photochlor® in PDT did not show any photosensitivity in patients after
treatment, but it is recommended to avoid solar exposure for 7–10 days after adminis-
tration [139]. The capacity to internalize at the tumor mass level and the fluorescence
properties associated with the HPPH structure allow the use of this photosensitizer as a
marker for the identification of different types of cancer [140].

3.3.6. PURLYTIN®

Sn(II) ethyl-ethiopurpurin is a macrocyclic photosensitizer with Sn(II) metal ion. The
compound was obtained and characterized by Morgan et al. and formulated and commer-
cialized by Miravant Medica Technologies (Santa Barbara, CA, USA) [101–103,141].

The Sn(II) ethyl-ethiopurpurin complex occurs in the form of a water-insoluble powder,
and for clinical application as a photosensitizer, a liposomal formulation is required.
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Spectrally, the complex presents maximum absorption at 660 nm in the therapeutic
field, thus assuring deep penetration in the tissues during irradiation. Its molecular
absorption coefficient is ε~26,400 M−1 cm−1, and the singlet oxygen formation quantum
yield, measured in acetonitrile, is Φ∆ = 0.70 [142].

In clinical applications, Purlytin® is administered intravenously as a liposomal solution
at a dose of 1.2 mg/kg body weight. Activation by irradiation is carried out 24 h after
administration, with laser light of 660 nm.

Purlytin® is under investigation in stage I/II clinical studies for PDT applied to breast
cancer, Kaposi’s sarcoma in AIDS patients, prostate cancer and brain metastases, and
treatment of psoriasis. There have been no reported adverse side effects correlated with
systemic toxicity with the administration of Purlytin®, but induced photosensitivity was
observed in patients treated for a period of two weeks [101,102].

3.3.7. TOOKAD®

Padoporfin has a complex combination structure of a macrocycle bacteriochlorophyll
ligand with Pd(II) as the metal ion. It is manufactured by Negma Lerads/Steba Biotech,
Toussous le Noble, France, and is used in stage II/III clinical studies of photodynamic
therapy against prostate cancer [143–146].

The absorption spectrum of Padaporfin presents a band in the therapeutic range
with a maximum at 762 nm and a molar extinction coefficient of ε~8.85 × 104 M−1 cm−1.
Consequently, it can be activated with light rays at 762 nm, i.e., deep tissue penetrating
radiation. From the photophysical point of view, Padaporfin generates reactive species
with good quantic efficiency of Φ∆ = 0.50 (measured in dimethylsulfoxide) [101,102].

The clinical procedure for PDT mediated by Tookad® is similar to that described for
Photofrin®; it is administered intravenously at a dose of 2–4 mg/kg, and the irradiation
takes place half an hour after administration.

The photosensitizer molecule has a strong lipophilic character, and the advantage
of rapid clearance from the organism (less than 20 min) without inducing cutaneous
phototoxicity compared to Visudyne® and Lutrin® [101,102].

3.3.8. LUTRIN®

Texaphyrin lutetium or Motexafin lutetium (Lu-Tex) (commercial name Lutrin®) is
a second-generation photosensitizer that was synthesized in 1994 by Sessler et al. by a
condensation reaction of the derivatives of diformyltripyrrane and phenylenediamine [147].
The structure of the complex combination is characterized by water solubility and high
selectivity in relation to tumor formation.

The spectral profile of the photosensitizer is described by absorption in the visible
field at a maximum of 732 nm and a molar absorption coefficient of ε = 4.2 × 104 M−1 cm−1

(determined in methanol solution). From the photophysical point of view, the capacity of
Lutrin® to generate reactive species of singlet oxygen is lower compared to other second-
generation photosensitizers; in methanol solution, the singlet oxygen quantum yield is
Φ∆ = 0.11.

The clinical photodynamic approach for antitumor therapy follows a procedure similar
to that for Photofrin®, with a compound dose of 0.6–7.2 mg/kg and activation at 732 nm,
3 h after administration.

Lutrin® was approved for clinical use in therapy for recurrent prostate cancer and uter-
ine and cervical cancer, and is in stage I/II/III clinical studies for breast cancer, melanoma,
and Kaposi’s sarcoma [101,102]. The results obtained in the clinical evaluation of the thera-
peutic effect of Lutrin® according to the compound dose, wavelength, and energy used in
photochemical activation have confirmed good clinical efficacy by using a larger dose of
the medicine (2 mg/kg) [148]. Clinical studies have also revealed some effects of photosen-
sitivity induced by photodynamic therapy with Lutrin® in patients with prostate cancer.
The ligand of the macrocycle texaphyrin structure, together with Gd (III) ion, generates a
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complex combination (Xcytrin™) with applicability in tumor diagnosis and as an agent
with radiotherapy potential and a chemosensitizer [149,150].

Xcytrin™ was investigated in stage III clinical studies for the treatment of primary
tumor formation at the brain level. Xcytrin™ is characterized by an excellent potential
for locating tumor cells compared to healthy ones, and through photoactivation it gener-
ates reactive species in the presence of intracellular oxygen and determines cell death by
apoptosis [101,102,151].

3.3.9. PHOTOSENS®

Photosens® is a mixture of complex structures with photosensitizing ability. Chemi-
cally, the basic structure is represented by a complex combination of a central ion Al(III)
and a macrocycle phthalocyanine ligand; the peripheral substitutes of the macrocycle are
–SO3H groups. In the absorption spectrum, it presents a Q band with a maximum 676 nm
and a molar absorption coefficient of ε~20 × 104 M−1 cm−1.

Photosens® has the largest molar absorption coefficient among all second-generation
photosensitizers. The protocol for the clinical application of photodynamic therapy is
similar to that applied for Photofrin®, with a reduced active substance dose. Photosens®

is administered intravenously at a dose of 0.5–0.8 mg/kg, and is activated by light at
150 J/cm2 at 676 nm 24–72h after administration.

Photosens® is produced by the Niopik pharmaceutical company (Moscow, Russia) and
was evaluated in stage III clinical studies for the treatment of skin cancer with squamous
cells, breast tumors, and oropharyngeal and lung cancer. In order to improve the degree of
internalization at the tumor level, Swiss clinicians have developed a liposomal formulation
of phthalocyanine with Zn(II) (CGP55847) that they evaluated in stage III clinical studies
for the therapy of carcinoma with squamous cells [101,152].

4. Strategies Aimed at Improving the Therapeutic Potential of Porphyrin Photosensitizers

With all of the advantages that second-generation photosensitizers have, including
their possible double role as markers and therapeutic agents, it is a priority for specialists in
oncology and medicinal chemistry to identify new structures with optimal pharmacological
potential to assure the most advantageous cost/benefit ratio with regard to improving the
health of the population.

Simultaneously with the use of second-generation photosensitizers in therapy, in recent
years, through structural functional modifications of tetrapyrrolic macrocycles, researchers
have obtained and clinically investigated structures characterized by good solubility in
biologic fluids, great capacity for generating reactive oxygen species (ROS), good selectivity
in relation to tumor cells, good clearance, and the absence of side effects associated with
administration. These structures define a new generation of photosensitizers, the so-called
third-generation photosensitizers, with pharmacological profiles superior to those of the
second generation. The design and synthesis of third generation PS are carried out in a
chemo- and regioselective manner, taking into account the set of mechanisms that govern
the identification and destruction of tumor cells.

The main disadvantages of second-generation photosensitizers include reduced solu-
bility in water and biological fluids, difficult location at the cell level, reduced clearance
rate from the organism, molecular aggregation tendency, and the effect of reducing the
photodynamic efficiency [102–104].

Presently, research based on development porphyrins in the oncological field, mainly
includes two type studies: porphyrins as theranostic agents, and porphyrins-bonded anti-
cancer drugs. Regarding the first type of study, in this section we will briefly describe some
strategies aimed at improving the therapeutic potential of porphyrin as theranostic agents.

4.1. Design and Synthesis of New Unsymmetrical Porphyrins for Theranostics Applications

Numerous studies have reported that structural modifications by attaching functional
groups with different polarities to the macrocycle, or introducing metal ions into the



Molecules 2023, 28, 1149 17 of 34

tetrapyrrole macrocycles, increase the stability and diminish the aggregation tendency of
PS molecules. On the other hand, attaching functional groups with rich π electron content
to peripheral macrocycles determines the red shift of maximum PS absorption together
with spectral optimization [153–159].

Among the macrocycle structures, at present, porphyrins are the most studied in terms of
architectural modifications with improvements in the spectral and pharmacologic profiles.

In recent years, our research group synthesized a panel of new amphiphilic porphyrins
by ecological and versatile technological approaches in the framework of “green chemistry”
(solvent-free reactions activated by microwave irradiation), as efficient strategies in the
synthesis of new photosensitizers [31,160–178].

In the present study, we reviewed some recently reported unsymmetrical porphyrins
as potential theranostics photosensitizers for cancer. These structures, by their advantages
(good cellular uptake and appreciable biocompatibility in relation to tumor cells, apprecia-
ble fluorescence properties, and good singlet oxygen generation capacity), could provide a
useful reference for the development of theranostics tools.

The particular profile determined by the presence of polar groups such as –OH,
–OCOCH3 and –COCH3, enhances their ability to act as weak intermolecular physical bond
generators, with increasing solubility of PS in polar environments.

By implementing drug design strategies, research has been aimed at obtaining un-
symmetrical porphyrins with functional groups with acceptable volume that do not overly
increase the molecular mass of the photosensitizers. Taking into account that these com-
pounds must cross the cell membrane, the hydrophilic/lipophillic character must not be
lost, and this was why we selected A3B and A2B2 porphyrins (Table 2) [31,160–178].

Table 2. Unsymmetrical A3B and A2B2 type meso-substituted porphyrins.
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Among the most important advantages offered by these structural configurations is the
excellent solubility of PS in PEG 200, a nontoxic and pharmacologically accepted solvent. In
fact, the choice of A3B and A2B2 isomers for our studies was justified because they ensure
a balance between good cellular localization, the generation of good singlet oxygen yields
for efficient PDT, and good solubility in solvents accepted for pharmaceutical formulation.

Regarding the relationship between the structural and photophysical profiles of the
A3B type porphyrins, studies show that structural asymmetry induces slight changes in the
values of singlet oxygen formation quantum yield, fluorescence emission quantum yield,
and the fluorescence lifetime of PS relative to symmetrical structures (Table 3) [162,172,179].

Furthermore, a comparative study on the photophysical behavior of 5,10,15,20-tetrakis(3-
hydroxyphenyl) porphyrin and the corresponding reduced form 5,10,15,20-tetrakis(3-
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hydroxyphenyl) chlorin (active substance of Foscan®) highlighted very small differences
between the photophysical parameter values (Φ∆, ΦF, and τF) (Table 3) [180]. The date
presented in Table 3 confirmed that the photophysical properties of PS molecules can be
modified by the coordination of metal ion at the porphyrinic ring, and changes related to
electronic structure of the metal ion [159,160,162,172,179].

Regarding the potential for the internalization of A3B and A2B2 porphyrins at the
cellular level, in vitro studies on various cell lines confirmed their localization in the
cellular environment depending on the cell type, dose of the compound, and loading
time [160,161,168]. As example, a laser scanning microscopy image of 5-(4-hydroxy-3-
methoxyphenyl)-10,15,20–tris(4-acetoxy-3-methoxyphenyl)porphyrin (10 µM) uptake by
human HT-29 colon carcinoma cells, is presented in Figure 5 [160].

Table 3. Singlet oxygen formation quantum yield (Φ∆), fluorescence emission quantum yield (ΦF),
and fluorescence lifetime (τF) for a series of tetrapyrrolic compounds (solvent CHCl3, except *marked
structures were CH3OH was used).

Tetrapyrrolic Compound Ref.
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In vitro biological studies performed on various cell lines (human colon carcinoma HT-
29 cells, mouse L929 fibroblasts, peripheral blood mononuclear cells, human normal dermal
HS27 cells, HaCaT keratinocytes, human peripheral blood SC monocytes) confirmed good
biocompatibility for these asymmetrical structural configurations [160,161,168]. Further-
more, new amphiphilic porphyrins generated important amounts of singlet oxygen when
activated with light at 635 nm [161,181].

In a recent study, one of the A3B-type asymmetric structures synthesized by us was
investigated in vitro for its ability to reduce the number of tumor cells by PDT. In addition,
the profile of stress gene expression changes triggered in vitro by porphyrin PDT in HT-29
human colon carcinoma cells was established [181].

By in vitro experimental PDT performed with TMAPMOHp, we observed the concomi-
tant activation of particular cellular responses to oxidative stress, hypoxia, DNA damage,
proteotoxic stress, and inflammation. This web of interconnected stressors underlies cell
death, but can also trigger protective mechanisms that may delay tumor cell death or even
defend cells against the deleterious effects of PDT. This stress-related molecular profile
allowed us to identify potential therapeutic targets, such as the cytoprotective transcription
factor NRF2, which could be used to develop co-therapies aimed at increasing PDT efficacy
in cancer cells or protecting normal tissues [181].
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4.2. Functionalizing of Porphyrin Type Macrocycles with Fragments of Bioactive Molecules

There are several strategies for improving the clinical performance of porphyrins, such
as using a modified derivative design or specific delivery vehicles. The functionalizing of
porphyrin macrocycles with moieties of carbohydrate, amino acids, antibody, and peptide,
or their encapsulation into liposomes, micelles and nanoparticles, have been highlighted as
a main strategy in development of third-generation PS.

The most interesting systems with photosensitizing properties nowadays are de-
veloped using natural resources, such as chlorophyll derivatives (chlorin compounds),
which have a similar structure to hemoglobin and can be preferentially located in tumor
cells [55–57]. The research group led by Li synthesized and evaluated a new photosensi-
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tizer, 5,10,15,20-tetrakis[(5-diethylamino)pentyl] porphyrin (TDPP) (Figure 6a), which has
great potential in generating singlet oxygen and considerable antitumor potential with
esophageal tumor cells (Eca-109) [154].
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A new porphyrin derivative bearing ethylenediaminetetraacetic acid (Figure 6b),
has demonstrated an intense phototoxicity effect on HepG2 and BGC823 cell lines and
the destruction of tumor cells by lysosomal photodamage in vitro [156]. Fragments of
isoquinoline attached to tetrapyrrole macrocycles (Figure 6c), have been shown to have
effects on increased singlet oxygen efficiency and phototoxicity in relation to HT29 tumor
cells [182].

Recent studies have pointed out the considerably increased generation efficiency of
singlet oxygen correlated with great cell permeability and strong phototoxicity, as a result
of attaching glucopyranoside moieties to the tetrapyrrole macrocycle and introducing In(III)
ion inside the macrocycle (Figure 6d) [157].

Compared to the porphyrins, photosensitizers with chlorin structure have the advan-
tage of intense absorption in the NIR spectral field, with considerable therapeutic relevance
through the photosensitizing effect. The major disadvantage of some chlorin structures is
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weak solubility in water and biological fluids. That is why the second-generation chlorin
photosensitizers are structurally modified by conjugating with a functional group of amino
acids, peptides, or sugars.

The research group led by Smith developed a new photosensitizer derived from
chlorin e-6 (e) by attaching lysine and aspartate fragments by a regioselective synthesis
approach (Figure 7a) [183]. To obtain structures with good cell permeability and antitumor
efficiency in K562 and P388 tumor cell lines, Guschchina et al. introduced hydrophobic
amide groups into the chlorin e-6 structure (Figure 7b) [184].
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Carbohydrates and their derivatives are attractive biomolecules for conjugating with
PS, because they have the dual role of targeting and increasing water solubility. A water-
soluble chlorin structure (Figure 8a) with excellent biocompatibility, absorption in the
phototherapeutic field, and considerable phototoxicity was recently synthesized with four
perfluorinatedphenyl rings and the attachment of maltotriose fragments [185].

The research group led by Pereira [186] reported the synthesis and evaluation of
two isomeric porphyrin-galactose conjugates and their Zn(II) analogs (Figure 8b), with
excellent potential in PDT against HCT-116 colon, MCF-7 breast, UM-UC-3 bladder and
HeLa cervical cancer cells.

The introduction of new theranostic agents with good clinical efficiency is currently
achieved by using advanced strategies to optimize the structural design and photophysical
profile of porphyrin macrocycles, which includes attaching polyethylene glycol to them
to obtain efficient nanostructures for the detection and treatment of tumor formations.
Modern structural analyses of such systems have shown that they have a spherical ar-
chitecture with a diameter of not more than 20 nm and an extinction coefficient around
7.8 × 107 M−1 cm−1 [187].
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4.3. Functionalizing of Porphyrin with Metal-Based Nanoparticles

An alternative to using structural modifications to improve the biodistribution of PS
and increase its accumulation at tumor sites is to incorporate PS in the transport agents
(liposomal systems, micelles, or nanoparticles [163,168].

Nanomedicine is an ever-growing field with huge potential for future discoveries
and substantial progress in medicine, especially in cancer theranostics. In recent years,
interdisciplinary studies have pointed out that translational nanotheranostics are a promis-
ing way forward in medicine. Biotech, pharmaceutical, and medical sciences companies
have been active in its evolution, and are dynamic collaborators with researchers, govern-
ments, and educational institutions in developing and translating cancer nanomedicine.
Two iron oxide contrast agents are now on the market, Ferridex and Gastro MARK from
Advanced Magnetics, Inc., Cambridge, MA., and according to the analyses performed on
several metal-based NPs (iron oxide, magnetic NPs, gold nanorods, colloidal gold) for
imaging/theranostics, most clinical trials in nanomedicine are confined to polymer/lipid
NPs, probably due to concerns regarding the adverse effects and/or toxicity of metal-based
NPs [188].Therefore, there is a need to develop nanotheranostic tools and associated strate-
gies, complemented by comprehensive toxicological studies, in order to find solutions for
reducing the counteracting of clearly defined toxicity issues, while exploiting their huge
potential as theranostic agents.
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Polymer-coated NPs can act as carriers for porphyrins. Metal-based NPs carry an
additional theranostic property: irradiation with near infrared (NIR) light will activate the
covering photosensitizer in PDT and trigger a concurrent photothermal effect, mediated
by the associated metal. This will lead to the enhanced power of the nanosystems for
tumor cell ablation and/or a vasodilatation-mediated increase in NP accumulation in
tumors. Moreover, the same NIR radiation used to activate porphyrinic photosensitizers
can induce additional ROS production by direct interaction with the metal core of NPs.
By their excellent photophysical and photochemical properties, porphyrins can be good
generators of tumor-destructive ROS in PDT. Additionally, the fluorescence of the com-
pounds allows the monitoring of NS uptake by cancer cells, thus improving their imaging
power (combined magnetic and fluorescence characteristics). As porphyrinic compounds
preferentially accumulate in tumors, a concentration of NS in the diseased tissue can be
achieved, the therapeutic dose can consequently be lowered, and unwanted side effects
could be partially avoided.

To overcome the drawbacks related to the aggregation and low solubility of PS
molecules in biological media, in recent studies, functionalized metal-based nanocarriers
were used to deliver porphyrin to tumors [189–192]. Moreover, coating inorganic NPs
with biocompatible polymers (PEG, chitosan, alginate, heparin, cellulose, gelatin, etc.) can
reduce particle uptake by phagocytes, promoting the stabilization and biocompatibility
of the system and increasing the blood circulation time. Hydrophilic polymeric chains
can be physically linked to porphyrins in order to enhance porphyrin attachment and the
biocompatibility of NP/NS. For metal NP synthesis, several methodologies can be used,
including co-precipitation. Porphyrins can be attached to NPs by means of appropriate
linkers. Applying a thin silica layer on the surface of NPs greatly improves the conjugation
of porphyrin on the functionalized NP surface.

Recently, Vieira Ferreira and collab. [189,190] developed superparamagnetic iron NPs
coated with a porphyrin derivative. The surface photochemistry of two tetrapyrrolic
structures was reported as TCMP (Figure 9) and TCMPMOHP, covalently bound to silica-
coated magnetite nanoparticles (Fe3O4@SiO2) and imbibed into a polyethylene glycol (PEG)
matrix, in the form of a fine powder.
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Figure 9. New covalent bond formed after transesterification reaction of TCMP with silanol groups
of the surface of silica-coated magnetite nanoparticles [190].

Two populations of porphyrin molecules exist, free porphyrin (unquenched) and
porphyrin with Fe3O4@SiO2 NPs attached (quenched). In this way, the amount of available
excited porphyrin for singlet oxygen formation is reduced, thus the presence of Fe3O4@SiO2
NPs may not favor this specific PDT action by the type II mechanism, but it prevents
aggregation of the porphyrins, even when a PEG matrix is used, and type I mechanisms
remain active. In conclusion, the possibility of loading porphyrinic molecules covalently
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bound to ferromagnetic nanoparticles represents a great advantage in nanotechnology,
because it avoids the major problems related to the aggregation and low solubility of PS in
biological media; moreover, this approach allows the establishment of an accurate diagnosis
and the optimization of the therapeutic outcome.

5. Conclusions

Tetrapyrrolic compounds are among the most studied with regard to their antitumor
potential, because their versatile structure and spectral profile make them applicable
as photosensitizers.

At present, one of the primary objectives of research in the pharmaceutical and on-
cological fields is to establish an optimum protocol for the identification and treatment of
tumor formations by using molecules with exceptional pharmacological properties and
minimal side effects.

In this review, we summarized the theoretical aspects regarding the structural, spectral,
and biomedical profiles of porphyrin macrocycles. The bibliographical data concerning
the properties and theranostic potential of this tetrapyrrole type are complemented by
some ideas related to strategies for improving the biodistribution of PS at tumor sites.
Our research group synthesized and characterized a panel of new amphiphilic porphyrins
exhibiting structural and spectral profiles suitable for theranostic applications. “Green
chemistry” (solvent-free reactions activated by microwave irradiation) was applied for the
synthesis of amphiphilic porphyrins. We can appreciate the fact that extensive interdisci-
plinary research, accompanied by detailed toxicological assessments, can guide researchers
in finding the most appropriate variants for the development of new tetrapyrroles as
theranostic agents. Furthermore, the mechanisms of action at the cellular level should be
thoroughly investigated for scientific documentation of the balance between benefits and
side effects. Finally, we anticipate that the information presented in this review will encour-
age the design and development of new porphyrin macrocycles as theranostic agents.
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TCMPMOHP 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrin
Zn(II)TCMPMOHP 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatozinc(II)
Cu(II)TCMPMOHP 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatocopper(II)
TMAPMOHp 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrin
Zn(II)TMAPMOHp 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrinatozinc(II)
Cu(II)TMAPMOHp 5-(4-hydroxy-3-methoxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrinatocopper(II)
TMAPDOH 5-(2,4-dihydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrin
TCMPOHo 5-(2-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrin
Zn(II)TCMPOHo 5-(2-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatozinc(II)
Cu(II)TCMPOHo 5-(2-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatocopper(II)
TRMOPP 5-[(3,4-methylenedioxy)phenyl]-10,15,20-tris(4-carboxymethylphenyl)porphyrin
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Zn(II)TRMOPP 5-[(3,4-methylenedioxy)phenyl]-10,15,20-tris(4-carboxymethylphenyl)porphyrinatozinc(II)
Cu(II)TRMOPP 5-[(3,4-methylenedioxy)phenyl]-10,15,20-tris(4-carboxymethylphenyl)porphyrinatocopper(II)
TCMPOHp 5-(4-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrin
Zn(II)TCMPOHp 5-(4-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatozinc(II)
Cu(II)TCMPOHp 5-(4-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatocopper(II)
TCMPOMo 5-(4-acetoxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrin
Zn(II)TCMPOMo 5-(4-acetoxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatozinc(II)
Cu(II)TCMPOMo 5-(4-acetoxy-3-methoxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatocopper(II)
TCMPOHm 5-(3-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrin
Zn(II)TCMPOHm 5-(3-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatozinc(II)
Cu(II)TCMPOHm 5-(3-hydroxyphenyl)-10,15,20-tris(4-carboxymethylphenyl)porphyrinatocopper(II)
TMAPOHm 5-(3-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrin
Zn(II)TMAPOHm 5-(3-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrinatozinc(II)
Cu(II)TMAPOHm 5-(3-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrinatocopper(II)
TMAPOHo 5-(2-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrin
Zn(II)TMAPOHo 5-(2-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrinatozinc(II)
Cu(II)TMAPOHo 5-(2-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrinatocopper(II)
Zn(II)TMAPOHp 5-(4-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl)porphyrinatozinc(II)
Cu(II)TMAPOHp 5-(4-hydroxyphenyl)-10,15,20-tris(4-acetoxy-3-methoxyphenyl) porphyrinatocopper(II)
TCMPDMOH 5,15-bis-(4-hydroxy-3-methoxyphenyl)-10,20-bis(4-carboxymethylphenyl)porphyrin
TPP 5,10,15,20-tetrakis-phenyl porphyrin
Zn(II)TPP 5,10,15,20-tetrakis-phenyl porphyrinatozinc(II)
TPPOHo 5-(2-hydroxyphenyl)-10,15,20-triphenyl porphyrin
Zn(II)TPPOHo 5-(2-hydroxyphenyl)-10,15,20-triphenyl porphyrinatozinc(II)
mTHPP 5,10,15,20-tetrakis(3-hydroxyphenyl)porphyrin
mTHPC 5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin
TCMP 5,10,15,20-tetrakis(4-carboxymethylphenyl)porphyrin
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New A3B porphyrins as potenţial candidates for theranostic. Synthesis and photochemical behaviour. Dyes Pigments 2019, 160,
410–417. [CrossRef]

32. Dar, U.A.; Shah, S.A. UV–visible and fluorescence spectroscopic assessment of meso-tetrakis-(4-halophenyl) porphyrin; H2TXPP
(X=F, Cl, Br, I) in THF and THF-water system: Effect of pH and aggregation behaviour. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2020, 240, 118570. [CrossRef] [PubMed]

33. Wu, Q.; Xia, R.; Li, C.; Li, Y.; Sun, T.; Xie, Z.; Jing, X. Nanoscale aggregates of porphyrins: Red-shifted absorption, enhanced
absorbance and phototherapeutic activity. Mater. Chem. Front. 2021, 5, 8333–8340. [CrossRef]

34. Dabrowski, J.M.; Pucelik, B.; Regiel-Futyra, A.; Brindell, M.; Mazuryk, O.; Kyzioł, A.; Arnaut, L.G. Engineering of relevant
photodynamic processes through structural modifications of metallotetrapyrrolic photosensitizers. Coord. Chem. Rev. 2016, 325,
67–101. [CrossRef]

35. Meshkov, I.N.; Bulach, V.; Gorbunova, Y.G.; Gostev, F.E.; Nadtochenko, V.A.; Tsivadze, A.Y.; Hosseini, M.W. Tuning photochemical
properties of phosphorus (V) porphyrin photosensitizers. Chem. Commun. 2017, 53, 9918–9921. [CrossRef]

36. Horváth, O.; Valicsek, Z.; Fodor, M.A.; Major, M.M.; Imran, M.; Grampp, G.; Wankmüller, A. Visible light-driven photophysics
and photochemistry of water-soluble metalloporphyrins. Coord. Chem. Rev. 2016, 325, 59–66. [CrossRef]

37. Vieira Ferreira, L.F.; Ferreira Machado, I.L. Surface photochemistry: Organic molecules within nanocavities of calixarenes. Curr.
Drug Discov. Technol. 2007, 4, 229–245. [CrossRef]

38. Strickler, S.J.; Berg, R.A. Relationship between Absorption Intensity and Fluorescence Lifetime of Molecules. J. Chem. Phys. 1962,
37, 814–822. [CrossRef]

39. Harriman, A.; Hosie, R.J. Luminescence of porphyrins and metalloporphyrins. Fluorescence of substituted tetraphenylporphyrins.
J. Photochem. 1981, 15, 163–167. [CrossRef]

40. Nifiatis, F.; Athas, J.C.K.; Gunaratne, D.; Gurung, Y.; Monette, K.; Shivokevich, P.J. Substituent effects of porphyrin on singlet
oxygen generation quantum yields. Open Spectrosc. J. 2011, 5, 1–12. [CrossRef]

41. Harriman, A. Luminescence of porphyrins and metalloporphyrins, Zinc(II), nickel(II) and manganese(II) porphyrins. J. Chem. Soc.
Faraday Trans. 1 Phys. Chem. Condens. Phases 1980, 76, 1978–1985. [CrossRef]

42. Chen, C.Y.; Sun, E.; Fan, D. Synthesis and physicochemical properties of metallobacteriochlorins. Inorg. Chem. 2012, 51, 9443–9464.
[CrossRef] [PubMed]

43. Von Tapiener, H.; Jesionek, A. TherapeutischeVersuchemitfluoreszierendenStoffen. Münchener Med. Wochenschr. 1903, 50, 2042–2051.
44. Silver, H. Psoriasis vulgaris treated with hemathoporphyrin. Arch Dermatol. Physiol. 1937, 36, 1118–1119.
45. Dougherty, T.J.; Kaufman, J.E.; Goldfarb, A.; Weishaupt, K.R.; Boyle, D.; Mittleman, A. Photoradiation therapy for the treatment

of malignant tumors. Cancer Res. 1978, 38, 2628–2635. [PubMed]
46. Dahlman, A.; Wile, A.G.; Burns, R.G.; Johnson, F.; Berns, M.W. Laser photoradiation therapy of cancer. Cancer Res. 1982, 43, 430–434.
47. Diezel, W.; Meffert, H.; Sonnichsen, N. Stability of nystatin in an o/w-cream. Dermatol. Monatsschr. 1980, 166, 75–79.

http://doi.org/10.1038/285017a0
http://doi.org/10.1021/ar600006n
http://doi.org/10.1007/978-3-642-66505-9_5
http://doi.org/10.1016/0022-2852(63)90011-0
http://doi.org/10.1016/j.dyepig.2018.08.028
http://doi.org/10.1016/j.saa.2020.118570
http://www.ncbi.nlm.nih.gov/pubmed/32590311
http://doi.org/10.1039/D1QM01420J
http://doi.org/10.1016/j.ccr.2016.06.007
http://doi.org/10.1039/C7CC06052A
http://doi.org/10.1016/j.ccr.2015.12.011
http://doi.org/10.2174/157016307783220521
http://doi.org/10.1063/1.1733166
http://doi.org/10.1016/0047-2670(81)85008-3
http://doi.org/10.2174/1874383801105010001
http://doi.org/10.1039/f19807601978
http://doi.org/10.1021/ic301262k
http://www.ncbi.nlm.nih.gov/pubmed/22916839
http://www.ncbi.nlm.nih.gov/pubmed/667856


Molecules 2023, 28, 1149 29 of 34

48. Dougherty, T.J.; Henderson, B.; Schwartz, S.; Winkelman, J.W.; Lipson, R.L. Historical perspective Photodynamic therapy. In Basic
Principles and Clinical Application; Henderson, B.W., Dougherty, T.J., Eds.; Marcel Dekker Inc.: New York, NY, USA, 1992; pp. 1–15.

49. Dougherty, T.J. Hematoporphyrin as a photosensitizer of tumors. Photochem. Photobiol. 1983, 38, 377–379. [CrossRef]
50. Dougherty, T.J. Photodynamic therapy. Photochem.Photobiol. 1993, 58, 895–900. [CrossRef]
51. Jori, G. Tumour photosensitizers: Approaches to enhance the selectivity and efficiency of photodynamic therapy. J. Photochem.

Photobiol B Biol. 1996, 36, 87–93. [CrossRef]
52. Detty, M.R.; Gibson, S.L.; Wagner, S.J. Current clinical and preclinical photosensitizers for use in photodynamic therapy. J. Med.

Chem. 2004, 47, 3897–3915. [CrossRef] [PubMed]
53. Boyle, R.B.; Dolphin, D. Structure and biodistribution relationships of photodynamic sensitizers. Photochem. Photobiol. 1996, 64,

469–485. [CrossRef] [PubMed]
54. Kudinova, N.V.; Berezov, T.T. Photodynamic therapy of cancer: Search for ideal photosensitizer. Biochem. Suppl. Ser. B Biomed.

Chem. 2010, 4, 95–103. [CrossRef]
55. Myrzakhmetov, B.; Arnoux, P.; Acherar, S.; Vanderesse, R.; Frochot, C. Folic acid conjugates with photosensitizers for cancer

targeting in photodynamic therapy: Synthesis and photophysical properties. Bioorg. Med. Chem. 2017, 25, 1–10.
56. Clark, P.A.; Alahmad, A.J.; Qian, T.; Zhang, R.R.; Wilson, H.K.; Weichert, J.P.; Palecek, S.P.; Kuo, J.S.; Shusta, E.V. Analysis

of cancer-targeting alkylphosphocholine analog permeability characteristics using a human induced pluripotent stem cell
blood-brain barrier model. Mol. Pharm. 2016, 13, 3341–3349. [CrossRef] [PubMed]

57. Zhang, R.R.; Swanson, K.I.; Hall, L.T.; Weichert, J.P.; Kuo, J.S. Diapeutic cancer-targeting alkylphosphocholine analogs may
advance management of brain malignancies. CNS Oncol. 2016, 5, 223–231. [CrossRef]

58. Yoon, I.; Li, J.Z.; Shim, Y.K. Advance in photosensitizers and light delivery forphotodynamic therapy. Clin. Endosc. 2013, 46, 7–23.
[CrossRef]

59. Van Straten, D.; Mashayekhi, V.; de Bruijn, H.S.; Oliveira, S.; Robinson, D.J. Oncologic photodynamic therapy: Basic principles,
current clinical status and future directions. Cancers 2017, 9, 19. [CrossRef]

60. Tanaka, M.; Kataoka, H.; Mabuchi, M.; Sakuma, S.; Takahashi, S.; Tujii, R.; Akashi, H.; Ohi, H.; Yano, S.; Morita, A.; et al.
Anticancer effects of novel photodynamic therapy with glycoconjugated chlorin for gastric and colon cancer. Anticancer Res. 2011,
31, 763–769.

61. Lapa, C.; Schreder, M.; Schirbel, A.; Samnick, S.; Kortum, K.M.; Hermann, H.; Kropf, S.; Einsele, H.; Buck, A.K.; Wester, H.J.
[68Ga] Penixafor-PET/CT for imaging of chemokine receptor CXCR4 expression in multiple myeloma–Comparison to [18F] FDG
and laboratory values. Theranostics 2017, 7, 205–212. [CrossRef] [PubMed]

62. Broughton, L.J.; Giuntini, F.; Savoie, H.; Bryden, F.; Boyle, R.W.; Maraveyas, A.; Madden, L.A. Duramycin-porphyrin conjugates
for targeting of tumour cells using photodynamic therapy. J. Photochem. Photobiol. B. 2016, 163, 374–384. [CrossRef] [PubMed]

63. Yan, G.; Li, Z.; Xu, W.; Zhou, C.; Yang, L.; Zhang, Q.; Li, L.; Liu, F.; Han, L.; Ge, Y. Porphyrin-containing polyaspartamide gadolinium
complexes as potential magnetic resonance imaging contrast agents. Int. J. Pharm. 2011, 407, 119–125. [CrossRef] [PubMed]

64. Mokwena, M.G.; Kruger, C.A.; Ivan, M.; Heidi, A. A review of nanoparticle photosensitizer drug delivery uptake systems for
photodynamic treatment of lung cancers. Photodiagn. Photodyn. Ther. 2018, 22, 147–154. [CrossRef] [PubMed]

65. Fakayode, O.J.; Kruger, C.A.; Songca, S.P.; Abrahamse, H.; Oluwafemi, O.S. Photodynamic therapy evaluation of methoxy-
polyethylene glycol-thiol-SPIONs-gold-meso-tetrakis(4-hydroxyphenyl) porphyrin conjugate against breast cancer cells. Mater.
Sci. Eng. C 2018, 92, 737–744. [CrossRef] [PubMed]

66. Penon, O.; Marín, M.J.; Russell, D.A.; Pérez-García, L. Water soluble, multifunctional antibody-porphyrin gold nanoparticles for
targeted photodynamic therapy. J. Colloid Interface Sci. 2017, 496, 100–110. [CrossRef]

67. Robertson, C.A.; Evans, D.H.; Abrahamse, H. Photodynamic therapy (PDT): A short review on cellular mechanisms and cancer
research applications for PDT. J. Photochem. Photobiol. B 2009, 96, 1–8. [CrossRef]

68. Baron, E.D.; Suggs, A.K. Introduction to photobiology. Dermatol. Clin. 2014, 32, 255–266. [CrossRef]
69. Josefsen, L.B.; Boyle, R.W. Photodynamic therapy: Novel third-generation photosensitizers one step closer? Br. J. Pharmacol. 2008,

154, 1–3. [CrossRef]
70. Wayne, C.E.; Wayne, R.P. Photochemical principles. In Photochemistry, of Oxford Chemistry Primers, Oxford Science; Oxford

University Press: Oxford, UK, 1996; Volume 39, pp. 11–12.
71. Schweitzer, C.; Schmidt, R. Physical mechanisms of generation and deactivation of singlet oxygen. Chem. Rev. 2003, 103,

1685–1757. [CrossRef]
72. Gilbert, A.; Baggott, J. Essentials of Molecular Photochemistry; Blackwell Scientific: Oxford, UK, 1991; Chapter 4; pp. 92–99.
73. Dougherty, T.J.; Gomer, C.J.; Henderson, B.W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q. Photodynamic therapy. J. Natl.

Cancer Inst. 1998, 90, 889–905. [CrossRef] [PubMed]
74. Castano, A.P.; Demidova, T.N.; Hamblin, M.R. Mechanisms in photodynamic therapy: Part one–Photosensitizers, photochemistry

and cellular localization. Photodiagn. Photodyn. Ther. 2004, 1, 279–293. [CrossRef] [PubMed]
75. Silva, J.N.; Filipe, P.; Morlière, P.; Mazière, J.C.; Freitas, J.P.; de Castro, C.J.L.; Santus, R. Photodynamic therapies: Principles and

present medical ap-plications. Bio Med. Mater. Eng. 2006, 16, 147–154.
76. Nyman, E.S.; Hynninen, P.H. Research advances in the use of tetrapyrrolic photosensitisers for photodynamic therapy. J.

Photochem. Photobiol. B Biol. 2004, 73, 1–28. [CrossRef]
77. MacDonald, I.J.; Dougherty, T.J. Basic principles of photodynamic therapy. J. Porphyr. Phthalocyanines 2001, 5, 105–129. [CrossRef]

http://doi.org/10.1111/j.1751-1097.1983.tb02687.x
http://doi.org/10.1111/j.1751-1097.1993.tb04990.x
http://doi.org/10.1016/S1011-1344(96)07352-6
http://doi.org/10.1021/jm040074b
http://www.ncbi.nlm.nih.gov/pubmed/15267226
http://doi.org/10.1111/j.1751-1097.1996.tb03093.x
http://www.ncbi.nlm.nih.gov/pubmed/8806226
http://doi.org/10.1134/S1990750810010129
http://doi.org/10.1021/acs.molpharmaceut.6b00441
http://www.ncbi.nlm.nih.gov/pubmed/27421304
http://doi.org/10.2217/cns-2016-0017
http://doi.org/10.5946/ce.2013.46.1.7
http://doi.org/10.3390/cancers9020019
http://doi.org/10.7150/thno.16576
http://www.ncbi.nlm.nih.gov/pubmed/28042328
http://doi.org/10.1016/j.jphotobiol.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27619739
http://doi.org/10.1016/j.ijpharm.2011.01.036
http://www.ncbi.nlm.nih.gov/pubmed/21272626
http://doi.org/10.1016/j.pdpdt.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29588217
http://doi.org/10.1016/j.msec.2018.07.026
http://www.ncbi.nlm.nih.gov/pubmed/30184802
http://doi.org/10.1016/j.jcis.2017.02.006
http://doi.org/10.1016/j.jphotobiol.2009.04.001
http://doi.org/10.1016/j.det.2014.03.002
http://doi.org/10.1038/bjp.2008.98
http://doi.org/10.1021/cr010371d
http://doi.org/10.1093/jnci/90.12.889
http://www.ncbi.nlm.nih.gov/pubmed/9637138
http://doi.org/10.1016/S1572-1000(05)00007-4
http://www.ncbi.nlm.nih.gov/pubmed/25048432
http://doi.org/10.1016/j.jphotobiol.2003.10.002
http://doi.org/10.1002/jpp.328


Molecules 2023, 28, 1149 30 of 34

78. Bonnett, R. Photosensitizers of the porphyrin and phthalocyanine series for photodynamic therapy. Chem. Soc. Rev. 1995, 24,
19–33. [CrossRef]

79. Sharman, W.M.; Allen, C.M.; van Lier, J.E. Photodynamic therapeutics: Basic principles and clinical applications. Drug Discov.
Today 1999, 4, 507–517. [CrossRef]

80. Moan, J.; Berg, K. The photodegradation of porphyrins in cells can be used to estimate the lifetime of singlet oxygen. Photochem.
Photobiol. 1991, 53, 549–553. [CrossRef]

81. Hirth, A.; Michelsen, U.; Wohrle, D. PhotodynamischeTumortherapie. Chem. Unserer Zeit 1999, 33, 84–94. [CrossRef]
82. Sandland, J.; Malatesti, N.; Boyle, R. Porphyrins and related macrocycles: Combining photosensitization with radio- or optical-

imaging for next generation theranostic agents. Photodiagn. Photodyn. Ther. 2018, 23, 281–294. [CrossRef]
83. O’Connor, A.E.; Gallagher, W.M.; Byrne, A.T. Porphyrin and nonporphyrin photosensitizers in oncology: Preclinical and clinical

advances in photodynamic therapy. Photochem. Photobiol. 2009, 85, 1053–1074. [CrossRef] [PubMed]
84. Allison, R.R.; Cuenca, R.E.; Downie, G.H.; Camnitz, P.; Brodish, B.; Sibata, C.H. Clinical photodynamic therapy of head and neck

cancers–A review of applications and outcomes. Photodiagn. Photodyn. Ther. 2005, 2, 205–222. [CrossRef] [PubMed]
85. Huang, Z. A review of progress in clinical photodynamic therapy. Technol. Cancer Res. Treat. 2005, 4, 283–293. [CrossRef] [PubMed]
86. Allison, R.; Moghissi, K.; Downie, G.; Dixon, K. Photodynamic therapy (PDT) for lung cancer. Photodiagn. Photodyn. Ther. 2011, 8,

231–239. [CrossRef] [PubMed]
87. Banerjee, S.M.; Mac Robert, A.J.; Mosse, C.A.; Periera, B.; Bown, S.G.; Keshtgar, M.R.S. Photodynamic therapy: Inception to

application in breast cancer. Breast 2017, 31, 105–113. [CrossRef] [PubMed]
88. Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel,

D.; et al. Photodynamic therapy of cancer: An update. CA Cancer J. Clin. 2011, 61, 250–281. [CrossRef]
89. Stegh, A.H. Toward personalized cancer nanomedicine–past, present, and future. Integr. Biol. 2012, 5, 48–65. [CrossRef]
90. Pineiro, M.; Pereira, M.M.; d’ Rocha Gonsalves, A.M.; Arnaut, L.G.; Formosinho, S.J. Singlet oxygen quantum yields from

halogenated chlorins: Potential new photodynamic therapy agents. J. Photochem. Photobiol. A Chem. 2001, 138, 147–157. [CrossRef]
91. Spagnul, C.; Turner, L.C.; Boyle, R.W. Immobilized photosensitizers for antimicrobial applications. J. Photochem. Photobiol. B Biol.

2015, 150, 11–30. [CrossRef]
92. Orlandi, V.T.; Caruso, E.; Tettamanti, G.; Banfi, S.; Barbieri, P. Photoinduced antibacterial activity of two dicationic 5,15-

diarylporphyrins. J. Photochem. Photobiol. B Biol. 2013, 127, 123–132. [CrossRef]
93. Moritz, M.N.O.; Gonçalves, J.L.S.; Linares, I.A.P.; Perussi, J.R.; de Oliveira, K.T. Semi-synthesis and PDT activities of a new

amphiphilic chlorin derivative. Photodiagn. Photodyn. Ther. 2017, 17, 39–47. [CrossRef] [PubMed]
94. Mandal, A.K.; Sahin, T.; Liu, M.; Lindsey, J.S.; Bocian, D.F.; Holten, D. Photophysical comparisons of PEGylated porphyrins,

chlorins and bacteriochlorins. New J. Chem. 2016, 40, 9648–9656. [CrossRef]
95. Pisarek, S.; Maximova, K.; Gryko, D. Strategies toward the synthesis of amphiphilic porphyrins. Tetrahedron 2014, 38, 6685–6715.

[CrossRef]
96. Liu, M.; Chen, C.Y.; Mandal, A.K.; Chandrashaker, V.; Evans-Storms, R.B.; Pitner, J.B.; Bocian, D.F.; Holten, D.; Lindsey, J.S.

Bioconjugatable, PEGylated Hydroporphyrins for Photochemistry and Photomedicine. Narrow-Band, Red-Emitting Chlorins.
New J. Chem. 2016, 40, 7721–7740. [CrossRef] [PubMed]

97. Zhang, N.; Jiang, J.; Liu, M.; Taniguchi, M.; Mandal, A.K.; Evans-Storms, R.B.; Pitner, J.B.; Bocian, D.F.; Holten, D.; Lindsey, J.S.
Bioconjugatable, PEGylated Hydroporphyrins for Photochemistry and Photomedicine. Narrow-Band, Near-Infrared-Emitting
Bacteriochlorins. New J. Chem. 2016, 40, 7750–7767. [CrossRef]

98. Roy, A.; Magdaong, N.C.M.; Jing, H.; Rong, J.; Diers, J.R.; Kang, H.S.; Niedzwiedzki, D.M.; Taniguchi, M.; Kirmaier, C.; Lindsey,
J.S.; et al. Balancing Panchromatic Absorption and Multistep Charge Separation in a Compact Molecular Architecture. J. Phys.
Chem. A 2022, 126, 9353–9365. [CrossRef]

99. Allison, R.R.; Sibata, C.H. Oncologic photodynamic therapy photosensitizers: A clinical review. Photodiagn. Photodyn. Ther. 2010,
7, 61–75. [CrossRef] [PubMed]

100. Celli, J.P.; Spring, B.Q.; Rizvi, I.; Evans, C.L.; Samkoe, K.S.; Verma, S.; Pogue, B.W.; Hasan, T. Imaging and Photodynamic Therapy:
Mechanisms, Monitoring and Optimization. Chem. Rev. 2010, 110, 2795–2838. [CrossRef]

101. Yano, S.; Hirohara, S.; Obata, M.; Hagiya, Y.; Ogura, S.-I.; Ikeda, A.; Kataoka, H.; Tanaka, M.; Joh, T. Current states and future
views in photodynamic therapy. J. Photochem. Photobiol. C Photochem. Rev. 2011, 12, 46–67. [CrossRef]

102. Baskaran, R.; Lee, J.; Yang, S.G. Clinical development of photodynamic agents and therapeutic applications. Biomater. Res. 2018,
22, 1–8. [CrossRef]

103. Monro, S.; Colón, L.K.; Yin, H.; Roque, J.; Konda, P.; Gujar, S.; Thummel, R.; Lilge, L.; Cameron, G.C.; McFarland, A.S. Ttransition
metal complexes and photodynamic therapy from a tumor-centered approach: Challenges, opportunities, and highlights from
the development of TLD. Chem. Rev. 2019, 119, 797–828. [CrossRef] [PubMed]

104. Akimoto, J.; Fukami, S.; Ichikawa, M.; Mohamed, A.; Kohno, M. Intraoperative photodiagnosis for malignant glioma using
photosensitizer talaporfin sodium. Front. Surg. 2019, 6, 12. [CrossRef] [PubMed]

105. Allison, R.R.; Mota, H.C.; Sibata, C.H. Clinical PD/PDT in North America: An historical review. Photodiagn. Photodyn. Ther. 2004,
1, 263–277. [CrossRef] [PubMed]

106. Yang, V.X.; Muller, P.J.; Herman, P.; Wilson, B.C. A multispectral fluorescence imaging system: Design and initial clinical tests in
intra-operative Photofrin photodynamic therapy of brain tumors. Lasers Surg. Med. 2003, 32, 224–232. [CrossRef]

http://doi.org/10.1039/cs9952400019
http://doi.org/10.1016/S1359-6446(99)01412-9
http://doi.org/10.1111/j.1751-1097.1991.tb03669.x
http://doi.org/10.1002/ciuz.19990330204
http://doi.org/10.1016/j.pdpdt.2018.06.023
http://doi.org/10.1111/j.1751-1097.2009.00585.x
http://www.ncbi.nlm.nih.gov/pubmed/19682322
http://doi.org/10.1016/S1572-1000(05)00092-X
http://www.ncbi.nlm.nih.gov/pubmed/25048771
http://doi.org/10.1177/153303460500400308
http://www.ncbi.nlm.nih.gov/pubmed/15896084
http://doi.org/10.1016/j.pdpdt.2011.03.342
http://www.ncbi.nlm.nih.gov/pubmed/21864796
http://doi.org/10.1016/j.breast.2016.09.016
http://www.ncbi.nlm.nih.gov/pubmed/27833041
http://doi.org/10.3322/caac.20114
http://doi.org/10.1039/c2ib20104f
http://doi.org/10.1016/S1010-6030(00)00382-8
http://doi.org/10.1016/j.jphotobiol.2015.04.021
http://doi.org/10.1016/j.jphotobiol.2013.08.011
http://doi.org/10.1016/j.pdpdt.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27769913
http://doi.org/10.1039/C6NJ02091G
http://doi.org/10.1016/j.tet.2014.05.090
http://doi.org/10.1039/C6NJ01154C
http://www.ncbi.nlm.nih.gov/pubmed/28154477
http://doi.org/10.1039/C6NJ01155A
http://doi.org/10.1021/acs.jpca.2c06040
http://doi.org/10.1016/j.pdpdt.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20510301
http://doi.org/10.1021/cr900300p
http://doi.org/10.1016/j.jphotochemrev.2011.06.001
http://doi.org/10.1186/s40824-018-0140-z
http://doi.org/10.1021/acs.chemrev.8b00211
http://www.ncbi.nlm.nih.gov/pubmed/30295467
http://doi.org/10.3389/fsurg.2019.00012
http://www.ncbi.nlm.nih.gov/pubmed/30949484
http://doi.org/10.1016/S1572-1000(04)00084-5
http://www.ncbi.nlm.nih.gov/pubmed/25048431
http://doi.org/10.1002/lsm.10131


Molecules 2023, 28, 1149 31 of 34

107. Bogaards, A.; Varma, A.; Zhang, K.; Zach, D.; Bisland, S.K.; Moriyama, E.H.; Lilge, L.; Muller, P.J.; Wilson, B.C. Fluorescence
image guided brain tumour resection with adjuvant metronomic photodynamic therapy: Preclinical model and technology
development. Photochem. Photobiol. Sci. 2005, 4, 438–442. [CrossRef]

108. Bogaards, A.; Varma, A.; Collens, S.P.; Lin, A.H.; Giles, A.; Yang, V.X.D.; Bilbao, J.M.; Lilge, L.D.; Muller, P.J.; Wilson, B.C.
Increased brain tumor resection using fluorescence image guidance in a preclinical model. Lasers Surg. Med. 2004, 35, 181–190.
[CrossRef]

109. Olivo, M.; Wilson, B.C. Mapping ALA-induced PPIX fluorescence in normal brain and brain tumour using confocal fluorescence
microscopy. Int. J. Oncol. 2004, 25, 37–45. [CrossRef]

110. Hage, R.; Ferreira, J.; Bagnato, V.S.; Vollet-Filho, J.D.; Plapler, H. Pharmacokinetics of photogem using fluorescence spectroscopy
in dimethylhydrazine-inducedmurine colorectal carcinoma. Int. J. Photoenergy 2012, 20, 1–8. [CrossRef]

111. Trindade, F.Z.; Pavarina, A.C.; Ribeiro, A.P.D.; Bagnato, V.S.; Vergani, C.E.; Souza Costa, C.A. Toxicity of photodynamic therapy
with LED associated to Photogem®: An in vivo study. Lasers Med. Sci. 2012, 27, 403–411. [CrossRef]

112. Benes, J.; Pouckova, P.; Zeman, J.; Zadinova, M.; Sunka, P.; Lukes, P.; Kolarova, H. Effects of tandem shock waves combined with
photosan and cytostatics on the growth of tumours. Folia Biol. 2011, 57, 255–260.

113. Bonnett, R.; Martinez, G. Photobleaching of photosensitisers used in photodynamic therapy. Tetrahedron 2001, 57, 9513–9547.
[CrossRef]

114. Lovell, J.F.; Liu, T.W.B.; Chen, J.; Zheng, G. Activatable Photosensitizers for Imaging and Therapy. Chem. Rev. 2010, 110, 2839–2857.
[CrossRef] [PubMed]

115. Zimmermann, A.; Ritsch-Marte, M.; Kostron, H. mTHPC-mediated photodynamic diagnosis of malignant brain tumors. Pho-
tochem. Photobiol. 2001, 74, 611–616. [CrossRef] [PubMed]

116. Kostron, H.; Rossler, K. Surgical intervention in patients with malignant glioma. Wien Med. Wochenschr. 2006, 156, 338–341.
[CrossRef]

117. Yow, C.M.N.; Chen, J.Y.; Mak, N.K.; Cheung, N.H.; Leung, A.W.N. Cellular uptake, subcellular localization and photodamaging
effect of Temoporfin (Mthpc) in nasopharyngeal carcinoma cells: Comparison with hematoporphyrin derivative. Cancer Lett.
2000, 157, 123–131. [CrossRef]

118. Ronn, A.M.; Nouri, M.; Lofgren, L.A.; Steinberg, B.M.; Westerborn, A.; Windal, T.; Shikowitz, M.J. Human tissue levels and
plasma pharmacokinetics of temoporfin (Foscan®, mTHPC). Lasers Med. Sci. 1996, 11, 267–272. [CrossRef]

119. Allen, T.M.; Cullis, P.R. Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug Deliv. Rev. 2013, 65,
36–48. [CrossRef]

120. Gaio, E.; Scheglmann, D.; Reddi, E.; Moret, F. Uptake and photo-toxicity of Foscan®, Foslip® and Fospeg® in multicellular tumor
spheroids. J. Photochem. Photobiol. B Biol. 2016, 161, 244–252. [CrossRef]

121. Compagnin, C.; Moret, F.; Celotti, L.; Miotto, G.; Woodhams, J.H.; MacRobert, A.J.; Scheglmann, D.; Iratni, S.; Reddi, E. Meta-
tetra (hydroxyphenyl)chlorin-loaded liposomes sterically stabilised with poly (ethylene glycol) of different lenght and density:
Characterisation, in vitro cellular uptake and phototoxicity. Photochem. Photobiol. Sci. 2011, 10, 1751–1759. [CrossRef]

122. Kiesselich, T.; Berlanda., J.; Plaetzer., K.; Krammer., B.; Berr., F. Comparative characterisation of the efficiency and cellular
pharmacokinetics of Foscan® and Foslip® based photodynamic treatment in human biliary tract cancer cell lines. Photochem.
Photobiol. Sci. 2007, 6, 619–627. [CrossRef]

123. Bovis, M.J.; Woodhams, J.H.; Loizidou, M.; Scheglmann, D.; Bown, S.G.; MacRobert, A.J. Improved in vivo delivery of m-THPC
via pegylated liposomes for use in photodynamic therapy. J. Control. Release 2012, 30, 196–205. [CrossRef] [PubMed]

124. Reshetov, V.; Lassalle, H.P.; François, A.; Dumas, D.; Hupont, S.; Gräfe, S.; Filipe, V.; Jiskoot, W.; Guillemin, F.; Zorin, V.; et al.
Photodynamic therapy with conventional and PEGylated liposomal formulations of m-THPC (temoporfin): Comparison of
treatment efficacy and distribution characteristics in vivo. Int. J. Nanomed. 2013, 8, 3817–3831. [CrossRef] [PubMed]

125. Peng, W.; Samplonius, D.F.; de Visscher, S.; Roodenburg, J.L.; Helfrich, W.; Witjes, M.J. Photochemical internalization (PCI)-
mediated enhancement of bleomycin cytotoxicity by liposomal mTHPC formulations in human head and neck cancer cells. Lasers
Surg. Med. 2014, 46, 650–658. [CrossRef]

126. Chen, Y.; Zheng, X.; Dobhal, M.P.; Gryshuk, A.; Morgan, J.; Dougherty, T.J.; Oseroff, A.; Pandey, R.K. Methyl pyropheophorbide-a
analogues: Potential fluorescent probes for the peripheral-type benzodiazepine receptor. Effect of central metal in photosensitizing
efficacy. J. Med. Chem. 2005, 48, 3692–3695. [CrossRef]

127. Spikes, J.D.; Bommer, J.C. Photosensitizing properties of Mono-L-aspartyl chlorin e6 (NPe6): A candidate sensitizer for the
photodynamic therapy of tumors. J. Photochem. Photobiol. B. 1993, 17, 135–143. [CrossRef]

128. Figueiredo, T.L.C.; Dolphin, D. Mesoarylporphyrins as dienophiles in diels-alder reactions: A novel approach to the synthesis of
chlorins, bacteriochlorins, and naphthoporphyrins. Org. Chem. 1998, 11, 297–300.

129. Blant, S.A.; Ballini, J.P.; van den Bergh, H.; Fontolliet, C.; Wagničres, G.; Monnier, P. Time-dependent biodistribution of tetra(m-
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