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Photodynamic inactivation is known as a new antimicrobial photodynamic therapy (aPDT). It is based on the
administration of a photosensitizer located in the bacterial/viral cell followed by exposure to light radiations (with a proper
wavelength corresponding with the maximum value of absorption of the photosensitizer) that generate singlet oxygen or
reactive oxygen species, which lead to the death of different microorganisms. This review will present an overview beyond
the state-of-the-art of the photosensitizer types (based on tetra-p-sulphonated-phenyl porphyrin—TSPP, which is able to
form cationic and J-aggregates forms at different pH values ((1-4) and concentrations around 10-5 M) and their
applications of PDT for viruses, especially.
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| 1. Antimicrobial photodynamic therapy (aPDT)

Antimicrobial photodynamic therapy (aPDT) consists of the selective uptake of a photosensitizing dye, often a cationic dye
by bacterial/viral cell, and subsequent irradiation of the tumor with a light flux of an appropriate wavelength matched to the
absorption spectrum of the photosensitizing dye. This class of molecules is capable of using the energy used for
excitation in order to produce reactive oxygen species (singlet oxygen, superoxide anion, hydroxyl radicals, so on). The
action mechanism involves the generation of singlet oxygen and other free radicals when the light-excited sensitizer loses
or accepts an electron [,

The present status of clinical PDT is discussed along with the new photosensitizers being used and their clinical roles.
The development of new photosensitizers for the localization and treatment of tumors is a research area of current
interest: photosensitizer dose (mg/kg of body weight), rate uptake of the sensitizer and its form (monomer and/or
aggregated), cytotoxicity, and the balance between the concentration of the drug in the tumor tissue (mg/g tissue) and in
normal tissues at the time of light irradiation 2.

In recent years, many improvements have been achieved in developing new photosensitizers and light sources suitable
for antimicrobial photodynamic treatment (aPDT) used to kill protozoa, bacteria, and viruses. One of the most used
porphyrins, tetra-p-sulphonated-phenyl porphyrin (TSPP), as it is shown in Eigure 1, was investigated as an anti-cancer

photosensitizer some years ago BI4E put it was abandoned when the scientists reported its neurotoxic effects in
experimental animals even in the dark (€. Due to its versatility, this PS started to be reconsidered [,
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Figure 1. The structure of tetra-p-sulphonated-phenyl porphyrin (TSPP).



| 2. Mechanism of aPDT

PDT requires the use of a photosensitizer (PS), a molecule that, after being excited by visible light, can react with
dioxygen (30,, the atmospheric oxygen), producing reactive oxygen species (ROS) such as singlet oxygen (*O,) and/or
superoxide anion, hydroxyl radicals, and hydrogen peroxide. These ROS can react with biological molecules (e.qg.,
proteins, lipids and nucleic acids), causing their oxidation and, consequently, damage to cells and tissues =20,

The antimicrobial photodynamic therapy is based on the photooxidation of biological matter in which three essential
constituents are involved: photosensitizer, light radiation (with the wavelength corresponding to the maximum absorption
of the photosensitive substance) and oxygen 111,

Two main phases are important inside of this mechanism:
« Light excites the ground state photosensitizer to an excited singlet state.

« The formation of triplets of excited sensitizer molecule (intersystem crossing).

« However, this state is short lived and can decay to the ground state by radiative or non-radiative transition directly
emitting light as fluorescence.

« From this excited state, the photosensitive substance can then return to the ground state by phosphorescence.

* The triplet excited state of the photosensitizer is able to react with oxygen in its triplet state, generating singlet oxygen
(type Il reaction) or initiating free radical chain reactions with superoxide and hydrogen peroxide ions as well as
hydroxyl radicals (type | reaction).

The photosensitive substance in the triplet state 3S is very reactive due to its long-life time (1073-100) s. The lifetime of
the singlet state 'S is small (107°-~1077) so that the photosensitive substance in this state cannot interact with other
molecules before returning to the ground state.

The Jablonski diagram (Eigure 2) demonstrates the reactions involved in the process.
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Figure 2. Simplified Jablonski diagram that demonstrates the reactive states exploited during photodynamic therapy.

Vr = Vibrational relaxation; T* = Oxygen in triplet state; R* = Free radical; SO = Photosensitizer in ground state; S1 =
Photosensitizer in singlet state

The main mechanisms by which the photosensitive substance, in the excited state of triplet, can react chemically with the
biological environment are:

2.1. Type | Mechanism

The photosensitive substance, in a 3S* triplet state, can react with a target molecule, other than oxygen, by exchanging
hydrogen or electron:

« hydrogen transfer: 3S*+ RH - SH + R’
« electron transfer: 3S * + RH - S~ + RH*

where: S: photosensitive substance, RH: H-linked substrate,
Furthermore, it can react with triplet oxygen resulting in hydrogen dioxide or superoxide anion:

« formation of hydrogen dioxide

« formation of superoxide anion



SH +30, - 1S+ HOy
S~ +3%0, -~ s+ 0,
2.2. Type Il Mechanism

The photosensitive substance in the excited state of triplet 3S* can transfer its excitation energy to molecular oxygen
(which is triplet in its ground state), which passes to its lowest excited singlet state. Molecular oxygen in the excited state
of singlet 10.,* is strongly electrophilic and interacts strongly with biomolecules:

« intermolecular exchange
« cellular oxidation

35+ + 30, - 1S+ 10,
10, * + Cell - Cellyy

Photodynamic therapy is mainly based on the type Il reaction mechanism for generating singlet oxygen that can react
quickly with various biological targets (cell wall/membranes, peptides, lipids, DNA, RNA), and further reactive substances
including organic peroxides and sulfoxides are responsible for photooxidative stress in microorganisms. Singlet oxygen
has a short lifetime (0.01-0.04 us) and a limited diffusion distance in the biological environment (0.01-0.02 pm) due to its
reactivity, so that cell damage occurs, mainly in the immediate vicinity of the location of the photosensitive substance in
the cell depending on the cell type and the type of photosensitizer used (structure, concentration, photochemical
characteristics, and its ability to bind the cellular wall).

The complex structure of the cell wall of different microorganisms causes a difficult penetration of photosensitization into
the cell and a low production of singlet oxygen. However, singlet oxygen generated by the type Il reaction mechanism can
react with cytoplasmic membrane components leading to the generation of peroxide reaction products that can cause
lethal damage to vital targets. Some of the singlet oxygen that penetrates the cytoplasmic membrane can reach the outer
membrane and can react with unsaturated fatty acids and proteins in the outer membrane. The reaction products of
singlet oxygen with the components of the outer membrane may be able to undergo reactions that cause cell death. The
singlet oxygen can react only with the components of the cytoplasmic membrane and the peptidoglycan layer. Regardless
of the situation, the lethal effects on bacterial/viral cells depend on the location of the photosensitizer on/or in the cell, the
photodynamic efficiency of the photosensitizer in that environment, laser irradiation parameters, and oxygen transport.
Major biological targets are membranes that undergo rupture and the cells are destroyed. It has been recently
demonstrated that most damage is to the membranes around the mitochondria and the lysosomes. These organelles
liberate destructive proteins that induce subsequent cellular destruction. Photosensitizers that target the outer plasma
membrane are less effective. It is important again to emphasize that a critical level is required since the cells have
developed mechanisms to withstand this oxidative damage, responsible for necrosis or apoptosis 22!,

| 3. Light Sources

Similar with PDT, the aPDT requires sources of light to activate the photosensitizer by exposure to low-power visible light
at a specific wavelength. Most photosensitizers are activated by red light between 630-700 nm, corresponding to a light
penetration depth from 0.5-1.5 cm 131,

Different light sources are applied now in photodynamic therapy as follows: helium-neon lasers (633 nm), gallium-
aluminum-arsenide diode lasers (630—690, 830 or 906 nm), and argon laser (488-514 nm) [141.

Recently, non-laser light sources, such as light-emitting diodes (LED), have been used as new light activators in PDT.
LED devices are more compact, portable, and cost effective compared to traditional lasers [15.

It is a fundamental principle of PDT that the wavelength of the light source should in general be tuned to the absorption
maximum of the PS. In general, the wavelengths that have been used for aPDT include ultraviolet A (UVA) (330—400 nm),
blue (400-490 nm), green (490-550 nm), yellow (550-600 nm), red (600-700 nm), and near infrared (NIR) (700-810 nm).

The porphyrins have relatively large Soret bands (around 420 nm) and four small Q bands in the region 500—-700 nm.
These long wavelengths display much better tissue penetration than shorter wavelengths. For an efficient aPDT, the
porphyrin should be excited with blue light (400 nm) or with red light (630 nm), to produce highly active antimicrobial PS.
Many in vitro studies have used relatively simple broadband white light (400-700 nm) from an incandescent lamp. All the
wavelengths mentioned above are based on single-photon absorption by the PS. Even so, in recent years non-linear



processes (two-photon absorption) have been involved in aPDT 8L, |f two long-wavelength photons 750—1000 nm
arrive at the PS molecule at virtually the same time (within 1 ps), they will both be absorbed and it will be as if a single
photon with half the wavelength was absorbed instead. The advantage is that the long-wavelength photons pass much
better through tissue than the equivalent (1/2 ) photons with a shorter wavelength 18],

4. Photosensitizers Used for Photodynamic Inactivation of
Microorganisms

A large number of photosensitizers have been tested during last 10 years for the photodynamic inactivation of various
microorganisms. Many of these photosensitizers have been tested to evaluate their antimicrobial efficiency in correlation
with the main factors, which define the antimicrobial efficiency of the photosensitizer, as: chemical structure of the
photosensitizer, the intracellular localization and binding site of the photosensitizer into the cell. Therefore, the studies
demonstrated the DNA and RNA binding of the photosensitizer and selective uptake of the photosensitizer by the cellular
organelles (bacteria and yeast cellular membrane, viral envelope, algae chloroplasts) are highly dependent on the
physico-chemical photosensitizer properties. The photosensitizers must be aromatic molecules that can form long-lived
triplet excited states and must have high quantum yield of singlet oxygen production. Also, the absorption properties of the
photosensitizer should have a potential impact on the efficacy of photosensitization. The absorption maxims of the
photosensitizer used till now are in UV and VIS spectral range. The range of absorption wavelength for psoralen
(furocoumarin) and for relative photosensitizers are shown in Table 1 291,

Table 1. Absorption maxima range of photosensitizer used in photodynamic inactivation (in water solution).

Photosensitizer Aabs (nm)
Psoralen 300-380
Acridine 400-500
Cyanine 500-600
Porphyrin 600-650
Perylenequinonoid 600-650
(methyleﬁzebrlﬁg,"ﬁmre blue O) 620-660
Phthalocyanine 660-700
Crystal violet 550-610
Rose Bengal 450-650
Neutral Red 460-550
Congo Red 400-560
Riboflavin 300-600
Eosin B 514-544

For the photodynamic inactivation of various microorganisms, a large variety of photosensitizer substances have been
used 29 The most used are the macrocyclic photosensitizers as cationic porphyrins and phthalocyanines, an example
being 5,10,15,20-tetra-p-methyl-pyrydil porphyrin (TMPyP), Eigure 3.
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Figure 3. The structure of 5,10,15,20-tetra-p-N-methyl pyrydil porphyrin (TMPyP); M = Cu, Ni, Mn, Fe, etc.

Also, some natural photosensitizers, are present in plants or in fungi that have been used in this area, such as: psoralen
(furanocoumarins), perylenequinonoid pigments, hypericin, and hypocrellin. Nowadays, many photosensitizer types with
different physicochemical and optical properties are available for photodynamic inactivation of a wide range of
microorganisms.

As a rule, the chemical purity, the selective uptake and the localization inside the microorganism, the high antimicrobial
efficiency, and the lack of mutagenic activity or genotoxicity are the important characteristics of an ideal photosensitizer
12 Any type of these sensitizers should meet several criteria: chemical purity, tumor selectivity, fast accumulation in
target tissues and rapid clearance, proper wavelengths and deeper penetration, and no dark toxicity.

In terms of solubility, photosensitizers can be classified into three main groups:

« hydrophobic photosensitizers without peripheral substituents with electric charge and being slightly soluble in water or
alcohol (phthalocyanines and naphthalocyanines, hematoporphyrin, hematoporphyrin derivative (HpD), porfimer
sodium, and porphyrin precursors)

« hydrophilic photosensitizers that contain three or more peripheral substituents with electric charge and have a high
solubility in water at physiological pH.

« amphiphilic photosensitizers that contain one or two peripheral substituents with electric charges, soluble in water or
alcohol, at physiological pH. In their structure, there are always two regions, one hydrophobic (represented by
porphyrin with electrically charged groups) and another hydrophilic 24,

| 5. Anionic Photosensitizers as Anti-Viral Agent for aPDT

In recent years, many achievements have been reached in fundamental aPDT sensitizers [22. The most important classes
of photosensitizers tested so far are:

The first generation of photosensitizers: hematoporphyrin, hematoporphyrin derivative (HpD), porfimer sodium, and
porphyrin precursors, which are not ideal photosensitizers for photodynamic therapy. Due to their complex composition,
HpD does not exhibit a good photodynamic efficiency, because some of the HpD components are inactive. In addition,
HpD is localized in healthy tissues, thus inducing a residual photosensitization of the whole body for almost a month after
its administration.

The second generation of photosensitizers includes macrocycles as porphyrins, phthalocyanines, naphthalocyanines,
benzoporphyrin derivatives, chlorines, and bacteriochlorines, with good absorption of wavelength radiation from the
spectral region (650—700 nm).



The third generation of photosensitizers includes fullerene nanostructures, carbon nanotubes, bioconjugated
porphyrins/phthalocyanines with DNA, or human serum albumin (HSA) biological structures.

The large majority of photosensitizers for aPDT are based on tetrapyrrolic systems, as porphyrins. They should have an
excited triplet state with a sufficiently long lifespan able to lead to the production of singlet oxygen, and to have adequate
chemical and physical stability. The anionic types have a strong tendency to aggregate. Although the formation of
aggregates results in a reduced single singlet oxygen generation efficiency, they can promote cell penetration due to the
helical spatial structure [23],

It was discovered about 25 years ago that Gram-negative bacteria are relatively resistant to the photodynamic action of
many PS, while Gram-positive bacteria and fungi are efficiently killed 241, It was found that PS with a pronounced cationic
charge can be very efficient at killing Gram-negative species and that this preferential effect is partly due to the fact that
cationic PS bind well to the anionic Gram-negative bacterial cells, and partly due to the so-called “self-promoted uptake

pathway” described by RW Hancock [221126127]28]129)(30](31] py, which cationic (but not anionic) PS penetrate to the interior of
the bacterial cells. However, it has recently been discovered that aPDI sensitizer can be potentiated by the addition of
ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate B2 or potassium iodide to an anionic porphyrin 8,

TSPP is a very large disk-shaped molecule with charges at the four corners and at the geometric center. In aqueous
solutions, at neutral pH, the electronic absorption spectrum of TSPP is typical for free-based porphyrins (D2h symmetry)
and is characterized by an intense Soret band around 420 nm and four Q bands in the range of 500-700 nm.

The formation of highly ordered TSPP aggregates at low pH values has been observed previously 23], these being formed
by the intermolecular electrostatic attractions between the positively charged nucleus and the negatively charged
periphery of the cycle. The protonation of the two pyrrole nitrogen atoms of the porphyrin ring introduces a change in the
symmetry of the molecule from a 2-fold configuration to a 4-fold configuration. Both the B band (436 nm) and the
maximum Q band are red-shifted at protonation, and the color change of the solution from purple to green for free basic
and deprotonated shapes, respectively, was recorded B4, The structure of TSPP absorption spectra in an aqueous
solution strongly depends on pH. At neutral pH, the absorption spectrum of TSPP consists of an intense Soret Band at
413 nm and four weak Q bands at 515, 550, 578, and 631 nm (Qy (1,0), Qy (0,0), Qx (1,0), Qx (0,0), respectively). In
acidic solution (pH below 5.0) of low concentration, the TSPP absorption spectrum in the visible spectral region changes
to a three-band spectrum composed of an intense absorption band at 645 nm, and weaker bands at 597 and 550 nm. The
Soret band is red shifted to 435 nm with respect to that at neutral pH. Monoprotonated species of TSPP and dication
forms (H2*P(S0%7),) in acidic solutions are expected [B2ISEIB738I3404L] 5nd these spectral changes might be attributed
to them. Further decrease of solution pH results in an appearance of the new absorption bands at 490 and 706 nm. The
Soret band undergoes a slight shift to the blue and a decrease in intensity like the rest of the absorption bands belonging
to the dication of TSPP (Eigure 4). At pH 1.1, the TSPP absorption spectrum consists of the Soret Band at 430 nm; two
intense bands at 490 and 709 nm; and three weak bands at 560, 640, and 670 nm. The band at 490 nm has a weak
shoulder at 520 nm. The ratio between the intensities of both absorption bands at 490 and 709 nm and the absorption
bands of dication vary depending on the total concentration of TSPP in acid solutions. Similar changes in absorption
spectra can be induced by varying the ionic strength of the acidic solution of TSPP and have been assigned to the
formation of J-aggregates 42,
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Figure 4. Absorption spectra of TSPP in aqueous solution at different pH values. (concentration 5 x 1076 M).



Due to its versatility, TSPP are now under reinvestigation, because this PS can adopt different cationic/anionic forms at
different pH, temperature, concentrations, and ionic strength [43] Figure 5. In acidic environments, new absorption bands
(from 490, 706 nm) become dominant when the TSPP concentration exceeds 10~ M and these are attributed to the
dicationic forms of TSPP and subsequently to the aggregate forms of this porphyrin. Aggregates J are formed with
monomeric dicationic molecules arranged in a dimension so that the transition moments of the monomers are parallel and
the angle between the transition moment and the line joining the molecular centers is zero 44, The aggregation process
causes further changes in the optical spectra of TSPP. The presence of intermolecular excitonic interactions determines
the division of each of the monomeric bands into a blue and a red displacement band, associated with J and H type
interactions 3. The band at 490 nm comes from the J (head-tail) aggregates of the porphyrin molecules. In the dicationic
form, due to Coulombic static repulsion, the two central N-H + fragments in the porphyrin macrocycle are probably

distorted outside the aromatic plane, as reported elsewhere 48],

Figure 5. The ionized forms of porphyrins.

In contrast, the 401 nm and 422 nm bands occur in the H aggregate of porphyrin molecules 24 (face-to-face interaction)
and occur at ¢ > 2.5 x 1073 M. H-aggregates, so named because of their band spectral, are characterized by the blue
(hypochromatic) displacement in relation to the absorption band of the monomer and are found spatially by a face-to-face
stacking of monomer species. In contrast, J aggregates (named after their discoverer, Scheibe Jelly) are edge or edge

spatial assemblies that produce bathochromic (red) displacements, Table 2 and Figure 6.



1.5

A, a.u.

i
1.0 1

0.5

0.0k
400 450 600 700

Wavelength, nm

Figure 6. The ionized forms of TSPP (red: dicationic form; blue: J-aggregate; black: monomer.)

Table 2. Absorption bands of different species of TSPP.

TSPP Form Absorption Bands (nm)
neutral 412; 515; 551; 579; 633
dication 433; 550; 594; 644
J-aggregate 422; 490; 707
H-aggregate 401; 517; 552; 593; 650

Whereas UV-vis and fluorescence techniques enabled us to determine the type of aggregates formed and the size of the
assemblies in solution, AFM provided direct visualization of the aggregates. AFM experiments in air at room temperature
with 100 um acquired in tapping mode for additional image processing, Figure 7.
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Figure 7. 3D topographic images for TSPP monomer (left) and TSPP J-aggregate (right).

Topographic studies conducted by means of atomic force microscopy at the scale of 10 um reveal that the distribution of
porphyrins varies. TSPP shows a high density of particles on the same surface. From the analysis of the 3D images of
porphyrins studied, could be observed an uniform distribution of particles on the analyzed surface; their average size was
23 nm for monomer form of TSPP, which tends to form aggregates of larger sizes (73.1 nm) than the other porphyrins
studied 48],

| 6. Influence of Dicationic (J-Aggregates) TSPP form on aPDT

Herpes Simplex Virus (HSV) can be irreversibly and permanently made photosensitive by heterocyclic dyes so that brief
exposure to visible light renders the virus non-infectious 9. Photodynamic inactivation is dependent upon the dye
concentration, temperature, and pH 9. Membrane-photosensitizing dyes have the advantage of inactivating the virus at a



site other than the genetic material 21, Many systems as porphyrin derivatives have been tested in different culture cells
(52531 \Working with two viral suspensions: A type with a cell concentration 2.6—2.8 x 10° per cell standard, and B type
with a cell concentration of 2.7—-2.9 x 10° per cell standard. It is concluded that the survival curves of dermal HSV from
rats during photosensitization with TSPP 1.377 x 10~ M are the most efficient during the inactivation process of HSV. The

other concentrations are not proper for this inactivation, Figure 8. This fact could be interpreted knowing different
aggregated and ionized forms of TSPP B4 and geometrical configurations of these forms with their reduced
photochemical activity, as H-aggregates 23], Studies on Herpes Simplex virus type 1 (HSV-1) are useful, because without
the help of HSV-1, the COVID-19 virus may not be able to cause serious illness or death in humans. This method could
be a new direction for COVID treatment and immunization, either to prevent infections or to develop photoactive fabrics
(e.g., masks, suits, gloves) to disinfect surfaces, under artificial light and/or natural sunlight. The use of photodynamic
therapy (PDT) can be an alternative approach against SARS-CoV-2 that deserves to be explored.
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Figure 8. The survival curves of HSV derma from rats at different TSPP concentrations. 1 = 0.274 x 107 M; 2 = 0.6885 x
107 M; 3 =2.754 x 107 M; 4 = 5508 x 1078 M; 5 = 1.377 x 10™® M up) and the HSV-derma from rats’ inactivation
kinetics at different temperatures (down).

The action of this PS is highly dependent on the temperature, Figure 9. The hyperthermia (37.5 and 42 °C) can potentiate

the effect of PDT, due to the temperature effect on the basic photochemical processes 28],
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Figure 9. Temperature dependence of TSPP.

Previous results show an increase in the reaction rate over the temperature range 15-45 °C. It can be seen that the
optimum value of temperature is 37.5 °C because at this temperature TSPP could exist in the solution as a monomer and
dication (J-aggregates) mixture in good agreement with other literature reports 4. This porphyrin derivative demonstrates
a remarkable virucidal activity upon light activation after 48 h, especially for HSV hen derma at 37.5 °C. The concentration
and temperature effects were evaluated and also the time interval between dye treatment of cells and virus inoculation.

The viral membrane or protein coat might serve as a barrier to the penetration of the photosensitizing dye, and the
sensitivity of the virus perhaps is determined primarily by the permeability of its exterior layer or interface with the
suspending medium. The HSV envelope was found to be the major target for the photodynamic damage following dye
inactivation. DNA damage is one crucial mechanism driving aPDI. aPDT leads to breaks in single-stranded and double-
stranded DNA and the disappearance of the super-coiled fraction of plasmid DNA in both G* and G~ species 8. An
exemplification of the spectral interaction between TSPP with DNA, by UV-Vis spectrum (where from a new Soret band
with a bathochromic shift, and a decrease of the same band), could be shown in Figure 10.
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Figure 10. The spectral interaction TSPP-DNA.
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