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together chapters that cover the basic principles of photodynamic therapy as well
as clinical studies of its use in treating oncologic and other diseases. It also presents
innovative strategies in photodynamic therapy, including information on polymer
nanoparticles.
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Chapter1

Electron Transfer-Supported
Photodynamic Therapy

Kazutaka Hivakawa

Abstract

Photodynamic therapy (PDT) is a less-invasive treatment of cancer and precan-
cerous lesions. Porphyrin derivatives have been used and studied as the photosensitiz-
ers for PDT. In general, the biomacromolecules oxidation by singlet oxygen, which is
produced through energy transfer from the photoexcited photosensitizers to oxygen
molecules, is an important mechanism of PDT. However, the traditional PDT effect
may be restricted, because tumors are in a hypoxic condition and in certain cases,
PDT enhances hypoxia via vascular damage. To solve this problem, the electron trans-
fer-mediated oxidation of biomolecules has been proposed as the PDT mechanism.
Specifically, porphyrin phosphorus(V) complexes demonstrate relatively strong pho-
tooxidative activity in protein damage through electron transfer. Furthermore, other
photosensitizers, e.g., cationic free-base porphyrins, can oxidize biomolecules through
electron transfer. The electron transfer-supported PDT may play the important roles
in hypoxia cancer therapy. Furthermore, the electron transfer-supported mechanism
may contribute to antimicrobial PDT. In this chapter, recent topics about the biomol-
ecules photooxidation by electron transfer-supported mechanism are reviewed.

Keywords: Photoinduced electron transfer, porphyrin phosphorus(V) complex,
protein oxidation, cationic porphyrin, phenothiazine dyes

1. Introduction

Photodynamic therapy (PDT) is a less-invasive treatment of cancer and other
nonmalignant conditions [1-3]. This treatment is a medicinal application of photo-
chemistry. Antimicrobial treatment, called as antimicrobial photodynamic therapy
(aPDT) or photodynamic antimicrobial chemotherapy (PACT), is also important
application [4-7]. In the case of cancer treatment, less-toxic PDT reagents, pho-
tosensitizers, cause oxidative damage to biomolecules, including protein, nucleic
acids, and/or other compounds, under visible-light irradiation. This photosensitized
reaction results in necrosis or apoptosis of cancer cells [1-3]. As the PDT photosensi-
tizers, porphyrins have been extensively studied and used [8-11]. For example, por-
fimer sodium [12, 13] and talaporfin sodium [13], an oligomer and a monomer of a
free-base anionic porphyrin, respectively, are well-known photosensitizers in clinical
use. In general, the porphyrin photosensitizer (e.g., almost 60 mg/body for talaporfin
sodium) is given for the target tissue, followed by irradiation of the visible light (e.g.,
664 nm, 150 mW cm ™2, and 10 ] cm™2). To reduce the risk of adverse side effects,
the development of efficient photosensitizers that work with harmless weak light
is important. Furthermore, consideration of PDT mechanism is also important to
develop effective photosensitizer. Most of porphyrins have relatively large quantum
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yield (®,) for singlet oxygen (*0,), a reactive oxygen species (ROS), generation [14].
!0, can be easily generated by relatively small energy photon of long wavelength
visible light and/or near infrared radiation (wavelength > 770 nm) through energy
transfer from photoexcited photosensitizer to oxygen molecule [15-17]. Radiation in
the long wavelength region called “optical window”, 600 ~ 1300 nm, can penetrate
human tissue deeply [18]. Therefore, 'O, is the important reactive species of porphy-
rin-based PDT. However, the phototoxic effect of 0, on PDT is restricted because of
the hypoxic condition of tumors [19-22]. Furthermore, in certain cases, PDT itself
enhances hypoxia [23] via vascular damage [24]. This “hypoxia problem” of tumor is
very important to improve the PDT effect.

Oxidation is defined as the oxygenation, hydrogen extraction, and electron
extraction. Electron extraction from biomolecules to photoexcited photosensitizer
is also the mechanism of oxidative biomolecule damage. This electron transfer
oxidation may be an important mechanism to resolve the “hypoxia problem” and to
develop the effective PDT photosensitizers. Phosphorus(V) porphyrins [25, 26] and
cationic free-base porphyrins [27] have relatively strong oxidative activity through
electron transfer [28]. Furthermore, electron transfer process can be control by
surroundings condition, for example pH of medium [29, 30].

In this chapter, recent studies about the electron transfer-supported photosensi-
tizer for PDT are reviewed. The examples of activity control of photosensitizer for
the cancer-selective PDT are also introduced. In the last section, the role of electron
transfer mechanism in aPDT is discussed.

2. Electron transfer oxidation as a mechanism of photosensitized
biomolecule damage

In general, photosensitized biomolecule damage can be explained by oxygen-
independent mechanism (Type I mechanism) and oxygen-mediated mechanism
(Type Il mechanism) (Figure1) [31-33]. Because the electron transfer-mediated
biomolecule oxidation does not absolutely require oxygen, this mechanism is
categorized as Type I mechanism. On the other hand, biomolecule oxidation
through 'O, generation is defined as Type Il mechanism (Type II, major). Another
ROS-mediated process, superoxide (O, ")-mediated biomolecule oxidation is also
categorized as the Type II mechanism (Type II, minor). Although O," is produced
through electron transfer from photoexcited photosensitizer, it’s not categorized as
the Type I mechanism. The initial process of electron transfer-mediated biomol-
ecule oxidation is an electron extraction from the targeting biomolecule, such as
protein, to the photoexcited photosensitizer.

2.1 Driving force dependence of electron transfer

The driving force of electron transfer, Gibbs energy (AG), is determined by
the excitation energy of photosensitizer (photon energy) and the redox potential
of photosensitizer and targeting biomolecule. The electron transfer is a relaxation
process of photoexcited photosensitizer. Fast electron transfer is advantageous for
an efficient electron transfer. Due to the Marcus theory [34, 35], the rate constant of
electron transfer (kgr) is expressed using AG as follows:

2
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Relaxation process of photoexcited state of photosensitizer and the typical photosensitized biomolecule
damaging mechanisms.

where / is Plank constant, / is the reorganization energy, K is the Boltzmann
constant, and Vp, is the effective electronic Hamiltonian matrix element. The A can
be calculated from the following equation:

2
ﬂ: ¢ i+i+% (iz_lj’ (2)
4reg\2r, 2r, d\n" ¢

where e is the elementary charge, ¢ is the vacuum permeability
(8.854 x 10" Fm™), rp and 7, are the radius of the electron donor and that of
acceptor, respectively, 4 is the distance between electron donor and acceptor, 7 is
the refractive index, and e is the static dielectric constant of surrounding material.
Since the Vp, is determined by the overlap between wavefunctions of electron
donor and acceptor, the electron transfer rate strongly depends on the d, and
decreased exponentially with an increase in d. Therefore, association between
photosensitizer and targeting biomolecule is very important. The AG, driving force
of electron transfer, is expressed as follows:

AG:e(EVEd _on)_Eofoi (3)

where E,q is the redox potential of a one-electron reduction of photosensitizer,
E,x is the redox potential of a one-electron oxidation of targeting biomolecule, and
Ey_ ¢ is the 0-0 energy (singlet excited (S;) energy) of photosensitizer. The Eq. (1)
indicates that kgy becomes maximum at AG = 1. However, in general, large -AG is



Photodynamic Therapy - From Basic Science to Clinical Research

advantageous for fast electron transfer. Therefore, small (small absolute value) E,eq
and/or large (large absolute value) E, is appropriate for effective electron transfer.
To evaluate the electron transfer in the triplet excited (T;) state, the “Eo_o” term in
Eq. (3) isreplaced with the T; state energy. Because T; state energy is smaller than
Ey_o, in general, electron transfer oxidation by T state photosensitizer becomes
difficult.

2.2 Excitation energy and electron transfer

Excitation energy (photon energy) strongly affects the electron transfer rate and
efficiency as the Eq. (3). Indeed, an ultraviolet photosensitizer can oxidize DNA,
which is relatively resistant to the electron extraction, through photoinduced elec-
tron transfer [32, 33]. However, ultraviolet radiation is harmful for human tissue.
Furthermore, long wavelength visible light or near infrared radiation can penetrate
human tissue deeply as mentioned above as the optical window [18]. Therefore,
visible light (or near infrared) photosensitizer, such as porphyrins and phthalocya-
nines, are important for PDT. To realize the electron transfer photosensitizer, which
can be excited by long wavelength light, the design and synthesis of photosensitizer
molecules with small E .4 value are required. However, a molecule with small E, 4
has tend to decay through reduction by surrounding molecules, and small E,.q is not
appropriate for stability of molecule.

2.3 Kinetics of electron transfer

In general, electron transfer can be demonstrated by a transient absorption spec-
trum measurement [36, 37] and a time-resolved electron paramagnetic resonance
measurement [38, 39]. The kgt values can be determined by the analysis of transient
absorption spectra. Fluorescence lifetime measurement is also an important method
[40]. Although fluorescence lifetime is affected by various factors other than elec-
tron transfer, it is sensitive and convenient method. If other factors can be excluded,
this method is advantageous for the kinetic evaluation of electron transfer. The kgt
value can be obtained using fluorescence lifetime by the following equation:

1 1
kET = 0 (4)
Te Ty

where 7 is the observed fluorescence lifetime of photosensitizer with electron
donor (targeting biomolecule) and 7’ is that without electron donor. In general,
kgt becomes larger than 10% ~ 10° s in the case of electron transfer in the S; state,
because lifetime of most of porphyrin S; state is order of several nanosecond. In the
case of T; state, the lifetime is order of microsecond and the rate constant becomes
relatively small. As mentioned above, the T; state is not appropriate for electron
transfer oxidation from the thermodynamic point of view.

3. Phosphorus(V) porphyrin photosensitizer

Porphyrin derivatives have been used as clinical photosensitizer for PDT [8-11].
Porfimer sodium [12, 13] and Talaporfin sodium [13] are famous examples of clini-
cally used photosensitizers. The PDT mechanism of these porphyrins is 'O, genera-
tion. The photochemical property of porphyrin can be changed by the replacement
of the central atom and substitution. It has been reported that phosphorus(V)

1
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porphyrin can oxidize biomolecules, such as nucleobase [41], protein [42-48], and
other biomolecules [49, 50] through electron transfer.

3.1 General property of phosphorus(V) porphyrin

General procedure of synthesis method of phosphorus(V) porphyrinisa
reflux of free base porphyrin with phosphoryl chloride in dry pyridine [51]. The
photochemical property of phosphorus(V) porphyrin can be improved by the
substitution of the meso- or f-positions and the axial ligand (Figure 2) [42-53]. An
example of phosphorus(V) porphyrin, diethoxyP(V)tetrakis(4-methoxyphenyl)
porphyrin chloride, is shown in Figure 3. The calculation with density func-
tional theory (DFT) at ®B97X-D/6-31G* level shows the distorted structure of
phosphorus(V) porphyrin. Their distorted structures have been reported from
the results of X-ray crystal analysis [54]. Phosphorus(V) porphyrins introduced in
this chapter are listed in Table 1. Because phosphorus(V) porphyrin is a cationic

Compounds R X
Por1 -Cl
Por2 @ -OCH,
Por3 -OCH,CH,
Pord -OCH,CF,
Por5 -OCH,CH,0OH
Por6 -OCH,CH,CH,0OH

o -oCH{ )

Por8 -Cl
—4 }—OCH

Por9 .

-OCH;
Por10 -OCH,CH,
R: meso-substituent Por11 -OCH,CF,
X: axial ligand Por12 -OCH,CH,OH
Parls “OCHz{  »CHs

Por14 % -OCH,

Figure 2.
Structures of phosphorus(V) porphyrins.

r
()

:

Calculated structure Calculated structure
Top view Side view

Figure 3.
Optimizged structure of Por1o by the DFT calculation at ®B97X-D/6-31G* level.
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porphyrin, its water solubility is relatively large. Furthermore, hydrophilic sub-
stitution markedly increases the water solubility [55]. One of the most important
characteristics of phosphorus(V) porphyrin is relatively small E,.4 value due

to the positive charge of the central phosphorus atom, resulting in the strong
oxidative activity in the photoexcited state. This character is very important as
electron transfer-supported photosensitizer for PDT. Furthermore, in general,
phosphorus(V) porphyrin has relatively large quantum yield of photosensitized
o, generation in an aqueous solution (®, is more than 0.5, Table 1) due to the
effective intersystem crossing [42-47]. In the presence of enough oxygen mol-
ecules, phosphorus(V) porphyrin can oxidize biomolecule through 'O, generation,
a traditional PDT mechanism.

3.2 Photosensitized protein damage by phosphorus(V) porphyrin through
electron transfer

Isolated amino acids, a water-soluble protein, and enzymes have been used
as the targeting biomacromolecules to examine photosensitizer activity of
phosphorus(V) porphyrins [42]. For example, human serum albumin (HSA),
a water-soluble protein, is a convenient target. The crystal structure and amino
acid sequence of HSA have been clarified [56]. In addition, HSA has major drug
specific binding sites identified as Sudlow’s site I and site II [57]. The mono-cationic
phosphorus(V) porphyrins listed in Table 1 are well-soluble in organic solvents
(e.g., alcohol) rather than water, indicating the hydrophobic character beside the
hydrophilicity. Therefore, binding interaction between HSA and phosphorus(V)

Compounds Erea!/ V Eoo/ eV (o} [N Ref.
Porl -0.30 2.04, PBSy2sei0m 0.96, EtOH [42]

Por2 —0.50° 2.03, PBS; 2sgion” 0.017, PBS, sgion® 0.64, PBS” [42],

2.03, PBS" 0.023, EtOH" 0.93, PBS, st0n° [431°,

[52]°

Por3 -0.54° 2.04, PBS® 0.59, PBS? [44]4,
[50]°

Por4 —-0.40° 2.03, PBS® 0.68, PBS? [44]4,
[501°
Por5 -0.51 2.03, PBS 0.048, PBS 0.88, PBS [45]
Por6 -0.51 2.03, PBS 0.043, PBS 0.80, PBS [45]
Por7 -0.54 2.02, PBS, 555001 0.94, EtOH [42]
Por8 -033 0.029, PBS 0.97, PBS [46]
Por9 -0.58 0.024, PBS 0.86, PBS [46]
Por10 -0.58 1.96, PBS; opon 0.067, EtOH 0.84, EtOH [47]
Porl1 -043 1.98, PBS; opon 0.086, EtOH 0.82, EtOH [47]
Por12 -0.57 0.029, PBS 0.83, PBS [46]
Por13 —0.55 2.01, PBS; grion pH-dependent pH-dependent [48]
Porl4 2.00, PBS, sgiom 0.034, EtOH ND, PBS, se0n [52]

E,.;: measured in acetonitrile (vs. saturated calomel electrode; SCE), PBS: 10 mM sodium phosphate buffer (pH 7.6)
solution, EtOH: ethanol, PBSgropz.s: PBS containing 2.5% ethanol, PBSgroms.25: PBS containing 1.25% ethanol,
PBSgrons.o: PBS containing 1.0% ethanol, @ Fluorescence quantum yield. ND: not detected.

Table 1.
Examples of phosphorus(V) porphyrin photosensitizers and their photochemical properties.
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porphyrins is expected and their binding site can be speculated. Because the
electron transfer-mediated oxidation strongly depends on the distance between
photosensitizer and the target molecule, a binding interaction is very important.
HSA has one tryptophan, which is easily oxidized by oxidative stress, including 'O,
and electron transfer reaction [42-47, 58]. Tryptophan can emit relatively strong
fluorescence and its damage can be detected by fluorescence measurement [45, 58].
Using these characteristics of HSA, the oxidative damage of tryptophan residue by
photosensitized reaction can be easily examined by a fluorometry [45-47, 58].

Qualitative study of HSA photodamage by phosphorus(V) porphyrins was
reported using Por2 [43]. Por2 oxidized the tryptophan of HSA through '0,
generation and electron transfer. It has been considered that damaged tryptophan
is changed to N-formylkynurenine and other decomposed products [59, 60]. 'O,
can oxidize the tryptophan residue of HSA [61]. Using isolated amino acids, it has
been demonstrated that tyrosine and tryptophan can be oxidized by photoexcited
Por2 [42].

Photosensitized HSA damage by Por5 and Por6 was quantitatively clarified [45].
Por5 and Por6 bound to HSA and damaged its tryptophan residue during photoir-
radiation. Por5 and Por6 photosensitized 'O, generation, and the contribution of
!0, was confirmed by the inhibitory effect of a 0, quencher, sodium azide (NaN3,
[62]). From the kinetic analysis, the contribution of electron transfer mechanism to
HSA damage was demonstrated [45]. Fluorescence lifetime measurement and the
calculation of AG supported the electron transfer mechanism.

To realize the effective PDT photosensitizer, response of photosensitizers to
long wavelength visible light or near infrared region is important. To improve the
abovementioned phosphorus(V) porphyrins, Por5 and Por6, meso-phenyl sub-
stituted derivatives were designed and synthesized [46]. Por8, Por9, and Por12
can be excited under the irradiation of long-wavelength visible light (> 630 nm).
These phosphorus(V) porphyrins induced tryptophan oxidation in HSA under
illumination with light-emitting diode (central wavelength: 659 nm), and this
protein photodamage was barely inhibited by NaN; [46]. Fluorescence lifetimes of
phosphorus(V) porphyrins was decreased by HSA, suggesting the electron transfer
quenching. The AG value of electron transfer from tryptophan to the S; state of
these porphyrins calculated from their redox potentials also supported the electron
transfer-mediated oxidation.

3.3 Cancer selective photodynamic action of phosphorus(V) porphyrin
photosensitizers

Above mentioned phosphorus(V) porphyrins, Por8, Por9, and Por12,
exhibited the cancer cell selective toxicity under visible light irradiation [46].
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Figure 4.

Structures of Por8, Por9, and Por12, and their IC50 values for HeLa cells under photoirradiation [46].
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Photocytotoxicity to HeLa cells by these porphyrins are the following order:
Por9 > Por12 > Por8 in the condition of previous report (Figure 4) [46].
Although the half maximal inhibitory concentration (IC50) value for Por8 is
largest (least phototoxicity) in the three phosphorus(V) porphyrins, its pho-
tocytotoxicity to cancer cells is sufficiently high. Furthermore, Por8 did not
exhibit photocytotoxicity to HaCaT cells, cultured human skin cells (normal
cell model). Por9 and Por12 exhibited phototoxicity to HaCaT cells, however,
these IC50 value were significantly larger than those for HeLa cells and cellular
DNA damage in HaCat cells were not observed. These three phosphorus(V)
porphyrins demonstrated significant PDT effects on mice tumor models [46].
The observed PDT effects by these porphyrins are almost the same, and are
comparable with that of talaporfin sodium. These results suggest the cancer
selectivity of Por8, Por9, and Por12, and lower carcinogenic risk to normal
cells. Specifically, Por8, of which the redox potential is most advantageous for
the electron transfer-mediated biomolecule oxidation, demonstrated the highest
cancer-selectivity and significant PDT effect under irradiation with long-
wavelength visible light.

3.4 Photoinduced electron transfer by phosphorus(V) porphyrin triggers
the chain reaction for NADH decomposition

The electron transfer mechanism can contribute to oxidation other various bio-
molecules. For example, nicotinamide adenine dinucleotide (NADH), an important
endogenous reductant, becomes an important targeting molecule [50]. The S; states
of Por3 and Por4 easily extract electron from NADH, resulting in the formation of
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NAD’, a radical. Further oxidation leads to the irreversible decomposition of NADH
to NAD" (Figure 5). The total quantum yield of NADH decomposition (®p) is
expressed as follows:

Op =Dy X Dy, (5)

where ®gr is the quantum yield of the initial process (electron transfer) and @y is
that of the further reaction to form NAD". Analysis of the quantum yields, obtained
values of ®pg became much larger than unity. These findings suggest that the electron
accepting by the photoexcited Por3 and Por4 triggers a chain reaction of NADH oxi-
dation (Figure 5). The initial electron transfer to photoexcited Por3 or Por4 produces
NAD'. The NAD® immediately reacts with molecular oxygen to produce O,":

NAD' +0, - NAD" +0,". 6)

In the following process, O, oxidizes NADH and hydrogen peroxide (H,0,) is
produced [63]:

NADH+0,” +H* - NAD' +H,0,. 7)

The electron transfer-mediated reaction induces the chain reaction, resulting
in the acceleration of NADH decomposition and secondary generation of reactive
oxygen species. In the case of direct photosensitized reaction, ultraviolet photon is
required to produce H,0, [28]. The secondary formed H,0, may produce hydroxyl
radicals ('OH), very strong ROS. These results suggest that electron transfer
reaction with visible light irradiation induces a severe toxic effect through a chain
reaction and the formation of H,0,, similarly to the ultraviolet radiation.

3.5 Photosensitized oxidation of folic acid by phosphorus(V) porphyrin
through electron transfer

Folic acid, a vitamin, is also oxidized through photoinduced electron transfer
[64]. Because the fluorescence intensity of folic acid is significantly increased
by the decomposition, a fluorometry of folic acid can be used as a convenient
indicator to evaluate the photosensitizer activities [65, 66]. For example, pho-
tosensitized decomposition of folic acid by Por2 through electron transfer was
reported [49]. Photoexcited porphyrin can produce 'O,, and folic acid is also
oxidized by '0,. The contribution of 'O,-mediated decomposition can be excluded
by the effect of 'O, quencher and the effect of electron transfer reaction can be
evaluated.

4. Contribution of the electron transfer mechanism in photosensitized
reaction by cationic porphyrins

Photooxidation activity through electron transfer depends on the redox poten-
tial. It has been demonstrated that photoexcited hematoporphyrin, a free base
porphyrin, induces the oxidative electron transfer from the tryptophan residue
of bovine serum albumin [67, 68]. Cationic porphyrins show relatively small E,q
values due to their positive charge. In this section, several examples of electron
transfer-mediated oxidation of biomolecules by cationic porphyrins.
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H,TMPyP ZnTMPyP
B) H,TMPyP
Intercalation ZnTMPyP
Major groove binding
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(©)

) Benzoquinone ABG
hv e/e|60tfon acceptor) NV 9;/ (electron donor)
Figure 6.

Structures of H,TMPyP and ZnTMPyP (A), their binding interaction with DNA (B), and the electron transfer
reactions (C). ABG: Amino benzoyl-L-glutamic acid.

4.1 Protein photooxidation through electron transfer by cationic porphyrins

The photosensitized protein damage by tetrakis(N-methyl-p-pyridinio)
porphyrin (H,TMPyP, Figure 6) and its zinc complex (ZnTMPyP, Figure 6)
was reported [69]. Photosensitized reaction of H,TMPyP has been extensively
studied [14, 70]. Water-solubility of H,TMPyP and its analogues is appropriate
for biological study. Furthermore, electrostatic interaction between these cationic
porphyrins and biomacromolecules is considered to enhance the electron transfer
reaction with targeting biomolecules. The @, value of H,TMPyP is relatively
large [14, 69, 71], and photosensitized biomolecule damage caused by H,TMPyP
through o, generation is generally accepted [70, 72]. However, E,.q of H,TMPyP
is relatively small [27], and negative AG values for photosensitized oxidation of
several amino acids through electron transfer are estimated. Therefore, electron
transfer-mediated photooxidation of biomolecules is expected.

H,TMPyP and ZnTMPyP bound to HSA and caused photosensitized oxidation
of the tryptophan residue [69]. Three amino acids-tryptophan, phenylalanine, and
tyrosine—were also used as target biomolecules, and tryptophan and tyrosine were
photodamaged by these cationic porphyrins. However, H,TMPyP and ZnTMPyP
could not photosensitize the damage of phenylalanine. The protein damage (oxida-
tion of the tryptophan residue) was enhanced in deuterium oxide and inhibited
by NaNj;. Analysis of the scavenger effect showed that the absolute quantum yields
of electron transfer-mediated oxidation are 5.3 x 10~ and 4.0 x 10~ for H,TMPyP
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and ZnTMPyP, respectively. The E,eq of Hy,TMPyP (-0.23 V vs. SCE) [27] is lower
than that of ZnTMPyP (—0.85 V) [73]. The values of -AG for electron transfer from
tryptophan to their S; states suggest that H;TMPyP (-1.03 eV) is more oxidative
than ZnTMPyP (—0.53 eV). The estimated value of kgr estimated from the fluores-
cence lifetime for H;TMPyP was 1.0 x 10% s™%. On the other hand, the fluorescence
lifetime of ZnTMPyP was not affected by the interaction with HSA in the presented
experimental condition. Because of the relatively shorter fluorescence lifetime

of ZnTMPyP (1.3 ns), the estimation of kgr may be difficult by the fluorescence
lifetime measurement. Furthermore, protein photodamage by the T; states of
H,TMPyP and ZnTMPyP were also discussed [69]. The lifetimes of their T, states
are relatively long: H,TMPyP (2.1 yus) and ZnTMPyP (2.7 ps), suggesting that the
electron transfer in the T state is kinetically advantageous. The estimated -AG of
the electron transfer from tryptophan to their T, states (—0.65 eV for H,TMPyP
and — 0.15 eV for ZnTMPyP) suggests that this electron transfer is also possible in
terms of energy.

4.2 Electron transfer from DNA to photoexcited cationic porphyrins and
microenvironmental effect of DNA on photoinduced electron transfer

Photoinduced electron transfer between DNA and the cationic porphyrins,
H,TMPyP and ZnTMPyP, was analyzed by the fluorescence measurements
(Figure 6) [74]. Absorption spectrum and circular dichroism measurements
showed that H,TMPyP mainly intercalates to calf thymus DNA, whereas
ZnTMPyP binds into a DNA groove. An electrostatic interaction with DNA raises
their redox potentials of the binding cationic porphyrins. In the presence of DNA,
the fluorescence intensity of these porphyrins was almost the same as that without
DNA. The E, of H,TMPyP (>1.30 V vs. SCE in water) [27], ZnTMPyP (1.18 V vs.
SCE in water) [73], and guanine (1.24 V vs. SCE in acetonitrile) [75, 76] sug-
gested that electron transfer by the S; state of H;TMPyP is possible in terms of
energy. Furthermore, the electron donating character of guanines increased in
the double-stranded structure [77-79]. However, the fluorescence measurements
indicated that the S; states of these porphyrins are barely quenched by DNA.
These results could be explained by that an electrostatic interaction between
cationic porphyrins and an anionic DNA strand should increase the redox poten-
tial of porphyrins, leading to the inhibition of the electron transfer. In the cases
of their higher excited states, secondary excited singlet (S,) states, the electron
transfer from DNA was observed. The lifetime of S, state is significantly short (a
few picoseconds). However, the E,q value of their S, states are large (larger Eeq
value of the excited state indicates stronger oxidative activity); »2.14 V vs. SCE for
H,TMPyP and 1.94 V vs. SCE for ZnTMPyP. Therefore, the S, states of porphyrins
are thermodynamically strong oxidants through electron transfer mechanism.

Photoinduced electron transfer from these porphyrins to benzoquinones,
electron acceptors, and that from N-(4-aminobenzoyl)-L-glutamic acid (ABG), an
electron donor, to these porphyrins were also studied [74]. As mentioned above, the
electrostatic interaction with DNA raises the redox potential of cationic porphyrins
(i.e. decreases the oxidative property of cationic porphyrins). Therefore, the DNA
microenvironment inhibited the electron transfer from ABG, an electron-donating
quencher, to the binding porphyrins. On the other hand, the electron transfer from
the binding porphyrins to benzoquinones, an electron-accepting quencher, was
enhanced. A steric effect by the DNA strand was also important. A hydrophobic
bulky electron acceptors forms stacking complex with porphyrins, resulting in the
strong fluorescence quenching. The interaction with DNA strand cleaves this stack-
ing interaction and inhibit the electron transfer to the benzoquinone. In summary,
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the DNA microenvironment significantly affects the electron transfer property of the
binding cationic porphyrins through an electrostatic interaction and the steric effect.

5. Activity control based on the electron transfer

Electron transfer can be controlled by the surrounding environment. For exam-
ple, pH is an important factor to control the photoinduced electron transfer [29, 30,
48, 80, 81]. Since it has been reported that cancer cells are slightly acidic (pH 6 ~ 7)
against normal tissues (pH 7 ~ 7.4) [82-85], control of the electron transfer of the
photosensitizer by pH can be applied for the development of cancer-selective PDT.
In the cases of pH-dependent 0, photosensitizers, the redox control [30, 86-88],
the structure change [89], and the control of intersystem crossing [90] by pH have
been reported as the important concepts. Several types of pH-activatable-porphyrin
photosensitizers [30, 88], including a phosphorus(V) porphyrin [48, 81], have been
reported. In addition, a self-quenching of the photoexcited molecules can be also
used to control the activity [47]. In this section, several examples about the activity
control of electron transfer-photosensitizers are introduced.

5.1 Electron transfer control by pH

The biomolecule oxidation activity of photosensitizer through electron transfer
can be controlled by using changeable electron donor. Por13 was designed and
synthesized to control the photodynamic activity of phosphorus(V) porphyrin
photosensitizer (Figure 7) [48]. As an electron-donor, 6-methylpyridine was used.
The photoexcited Por13 is quenched through intramolecular electron transfer
and this quenching is suppressed by protonation of the methylpyridine moiety,
an electron donor. The pK, of protonated methylpyridine moiety was about 7,
and fluorescence lifetime of Por13 was lengthened under an acidic condition by
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Figure?7.
Scheme of the activity control of photosensitizer; Por13, by pH and the velaxation processes of photoexcited state.
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suppression of the quenching through intramolecular electron transfer by methyl-
pyridine. The quantum yields of photosensitized 'O, generation and biomolecule
oxidation through electron transfer mechanism were also increased under acidic
condition. NADH oxidation by Por13 through photoinduced electron transfer was
successfully enhanced under acidic conditions. However, photosensitized protein
damage (oxidative damage of HSA) through electron transfer was decreased under
an acidic condition, and relatively strong protein damage was observed under

a neutral condition. It is explained by the fact that a relatively weak association
between protein and Por13 under an acidic condition due to electrostatic repulsion.
Protonated protein under acidic condition decreases the association with cationic
porphyrin, resulting in the suppression of the electron transfer from the amino
acids. Furthermore, the hydrophobic environment of protein inhibits the electron
transfer-quenching of Por13. This study shows the difficulty of activity control of
photosensitizers by pH, because other factors significantly affect the photoinduced
electron transfer.

5.2 Activity control through the self-quenching of photosensitizers

DiethoxyP(V)tetrakis(p-methoxyphenyl) porphyrins, Por10 and Por11, ana-
logues of above mentioned Por9, were synthesized [47]. Their water-solubilities
were smaller than that of Por9, and these porphyrins form self-aggregation
complexes (Figure 8). Photoexcited states of Por10 and Por11 were effec-
tively quenched through this aggregation (concentration quenching). These
phosphorus(V) porphyrins can bind to the hydrophobic pocket of HSA, resulting
in dissociation of their self-aggregation states (Figure 8). Calculating simulation
showed the distance between the tryptophan residue and the porphyrin molecules
as follows: 24.4 A (Por10) and 23.5 A (Por11). Fluorescence lifetime of these
porphyrins were recovered by the dissociation of self-aggregation. Photoirradiation
to these porphyrins binding to HSA induced the oxidation of tryptophan through
!0, generation and electron transfer. The axial fluorination of ethoxy chain of
central phosphorus atom reduced the E,q of porphyrin ring. The electron transfer

Porphyrin

_Tryptophan

+ HSA )

Self-aggregation
Activity: OFF ON

Figure 8.
Scheme of the activity control of photosensitizers, Por1o and Pori1, through the self-aggregation and
interaction with HSA.
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rate constant from the tryptophan residue of HSA to Por11 is larger than that of
Por10, due to the effect of axial fluorination. The substitution by fluorine, the
highest electronegative element, showed the improving effect on photooxidation of
protein through electron transfer. However, the fluorination decreased the bind-
ing interaction with HSA. In the presence of same concentration of porphyrins,
Por10 exhibits higher damaging activity to HSA under photoirradiation. These
results suggest that selective interaction is important for electron transfer-mediated
photodamage of biomolecules. These porphyrins demonstrated the photocytotoxic-
ity to HaCaT cells. The IC50 value of Por11 was lower (stronger cytotoxicity) that
Por10. Photooxidative activity of Por11 through electron transfer and enhanced
cellular uptake by the fluorination may play the important role in this photocyto-
toxic effect. Furthermore, Por10 and Por11 barely induce cellular DNA damage

to HaCaT cells, similarly to Por8, Por9, and Por12. Therefore, their carcinogenic
risks are also small. The self-aggregation of photosensitizers can be used to sup-
press their photosensitizing activity. These results suggest that the PDT activity of
self-aggregation photosensitizers can be reversed using association with targeting
biomacromolecules, such as protein.

6. Electron transfer mechanism and antimicrobial photodynamic
therapy

PDT can be applied for disinfection and sterilization [4-7]. Microbial, including
bacterium and viruses can be removed by photosensitized reaction. The physi-
cal treatment, such as PDT, is advantageous against antibiotic-resistant bacteria
[91, 92]. PDT for microbial treatment is called as aPDT and/or PACT. Red light
(relatively long wavelength visible light) is used for aPDT. Because 'O, can be easily
produced by relatively small energy photons, it is considered as the important reac-
tive species for aPDT process. Phenothiazine dyes, such as Methylene Blue is used
as the photosensitizer for aPDT [93], because Methylene Blue can absorb relatively
long-wavelength visible light and its ®, value is relatively large [94]. However, the
aPDT mechanism has not been well-understand. Biological environments are under
a hypoxic condition [95], the mechanism mediated by 'O, generation mechanism
may be restricted. Therefore, the electron transfer mechanism may play an impor-
tant role in the aPDT mechanism.

6.1 Photosensitized DNA damage through electron transfer

DNA is a potentially important targeting biomacromolecules for PDT and aPDT
[1-3, 28]. In the cases of DNA damage, the generation of reactive oxygen species,
such as '0, (Type Il mechanism), and the direct oxidation of nucleobases through
photoinduced electron transfer (Type I mechanism) are important. In general, O,
formation and following H,0, and/or "OH production (Type II mechanism, minor)
require relatively shorter wavelength radiation, such as ultraviolet ray [28, 32, 33].
Therefore, the contribution of the O, generation (Type II minor) mechanism is
considered to be small in the aPDT mechanism. As mentioned above, photosensi-
tized 'O, generation is the important mechanism of aPDT. Guanine is the selective
target of '0,, and every guanine is oxidized by !0, ina DNA sequence [28, 33].
Similar to the 'O, generation mechanism, guanine is also damaged through electron
transfer selectively [28, 32, 33]. However, single guanines in double-stranded DNA
and guanine residue in single-stranded DNA are resistant to electron transfer
mechanism, in the contrary to the !0, mechanism [28, 33]. Since n-n interac-
tion between consecutive guanines decrease the E,, of guanine, the consecutive
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guanines, such as GG and GGG, are selectively oxidized through electron transfer
mechanism [77-79]. Similar compounds are produced of guanine oxidation through
the both mechanisms of 'O, generation and electron transfer [72].

The mechanism of DNA damage photosensitized by Nile Blue (Figure 9) has
been studied as a potential photosensitizing reaction [96]. The reported value of
®, by Nile Blue is very small (0.005) [66, 97]. Therefore, Nile Blue is an appropri-
ate model to examine the oxygen-independent mechanism. Nile Blue bound to
DNA strand through an electrostatic interaction and the fluorescence lifetime was
decreased, supporting the electron transfer quenching. Using **P-5’-end-labeled
DNA fragments, DNA damaging mechanism of Nile Blue was examined and
consecutive guanine damage was observed. From the analysis of DNA damaging
pattern, the contribution of DNA damage through electron transfer mechanism was
estimated to be 72% (the contribution of 0, mechanism is 28%). The AG of elec-
tron transfer from guanine to the S; state of Nile Blue is negative (—0.15 eV) [96],
and this value is considered to become smaller in the case of consecutive guanine, as
mentioned above [77-79]. The estimated kgr value is relatively large (1.0 x 10 71,
These values supported the electron transfer-mediated DNA oxidation. The mecha-
nism of DNA damage photosensitized by Nile Blue is shown in Figure 9. Relevantly,
rhodamine-6G, a fluorescence dye, induces the electron transfer-mediated oxida-
tion of DNA [98] and folic acid [64] with photoirradiation. In general, fluorescence
dyes hardly photosensitize 'O, generation. On the other hand, photooxidative
activity through electron transfer depends on the redox potential of molecules.
These results suggest that the electron transfer-oxidation becomes important PDT
mechanism for non-'0, generating dyes.

6.2 Photosensitized protein damage through electron transfer

Photosensitized protein damage by Methylene Blue and its analogues (Figure 10)
were studied [99]. Similar to the cases of phosphorus(V) porphyrin photosensitizers,
HSA was used as the targeting biomacromolecules. DNA binding through electrostatic
force of these cationic compounds are well-known [40, 71, 74, 96, 100]. However,
the interaction between these cationic dyes and HSA is small and a hydrophobic
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Figure 9.
Structure of Nile Blue and the proposed mechanism of guanine decomposition through photoinduced electron
transfer.
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Figure 10.

Structures of Methylene Blue and its analogues. Binding constants with HSA were examined in a 10 mM
sodium phosphate buffer (pH 7.6). QET: The quantum yield of HSA oxidation through electron transfer
mechanism. QSO: The quantum yield of HSA oxidation through 'O, generation.

interaction (not electrostatic interaction) may be a driving force of the association
with HSA [58]. The reported binding constant, which were estimated by the Benesi-
Hildebrand Equation [101] are shown in Figure 10. Fluorometry of HSA tryptophan
residue demonstrated the photosensitized oxidation through both mechanisms,
electron transfer and 'O, generation [99]. The analyzed quantum yields through these
mechanisms are shown in Figure 10. Fluorescence decay of these dyes was complex.
From the analysis of their observed fluorescence decay, the estimated kgr values were
order of 10° s™, supporting the electron transfer mechanism. Furthermore, this result
suggests the existence of markedly fast electron transfer species, much faster than the
detection limit of this study (within ~50 ps) [99]. DFT calculation also supported the
electron transfer mechanism. The energy gap between the highest occupied molecular
orbital (HOMO) of amino acids and that of photosensitizers are important for the
electron transfer mechanism. The plot between the HOMO values of these cationic
dyes and the protein damaging quantum yield through electron transfer demonstrated
arelatively good relationship. Furthermore, the relationship between the ®, and the
damaging quantum yield through 'O, generation is also observed. These results shown
that the electron transfer mechanism is also important for photosensitized protein
oxidation by Methylene Blue and its analogues, as 'O, generation mechanism does.
The electron transfer mechanism is not completely independent of oxygen molecule,
because oxygen support the electron transfer by removing the excess electron from
the reduced photosensitizer. However, other endogenous oxidative agents, such as
metal ions, may support the electron transfer mechanism, in vivo, the electron trans-
fer mechanism may play an important role in the aPDT under hypoxic condition.

7. Conclusions

This chapter reviewed the several topics about the photosensitizers, which play
electron transfer-supported mechanism. 'O, is the important reactive species in PDT
and aPDT. However, hypoxic condition in biological environment is not appropri-
ate for reactive oxygen-dependent mechanism. Electron transfer is not completely
independent of oxygen; however, this mechanism does not absolutely require oxy-
gen. Endogenous oxidative substances other than oxygen can support the electron
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transfer mechanism. In the study of PDT photosensitizer for cancer, phosphorus(V)
porphyrins showed the selectivity for cancer cell and relatively strong PDT effects.
Most important property of these photosensitizers is strong photooxidative activ-
ity through electron transfer under long-wavelength visible light irradiation.
Furthermore, the photosensitizing activity of phosphorus(V) porphyrins through
electron transfer mechanism can be controlled by surroundings, such as pH. In

the processes of aPDT, the electron transfer mechanism may be important. For
developing the effective drugs for aPDT, molecular design based on the electron
transfer is also useful as well as that based on the '0, generating activity. The activity
of electron transfer oxidation depends on the redox potential, and a long lifetime

of photoexcited state is advantageous. For PDT photosensitizers, relatively strong
response to long-wavelength radiation is required. In the molecular design of PDT
photosensitizers including phosphorus(V) porphyrins, the calculations of HOMO
energy level and the excitation energy are important as the initial steps.
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Abstract

Photodynamic Therapy (PDT) is a cancer treatment that used the interaction of
a photosensitizing drug and a light source. PDT can lead to changes in the expression
of various cellular elements, compromising cell adhesion, and cytoskeleton integrity
in cells undergoing treatment. However, the pathways of cellular alterations caused
by this treatment are little known. Alterations in expression in surface glycoproteins
and glycolipids are significant features in malignant tumor transformation and are
strongly associated with tumor cell adhesion, invasion, and metastasis. This study
evaluated photodynamic therapy effects on indirect distribution surface glyco-
proteins in human laryngeal carcinoma HEp-2 cell line surface, using Click-iT™
Metabolic Glycoprotein Labeling Reagent. Aluminum Phthalocyanine Tetrasulfonate
(AlPcS4) was administrated at 5 pM/mL, followed by one hour of the incubation
period for its accumulation in the tumor cells. After this time, cultures were irradi-
ated with LED (light-emitting diode) dispositive (BioPdi/IRRAD-LED) A = 660 nm.
Evaluation of glycoproteins was performed by flow cytometry. Knowledge of
the cellular alterations caused by the treatment will allow obtaining tools for the
potentiation or optimization and personalization of the anticancer treatment. This
therapy has a low cost and better efficacy, when applied early, about radiotherapy
chemotherapy.

Keywords: glycosylation, flow cytometry, cell culture, aluminum phthalocyanine
tetrasulfonate

1. Introduction

Photodynamic therapy (PDT) is an oncology treatment based on photochemi-
cal reactions involved photosensitizer (PS) and light irradiation of an appropriate
wavelength. The interaction of PS and light, producing reactive oxygen species
(ROS), can directly induce cellular damage to organelles and cell membranes.
PDT’s action on cellular organelles, mainly in the endoplasmic reticulum (ER) and
Golgi, interferes with several metabolic pathways [1]. The glycosylation process is
a post-translational modification that occurs in the ER [2]. It results in the addi-
tion of carbohydrate motifs—glycans to proteins that are, in most cases, destined
for the cell surface. The resultant glycoprotein structures at the cell surface form
a carbohydrate-rich layer, which presents an essential role in the cell’s interaction
with its surrounding environment. Glycosylation of a given protein is a process
catalyzed by glycosyltransferases, localized in the Golgi, leading to the formation of
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protein-bound glycans with specific and diverse biological functions [3]. These car-
bohydrate side chains can modulate the protein’s interaction with its environment,
influencing key factors such as protein half-life, solubility, binding activity, and
specificity. Two significant types of glycosylation occur on proteins. (1) O-linked
glycosylation refers to the addition of N-acetyl-galactosamine to serine or threonine
residues by the enzyme UDP-N-acetyl-D-galactosamine transferase, followed by the
addition of other carbohydrates, such as galactose, N-acetyl-D-glucosamine, or sialic
acid; (2) N-linked glycosylation occurs in the ER [4, 5]. It refers to the insertion of
an oligosaccharide chain enzymatically attached to the amide group of asparagine
in the consensus sequence Asn-X-Ser/Thr (where X represents any residue except
proline). Alterations in glycosylation of malignant cells can take a variety of forms,
including changes in the amount, linkage, and acetylation of sialic acids; changes

in the branching of N-glycans mediated by glycosyltransferases; alterations in the
expression of glycosaminoglycans such as heparan sulfate; and altered glycosylation
of mucins, which are heavily glycosylated epithelial-derived proteins known to be
implicated in certain cancers [5, 6].

Changes in glycoprotein glycans are significant in malignant tumor transforma-
tion and are closely associated with tumor cell adhesion, invasion, and metastasis
[7]. Christiansen et al., 2014 [8] demonstrated changes in cell surface glycosylation in
five different types of cancer: breast, colon, liver, skin (melanoma), and ovarian, and
how these changes may be associated with carcinogenesis. Synthesis and expression
of cell-surface carbohydrates is a highly regulated process that affects several cell-
cell interactions. The presence of specific oligosaccharides in highly malignant cells
is essential for expressing the metastatic phenotype [9]. Elevation of glycoproteins
above normal levels reflects local tissue destruction processes with the release of
preformed tissue proteins or becomes a local synthesis and releases glycoproteins
through tumor cells [10].

Waiting for glycans and glycoconjugates to play a relevant role in various tumor
progression stages, biosynthetic cell machinery involved in glycan biosynthesis and
modification is a promising target for cancer treatment. Treatments that act on such
targets should be researched to act or stimulate specific glycosylation inhibitors
that may target a pro-metastatic biological product or interfere with the immune
response’s modulation.

2. Methods
2.1 Cell culture

The HEp-2 cell line (human laryngeal carcinoma) and MCF?7 cell line (human
mammary carcinoma) were obtained from the Bank of Cells of Rio de Janeiro
(BCR]). Cells were cultured in 25 cm? culture flask (Greiner), routinely maintained
in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% antibiotic-antimycotic (Gibco-Life-Technology), at 37°C,
an atmosphere containing 5% CO2 (Forma Scientific CO2, MODEL 3110).

2.2 Photosensitizer

Aluminum phthalocyanine tetrasulfonate (AIPcS4-Frontier Scientific) ata
5 pM/mL concentration is diluted in phosphate-buffered saline (PBS).

Experimental groups HEp-2 cells were divided into four groups: control, a
photosensitizer (cells incubated with AlPcS4), laser (irradiated cells only), and
photodynamic therapy (PDT) (cells incubated with AlPcS4 and irradiated).
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2.3 Photodynamic therapy

Cells were cultivated in 6-well plates at a density of 1 x 10° cells/well, at 37°C
in a 5% CO, atmosphere, and incubated for 18 hours for cell adhesion. After
plating, cells were incubated with AlPcS4 for 1 hour at 37°C in an atmosphere
containing 5% CO2. Then, they were washed with PBS to remove the photo-
sensitizer not absorbed by the cells. Irradiation was performed by using a LED
dispositive (Biopdi/IRRAD-LED) )\ = 660 nm. Each well was exposed to 25 mW,
an energy density of 5 J/cm2. Immediately after treatment, all groups were
incubated with 25 pM Click-iT™ Metabolic Glycoprotein Labeling (according
to the manufacturer’s instructions, Thermo Fisher Scientific™- Table 1) for 24
and 48 hours to evaluate the changes in the protein glycosylation process by the
Golgi complex (Figure 1). At the end of the incubation periods, the cells were
scraped, added into 5 ml tubes, and centrifuged at 5259 g at 4°C for 5 minutes
for cell sedimentation. After this, cells were resuspended and washed in PBS
2 times, fixed with 4% paraformaldehyde in PBS for 15 minutes, washed two
more times with PBS, and permeabilized with 0.25% Triton x-100 in PBS for
15 minutes, washed with 3% BSA in PBS twice, and then incubated with an
FTIC-conjugated antibody for one hour while diluted 1: 1000 in a Click-iT
reaction buffer for one hour. At the end of the incubation period, it was washed

Markers Target Incubation time
Click-iT® O-linked glycans 24-72 hours
GalNAz
Click-iT® Sialic acid-modified glycoproteins 24-72 hours
ManNAz
Click-iT® O-GLcNAz-modified glycoproteins 24-72 hours
GIcNAz

Table 1.

The markers used to evaluate glycoproteins.
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Figure 1.

Scheme of the experimental procedure. C — Control; PS — Photosensitizer; L — Led only; T — Treatment = PS + Led.
Created with BioRender.com.
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with PBS, resuspended in the Click-iT reaction buffer, and read by BD AccuriCé
Plus flow cytometer. All experiments were performed in duplicate (n = 6).

2.4 Statistical analysis

The data presented are in the form of mean and standard deviation, compared by
the two-way ANOVA test and confirmed by the Tukey test. Statistical significance
was admitted with P < 0.05 with *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
being considered significant. Experiments were performed in three independent
replications with n = 8. GraphPad Prism 6® software was used to per-form statistical
and graphical analyses.

3. Results

The evaluation of the glycoprotein synthesis by Flow Cytometry demonstrates
that the modified sialic acid glycoproteins (Click-iT® ManNAz - Figure 2) in the
treatment group present a higher fluorescence intensity in 24 hours, concerning
the O-GLcNAz-modified glycoproteins and the O- glycans linked. The HEp-2
strain presents the synthesis of sialic acid-modified glycoproteins and O-GlcNAz-
modified effectively in the first 24 hours; after 48 hours, a decrease in the syn-
thesis of these glycoproteins is observed (Figures 3 and 4). They were probably
modified due to the action of glycosidases and glycosyltransferases, changing
their structures. O-linked glycans are less fluorescent in the first 24 hours;
however, in the group treated within 48 hours, an increase in the synthesis of
these glycoproteins is observed, which can be considered a possible target for
photodynamic treatment.
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Figure 2.

Analysis of cells treated with Click-iT®-ManNAz, the graph shows the fluorescence intensity of the cells of
the control, LED, and treatment groups in the periods of 24 and 48 hours. The treatment group showed a high
fluorescence intensity within 24 hours, with a severe fluorescence reduction occurring in all groups within

48 hours.
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Figure 3.

Analysis of cells treated with Click-iT®-GlcNAz, the graph shows the fluorescence intensity of the cells of the
control, led, and treatment groups in the periods of 24 and 48 hours. The fluorescence intensity in all groups in
the 24 hours is the same for all. Within 48 hours it is possible to observe an increase in fluorescence intensity in
the treatment group compared the control and LED groups.
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Figure 4.

Analysis of cells treated with Click-iT®-GalNAz, the graph shows the fluorescence intensity of the cells of the
control, LED, and treatment groups in the periods of 24 and 48 hours. The treatment group, compared to the
other groups, has a high fluorescence intensity.

4. Discussion

The use of the technique called metabolic oligosaccharide engineering (metabolic
oligosaccharide engineering) allows for the labeling of glycans with probes for visu-
alization in cells by enriching specific types of glycoconjugates for proteomic analy-
sis. This methodology promotes the metabolic labeling of glycans with a specific
reactive functional group, the azide. Azide-labeled carbohydrates are endocytosed
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by cells and integrated with glycan biosynthesis in various glycoconjugates. The cells
are incubated for periods of 24 to 72 hours to allow the synthesis of surface glycopro-
teins to be monitored [11, 12].

According to prior research [13, 14], glycosylation markers can assist in cancer
detection and monitoring since the malignant transformation of cancer cells
associated with changes in cell glycosylation are associated with tumor progression
and, finally, metastasis. The schemes shown above demonstrate the biosynthesis of
glycoproteins in a normal cell (Figure 5). The results obtained demonstrate indi-
rectly that the photodynamic treatment altered the glycosylation of proteins in the
lattice, consequently compromising the glycosylation in the Golgi and the insertion
of glycoproteins in the plasma membrane (Figure 6). The statement concerning
the reticule is based on previous data obtained by our group, which demonstrated
changes in the reticular tubular network and the presence of surface glycoproteins
N-acetyl glucosamine terminals [15, 16].

The glycoproteins, when sent via vesicle traffic to the Golgi complex, change
with the removal of mannose residues, the addition of N-acetyl glucosamine,
galactose, and sialic acid. The addition of carbohydrates is associated with the
function that the glycoprotein will play on the cell surface.

The glycosylation markers can be used for cancer detection and monitoring,
since changes in cell glycosylation are associated with the transformation of
cancer cells into glycosylation, tumor progression, and, finally, metastasis [13,
14]. The schemes shown above demonstrate the biosynthesis of glycoproteins in
anormal cell (Figures 7 and 8). The results obtained indirectly demonstrate that
the photodynamic treatment altered the glycosylation of proteins in the lattice,
consequently compromising the glycosylation in the Golgi and the insertion of
glycoproteins in the plasma membrane. The reticule statement is based on previ-
ous data obtained by our group [15], which demonstrated changes in the reticular
tubular network.

The photodynamic treatment action on surface glycans has a significant impact
on cell signaling and the regulation of cell-tumor cell adhesion and cell-matrix
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Figures.

Membrane glycoprotein biosynthesis scheme. The monosaccharide complexed with azide (Click-iT™ Metabolic
Glycoprotein Labeling Reagent), crosses the plasma membrane, becoming available in the cytoplasm. Golgi,
responsible for the glycosylation process, captures the monosaccharide, which will be used in the processing

of membrane protein, coming from the rough endoplasmic reticulum. After the incorporation of the labeled
monosaccharide into the protein, the vesicle is released and fused to the plasma membrane, exposing the
glycoprotein, allowing its detection by microscopy or cytometry. Created with BioRender.com.
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Mfmhmne glycoprotein biosynthesis scheme after PDT. The monosaccharide complexed with azide (Click-iT™
metabolic glycoprotein labeling reagent), crosses the plasma membrane, becoming available in the cytoplasm.
Golgi, responsible for the glycosylation process, captures the monosaccharide, which will be used in the processing
of membrane protein, coming from the rough endoplasmic veticulum, but after PDT changes the sequence

of monosaccharides, modifies the glycan modifying the glycoprotein. After the incorporation of the labeled
monosaccharide into the protein, the vesicle is released and fused to the plasma membrane, exposing the
glycoprotein, allowing its detection by microscopy or cytometry. Created with BioRender.com.
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Figure 7.
Glycosylation scheme in the rough endoplasmic veticulum. Created with BioRender.com.

interaction, compromising the interaction between cancer cells and the tumor
microenvironment.

An exciting result refers to the AIPcS, group, with reduced glycosylation of
proteins with mannose and galactose terminal monosaccharides, when compared
to the control group. This data suggests that phthalocyanine endocytosed by the
tumor cell requires more lysosomes to be degraded, a demand supplied by Golgi,
which releases transport vesicles with acid hydrolases to the lysosomes via the
mannose —6-phosphate receptor. For the substitution of mannose by galactose,
mannosidase action must occur; however, as there is a need for more hydrolases and
more transporters, the final carbohydrate does not change.

In the 48 hours, the AlPcS, and LED groups show similar behavior to the control
group, indicating that, after the period of interaction with the photosensitizer and
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Figure 8.
Glycosylation scheme in the Golgi apparatus. Created with BioRender.com.

the action of light, the cell restores its synthesis process. Reinforcing the informa-
tion that light and separate photosensitizers cannot cause damage to cells.

5. Conclusion

The action of photodynamic treatment on surface glycans has a significant
impact on cell signaling and the regulation of cell-tumor, cell-adhesion, and
cell-matrix interactions, compromising the interaction between cancer cells and
the tumor microenvironment. The involvement of the glycosylation process in
the Golgi apparatus prejudice the survival of tumor cells and can be exploited to
develop strategies for immune system activation.
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Abstract

Photodynamic therapy (PDT) used in combination with sonodynamic therapy
(SDT) is a new approach that aims to increase the effectiveness of tumor treatment
when compared to the effect of each independent therapy. PDT is based on stimulating
sensitizers with photons, while the most accepted theory for SDT is that sensitizers are
stimulated by the sonoluminescence phenomenon. However, after the excitation of
the sensitizer, both therapies follow a common path, leading to the generation of free
radicals and inducing cell death. One of the positive aspects of this combination is the
augmentation of anti-tumor activity with fewer side effects, since cell death may be
induced using lower sensitizer concentrations or less exposure to ultrasound or light.
Another benefit of combining PDT and SDT, especially with the use of low-frequency
ultrasound is the induction of sonophoresis. For instance, on the skin, it may facilitate
the absorption of the sensitizer. However, research involving both PDT and SDT exhibit
many variants, including differences in irradiation sources and their intensities, among
others. These aspects contribute to a lack of standardization, leading to result variations,
hindering assessment on the real contribution that these combined therapies can offer in
tumor treatment. Thus, further research in the pre-clinical and clinical areas are crucial.

Keywords: cancer therapy, ultrasound, sonodynamic therapy, sonophotodynamic
therapy, sonophoresis

1. Introduction

Currently, medicine has gone through great advances due to basic and applied
research, as well as the implantation and discovery of new technologies. However,
the treatment of malignant neoplasms (cancers) requires improvement. According
to the WHO, malignant neoplasms were the second leading cause of death world-
wide in 2018 [1], and CDC estimates indicate that malignant neoplasms will be the
main cause of death in the USA by 2030 [2].
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Malignant neoplasms are a group of diseases exhibiting the common characteristic
of invasion of adjacent tissues by proximity or migration to other tissues and organs
by lymphatic, blood circulation or body cavities, in a process known as metastasis.
Malignant neoplasms exhibit six basic characteristics defined by Hannah and
Weingberg in 2000: they are able to resist cell death, induce angiogenesis, exhibit
replicative immortality, evade growth suppression, activate invasion (metastasis)
and sustain proliferative signaling [3]. The origin of malignant neoplasms is still
unknown, and several theories have been postulated in this regard, including
Somatic Mutation theory, Evolutionary theory and Cancer Stem cell theory [4, 5].
Environmental factors, such as ultraviolet radiation, ionizing radiation and carcino-
gens, may alter the genetic structure of cells and explain a portion of cancer cases. To
illustrate oncogenesis complexity, smoking is known to increase the risk for cancer up
to 100-fold. However, when comparing the mutation numbers of lung cell carcino-
mas in smokers and non-smokers, this increase is only 1.15-fold [4]. Today, it is clear
that the tumoral microenvironment is also part of the oncogenesis process.

Traditional cancer treatments, such as chemotherapy, radiotherapy and surgery,
in spite of being effective for several types of tumors, saving millions of lives, are
often aggressive, expensive and not always efficient. Chemotherapy is based on
the use of drugs in order to reach and destroy tumor cells and radiotherapy applies
ionizing radiation to destroy and prevent tumor growth. These therapies are the
most common in cancer treatments, but they affect not only tumor cells but also
healthy ones, which can lead to side effects, such as nausea and hair loss. Surgery
can be used in several cases in which the tumor can be removed either partially or
completely, although it can be very invasive and expensive [6]. These treatments
are often combined to enhance results, increasing the possibility of longer remis-
sion times and, in some cases, cures. Other treatment modalities have begun to
be recently applied, such as Immunotherapy, Hormone Therapy and Stem Cell
Transplant, alongside, or not, traditional treatments.

Photodynamic therapy (PDT) and sonodynamic therapy (SDT) emerge as
alternative or adjuvant treatments for cancer cases, exhibiting a minimally invasive
approach. These therapies are based on the administration (either systemic or topi-
cal) of a photosensitizer (PS) or a sonosensitizer (SS), generally non-toxic when
used in the appropriate concentrations, resulting in cell death when irradiated with
light or ultrasound [7].

2. Ultrasound applied to medicine
2.1 Ultrasound in biological systems

Ultrasound is a mechanical wave exhibiting frequencies above 20 kHz, out of
the human hearing range [8]. Historical evidence indicates that ultrasounds were
first applied in humans to examine a brain tumor by Karl Dussik, in 1942 [9], who
reported that, when ultrasound is focused, its biological effects are more localized
[10]. Ultrasound applied to therapeutic purposes can be used at low intensities
(0.125-3 W/cm?) to stimulate normal physiological responses to injury and facilitate
the transport of substances across the skin (sonophoresis), or it can be used at high
intensities (>5 W/cm?) to selectively destroy target tissues [11].

Acoustic cavitation occurs when ultrasound waves pass through an aqueous
medium and it is an important ultrasound interaction with biological tissues. The dis-
turbance caused by ultrasound causes oscillations in the ambient pressure that can
lead to gases present in the solution to form small “bubbles”. With the maintenance of
the ultrasound waves, these bubbles may continue to increase in size and, eventually,
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Scheme depicturing the development of cavitation bubbles. The ultrasound waves cause the cavitation bubble to
increase and decrease in sige in sustained cycles, until the bubbles veach an unstable and critical size. When the
bubbles implode, high temperatures and the release of energy in the form of light (Sonoluminescence) can occur.

collapse (Figure 1), releasing energy [12]. Another ultrasound effect is thermal;

where the mechanical waves cause frictional heat in tissues by molecule vibration and,
depending on the temperature, lead to different biological effects [8]. Many factors can
influence US treatment outcomes, such as ultrasound exposure duration, heated tissue
volume, maximum temperature achieved and rate of temperature increases [11]. This
effect is routinely applied in the physiotherapy area to treat osteo-muscular lesions.

2.2 Ultrasound in malignant neoplasm therapy

The first clinical application of ultrasound to malignant neoplasm was
performed in 1944 and, since then, several studies have been carried out applying
this technique [13]. The consolidation of ultrasound to treat tumors originates in
prostate neoplasm treatments that began in the 1990s, by the use of High-intensity
focused ultrasound (HIFU), whose intensity applied to tumors may range from 100
t0 10,000 W/cm?® [14].

Almost at the same time, Yumita et al. discovered sonodynamic therapy (SDT),
by associating hematoporphyrin derivatives (already applied in PDT) to ultrasound
irradiation, observing cell damage up to 50% higher compared to the non-associated
treatment [15]. Although it acts in a similar manner as PDT, the exact sonodynamic
therapy activation mechanism of a certain molecule (sonosensitizer) is not as well
elucidated as in photodynamic therapy. The two main hypotheses concerning SDT
mechanisms have been postulated, both directly linked to acoustic cavitation (see
above). The thermal effect hypothesis suggests that heat is released, leading to
temperatures of up to 10,000 K, with pressures reaching 81 MPa after the collapse
of cavitation bubbles, which would be responsible for sonosensitizer activation
[16]. The second and currently widely accepted hypothesis is that sonosensitizer
activation occurs due to an effect known as sonoluminescence, where light energy
is released after the collapse of the cavitation microbubbles [17]. This light energy
would be, therefore, responsible for sonosensitizer activation, which leads to the
production of free radicals and, consequently, cell death (Figure 2) [18]. In addition
to the use of low-intensity ultrasound as a treatment using SDT, another interesting
feature is the possibility of facilitating the entry of molecules through the plasma
membrane, as demonstrated by Harrison and Balcer-Kubiczek in the early 90s when
irradiating Chinese hamster ovaries cells with low intensity ultrasound, favoring the
entry of adriamycin and amphotericin B, evidenced by increased cell death [19]. Low
frequency ultrasound (<100 kHz) is more efficient in increasing skin permeability
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Scheme representing the potential SDT mechanism. Ultrasound irradiation induces intracellular cavitation
bubbles. The collapse of these bubbles, through sonoluminescence, generates an energy that will be responsible
for the activation of the sonosensitizer from its fundamental state to an excited state. As the activated sensitizer
returns to ground state, the released energy is then transferred to the oxygen present in the cytosol to produce
high amounts of ROS, including oxygen peroxide and superoxide ions. These can cause several cell changes

that may result in cell death, such as (A) oxidative degradation of lipids, that would damage cell membranes,
organelles and vesicles that are made-up of lipids. (B) Damage to the mitochondrial membrane, initiating

the apoptotic process mediated by cytochrome C. (C) Direct damage to structures and molecules essential for
cellular homeostasis.

than therapeutic ultrasound. This is attributed to the cavitation phenomenon, which
is more frequent at low frequencies [20]. Tachibana et al. identified that the blood
glucose levels of hairless rats immersed in glasses containing an insulin solution

(20 U/mL) and placed in an ultrasound bath (48 kHz) decreased by 50% in 240 min-
utes [21]. The use of ultrasound as a drug delivery mediator technique represents an
important technological advance in many areas. This is no different in PDT treat-
ment, as it may be possible to facilitate tissue molecule entry, reducing the amount of
sensitizers to be used in treatments, in addition to allowing a joint sonodynamic and
photodynamic therapy effect, since both therapies work in a similar manner.

3. Sono-photodynamic therapy (SPDT) used as a combined therapy

PDT is performed in two main stages. The first comprises patient photosensitizer
administration followed by exposing the target region of the therapy to light at an
appropriate wavelength to produce reactive oxygen species capable of causing the
death of microorganisms or abnormal cells, such as tumors [22]. The wavelength in
which the photosensitizer absorbs energy is an important aspect that must be taken
into account when choosing the sensitizer. Capella and Capella identified molecules
that absorb light between 600 and 800 nm as ideal since, below this range, hemo-
globin, the main light-absorbing protein in the blood, would compete for the energy
emitted to activate the photosensitizer and, above this range, photons would not
have enough energy to participate in photochemical reactions. However, PDT exhib-
its a major limitation regarding tissue penetration [23]. Bashaktov et al. pointed
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out that skin light penetration ranges from 1.5 mm to 2.5 mm [24], and Kondo et al.
reported that light penetration may reach 7 mm in mucous membranes [25]. In the
light of these facts, PDT becomes limited to surface region treatments or treatments
for surfaces located close to the irradiating source, demanding invasive techniques
in the case of internal tissue and organ treatments. In this scenario, sonodynamic
therapy may be an alternative, due to the ability of ultrasound to penetrate deeper
into the organism, reaching internal tissues and organs. As a result, the combined
use of these therapies may be extremely positive. Sono-photodynamic therapy has
been considered more effective than the individual therapies as a possible cancer
treatment, as verified in a glioma model [26]. The idea is to use both light and sound
to activate a sono-photosensitizer, leading to the destruction of tumor cells. Besides
the action of US facilitating the sensitizer cell permeability, as described previously,
another advantage of the combined use of these two therapies is the possibility

of reducing the sensitizer dosage without reducing treatment effects [27], since
most assessed sonosensitizers, i.e. porphyrin derivatives, are also photosensitizers
[28]. Some in vitro studies have already attempted to prove the effectiveness of

this therapy. For example, Li et al. studied the effects of SPDT on C6 glioma cells
using hematoporphyrin monomethyl ether (HMME) as a sensitizer, by ultrasound
and light irradiation, respectively. The C6 glioma cells treated with SPDT exhib-
ited higher growth inhibition than cells treated by the individual therapies [29].
Furthermore, Zhu et al. used SPTD on HEPG2 cells, applying curcumin-loaded
poly (L-lactide-co-glycolide) as a sensitizer [30]. Higher apoptosis percentages

and better anti-cancer cell proliferation effects were observed in the group treated
with SPDT compared to the groups submitted to either SDT or PDT. An in vivo
study performed by Jin et al. tested the combined therapy on C3H/HeN mice, using
ATX-70 and PH-1126 as sensitizers. The percentages of tumor inhibition observed
in mice treated with ATX-70 were 92, 77 and 27% when submitted to SPDT, SDT
and PDT respectively, and the group treated with the combined therapy exhibited
an increase in 120-day survival rates to 60% in five mice, higher than in the SDT and
PDT groups. When using PH-1126 as a sensitizer, tumor inhibition results of 98, 76,
or 43% were observed for SPDT, SDT and PDT respectively, and the combination
therapy increased 120-day survival rates to 88% in eight mice [27]. In addition, the
combined therapy has also been tested in humans as summarized in Table 1. Li et
al. evaluated seven patients with advanced gastric and esophageal adenocarcinoma
who, after treatment with SPDT, showed improvement of the condition [31]. Wang
et al. studied twelve patients with advanced breast carcinoma and, after treat-

ment with SPDT, reported a median patient survival exceeding 14.5 months [32].

Number Treatment Results References
of patients
7 Sensitizers applied Three patients achieved a Lietal. [31]
sublingually, followed by complete response, three,
SPDT once a week a partial response and one,
an MR response
12 Sensitizers applied Two patients achieved a Wang et al. [32]
sublingually, followed by complete response, seven,
SPDT once a week a partial response and
three, a stable disease state
115 Sensitizers applied Of the 115 evaluated Kenyon et al. [33]
sublingually, followed by patients, 70 exceeded the
SPDT once a week calculated life expectancy
Table 1.

Summary of clinical vesearch results involving SPDT.
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Kenyon et al. in a study carried out with 115 patients followed for 4 years, reported
a significant life expectancy increase for patients diagnosed with breast, bladder,
colorectal, prostate and ovarian cancers, among others [33]. It is important to
standardize Sono-Photodynamic therapy experiments according to the sensitizer,
the exposure times and light and ultrasound intensities, so that the results may be
compared, repeated and discussed worldwide, aiming at minimally invasive appli-
cations to neoplasm treatment with minimal patient discomfort.

4, Conclusions

PDT and SDT have great potential to be used as treatments for several diseases,
especially cancer. However, when used together (SPDT), their effects can be even
more significant. Nonetheless there are many experimental variables that interfere
in the outcome of the treatment. This fact leads to difficulties in comparing the
results of assays performed by different groups around the world, either iz vitro or
in vivo. In order to appraisal the real potential of SPDT, further studies must be car-
ried out in a more standardized manner, controlling the irradiation times, intensities
of irradiation by light and ultrasound, type of sensitizer used and even the type and
stage of the tumor. Thus, further research in the pre-clinical and clinical areas are
crucial. In the case of clinical studies, double blind randomized controlled trials of
sonodynamic therapy alone and combined with photodynamic therapy are required.
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Chapter 4

Clinical Usage of Photodynamic
Therapy

Nival M. Patel and Ali I. Musani

Abstract

This chapter will provide a brief overview of the fundamentals of photodynamic
therapy with an emphasis on its use in a clinical setting. Beginning with the history
and fundamental science underlying photodynamic therapy and delving into clini-
cal uses. There will be a primary focus on understanding the use of photodynamic
therapy under currently approved clinical indications along with their limita-
tions. There are a number of approved therapeutic indications for photodynamic
therapy, but there are important limitations and contraindications when applying
this therapy. Photodynamic therapy, as applied to the clinical treatment of cancer
will be the primary focus with further emphasis on endoluminal and specifically
endobronchial cancer as the primary case study.

Keywords: photodynamic therapy, lung cancer, esophageal cancer, Barrett’s
esophagus, interventional pulmonology, interventional gastroenterology

1. Introduction

Photodynamic therapy is a minimally invasive approach for the treatment of
malignancy [1, 2]. It involves selective uptake of a photosensitizing agent, which is
then activated by specific wavelengths of light [3, 4]. This results in oxidative dam-
age to the cells by the production of reactive oxygen species [5, 6]. This results in
targeted cellular destruction [5, 6]. Along with this direct cellular destruction, there
are local inflammatory effects as well as vascular thromboemboli formation, which
allow for a further delayed therapeutic effect [5, 6]. The thromboemboli effect
blocks blood flow to the target and thereby results in ischemia [5-7]. Photodynamic
therapy has been approved across the world for a number of different clinical
indications [5, 6]. This chapter will review the mechanisms and clinical utility of
photodynamic therapy.

A photosensitizer in this context is an agent, often a porphyrin which reacts
to light in the 500-800 nanometer range depending upon the specific agent uti-
lized [7]. The earliest described photodynamic effect was in 1900 by Raab, Von
Tappeiner coined the term photodynamic therapy [3, 5]. Over time, hematopor-
phyrins were noted to result in tumor fluorescence [3]. This was gradually studied
further and refined until the nature of the porphyrins was better understood. Light
exposure following cellular uptake resulted in cellular damage and destruction [6].
Over time the fundamentals of this damage were better understood. Depending
upon the exact photosensitizer, different mechanisms of damage have been pro-
posed. The major mechanisms of damage are singlet oxygen and free radical forma-
tion inducing: apoptosis, autophagy, and necrosis [6, 8, 9]. Apoptosis is a form of
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controlled cellular death which in this case is induced when photosensitizers cause
damage to mitochondria or the proteins of bcl-2 [6]. These are major regulators of
the cellular death pathway. Autophagy allows for the gradual destruction of cellular
components in an ordered manner [8]. However, necrosis is a less orderly effect and
can often result in unintended tissue damage due to the disorganized manner of
tissue destruction [6, 8].

Over time, many different photosensitizers have been discovered, but of these,
only a few have seen broad clinical approval and use [5, 6, 10]. Each photosensitizer
is reactive at a specific wavelength of light. Hematoporphyrin (HPD) was the first
photosensitizer approved by the FDA in 1995 for the indication of esophageal
cancer. HPD was a hematoporphyrin mixture containing monomers and chains of
varying lengths [3, 5, 6]. Photofrin (porfimer sodium) is a refined version of HPD
with monomers removed, and it is one of the most common clinically used agents,
see Figure 1 [3, 5, 6]. Photosensitizers are primarily porphyrin-based and contain
multiple ring structures [3, 5, 6, 11]. These can be applied locally or injected system-
ically, and over a period of time they will be selectively taken up by cells [3, 5, 6, 11].
Porfimer sodium is part of the first generation of photosensitizers developed in the
1970s and early 1980s [5, 10, 12]. Later generations were developed as the character-
istics of the agents were chemically refined [5, 10, 12]. These later generation agents
also tended to have decreased duration of systemic photosensitivity [3, 5, 6, 11].
The second generation has been refined to target longer wavelengths of light, thus
allowing for deeper tissue penetration of the activating wavelength of light and,
therefore greater effect [5, 6, 11]. In conjunction with the increased penetration
of longer wavelengths of light, the light source can be embedded into the tissue to
allow for an alternative way to increase the effect [6, 11].

Photodynamic therapy has approved indications for superficial or early-stage
malignancies as well as late-stage malignancies [5, 6]. These indications intuitively
make sense as light penetration is a vital component of this therapy. Given that later
stages of malignancy typically spread systemically via blood or lymphatic spread,
photodynamic therapy has limited utility in those cases unless it is for a local effect.
For example, photodynamic therapy has been well described as an alternative ther-
apy in addressing central airway obstructions in lung cancer [13]. Central airway
obstructions are typically manifestations of late-stage cancer, but photodynamic
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Figure 1.
Comercially available porfimer sodium. Photo used with permission from Pinnacle Biologics.
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therapy can be used to clear the tumor obstructing the airway even when it does
not have the ability to affect the entirety of the metastatic tumor burden [1, 2, 13].
In many ways, this focused local effect is a significant advantage over alternative
treatments which can have greater side effects [1, 2, 13]. These cases of central
airway obstruction can be challenging and having an option to provide a delayed
and gradual effect that specifically targets tumor cells can be a vital therapeutic
intervention. Skin and endoluminal malignancy treatment are approved indications
for photodynamic therapy, but this chapter will primarily focus on endoluminal
malignancy and especially endobronchial malignancy. Of the photosensitizing
agents commercially available, Protomir sodium is the most well studied and widely
available, and the best understood.

Photodynamic therapy usage in lung cancer is used as the primary example
for a few reasons. The primary being that in many ways. it is the most challenging
application. The esophagus consists of a single cylindrical region where the therapy
is applied, and blockage of it is not life threatening. Utilization of photodynamic
therapy on the skin similarly has limited side effects. However, utilization of photo-
dynamic therapy within the pulmonarysystem is limited to only some surfaces, and
damage to this tissue has the potential for life threatening complications. Therefore,
understanding the practical applications of photodynamic therapy within the
context of lung cancer can be extrapolated to other vital organs.

2. Contraindications of photodynamic therapy

Photodynamic therapy and porfimer sodium, in particular, has a set of contra-
indications that are worth noting. Porfimer sodium and really any photodynamic
therapy cannot be used therapeutically in individuals with porphyria [14, 15]. These
individuals have one of a group of diseases that allow for an increased accumulation
of porphyrins utilized by the human body in hemoglobin production, and these
porphyrins increase photosensitivity [16]. Given the foundation of photodynamic
therapy is localized photosensitivity by means of porphyrins, this contraindication
is reasonable [3]. Other contraindications are existing tracheoesophageal/broncho-
esophageal fistulas [17]. These are abnormal connections between the airway and
the esophagus. Tumor eroding into the airway are also contraindicated given the
risks that will be described below [17]. Additionally, given the delayed time scale
of photodynamic therapy, usage in emergency situations when therapy must be
delivered immediately would not be optimal [17].

3. Fundamentals of lung cancer

Throughout the world, lung cancer is one of the most prevalent cancers
worldwide; it is the most commonly occurring cancer in men and the third most
common in women [18]. The best treatment responses to lung cancer are early
detection, diagnosis, and treatment [18, 19]. Photodynamic therapy has a robust
role in both early and late-stage lung cancers [20]. Lung cancer has significant mor-
bidity and mortality, and there has been strong interest and research in identifying
treatments to improve the morbidity and mortality associated with this disease
process [18, 19, 21]. Frequently, management of lung cancer is discussed in local
meetings at tumor boards allow physicians of different specialties to determine the
optimal next stage of diagnosis or treatment [21]. Knowing the risks and benefits of
photodynamic therapy in this context can allow for discussion of the optimal role it
can play in treatment.
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4. Fundamentals of photodynamic therapy for lung cancer

In the United States, the FDA has approved the usage of photodynamic therapy
(porfimer sodium) for endobronchial malignancy [17]. Within the airway, this
treatment is applied to non-small cell lung cancer that is not otherwise treatable by
surgery or radiation therapy [17]. Beyond this, the limitation to therapy is solely the
ability to illuminate the desired areas of disease with the correct wavelength of light
[3, 6, 11, 22]. This, therefore limits therapy to lesions that are primarily visible on
bronchoscopy. Standard bronchoscopy is able to visualize airways out to the fourth
or fifth generation of airways [23]. The airways of the human go out past twenty
generations which can limit utility to only the larger central airways [24]. There
have been preliminary studies utilizing electromagnetic navigational bronchoscopic
approaches to treat more distal malignancies, but these are still early studies [25].
There are also tools now available, including robotic bronchoscopic platforms that
allow for navigation, direct visualization, and intervention down to the ninth gen-
eration of airways [26]. Although not directly studied with photodynamic therapy,
these recent developments could greatly expand the role of photodynamic therapy
in lung cancer.

Currently, the major roles for photodynamic therapy in lung cancer are utilizing
it early-stage carcinoma in situ or in central airway lesions [1, 2, 13, 20, 27]. There
have been multiple off-label uses and case series reporting success in other disease
processes, such as in tracheal papillomatosis [28]. This is a relatively benign but
recurrent papillomatosis disease of the trachea causing partial obstruction overtime
with significant risk for malignant transformation of the underlying papillomas
[28]. Although not directly approved for this indication, as will be discussed,
endoluminal obstruction in an early or premalignant disease process is not too far
from the currently approved indications [28].

Photodynamic therapy can also target the vasculature that feeds areas of malig-
nancy [5]. This can require illumination with the appropriate wavelength of light up
to 30 minutes after exposure/injection to the photosensitizer [5, 7]. This ensures the
photosensitizers are still circulating and in the vasculature near the target malignant
cells [5, 7]. This approach is more often used in ocular conditions such as macular
degeneration to target neovascularization as well as cutaneous lesions of the skin
[5]. Photodynamic therapy targeting vasculature has demonstrated efficacy in ani-
mal models of solid tumors [7]. However, additional studies need to be performed.

There has been increasing interest in the local injection of photosensitizers
directly into tumors [5, 12]. Although only early studies have been done, this has
demonstrated efficacy in tumors as small as 8 mm in diameter [12]. However, again
these are results from early studies. In general, there are many areas of research
both clinical and in basic science for photodynamic therapy. However, clinical
utilization often has stringent criteria [17]. Therefore, the focus on the currently
approved indications will be to better understand where growth in clinical utiliza-
tion of this technique will need to occur. Given the requirements for safely deliver-
ing therapy to patients, understanding these limitations can help guide the future
direction of clinical and translational research. Lung cancer will be utilized as a
primary model given the unique characteristics of its prevalence and complexity,
and esophageal cancer use will be contrasted to it.

5. Approach to photodynamic therapy in lung cancer

Airway lesions must first be identified then confirmed bronchoscopically to
ensure the lesions can be reached and light can be applied to the desired areas.
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Additionally, it is important to note the anatomy of the area surrounding the
lesions. If the lesion location is adjacent to the large blood vessels surrounding the
airway, the risk of massive hemoptysis should be considered prior to administer-
ing therapy [29]. This is also true for large central airway tumors that may have
large vascular beds [29, 30]. As necrosis occurs, these perforating vessels can
potentially lead to significant bleeding. The risk of further airway compromise in
an already partially compromised airway (i.e. from the central airway tumor) is
already significant in these scenarios. This is a greater consideration when there

is malignancy both intrinsic and extrinsic to the airway. Additionally, there is a
risk of fistula formation into the surrounding structures of the thorax such as: the
esophagus, mediastinum, or blood vessels (pulmonary artery, superior vena cava,
innominate vein, etc.) [31]. It should also be noted that mediastinal anatomy,
especially airways and blood vessels will shift out of their traditional anatomic
locations in the presence of large tumor burden. Being aware of these changes
can be vital when reviewing a patient for consideration of photodynamic therapy.
Depending upon the shape and course of the lesions, consideration should be
given to the anticipated inflammatory effects during photodynamic therapy as the
process of controlled and uncontrolled cell death occurs. The areas particularly at
risk are the trachea, carina, and main stem bronchi [17, 29]. In these cases, long or
circumferential tumors would be at a higher risk of obstructing the airway given
the expansion associated with edema that would be anticipated with photody-
namic therapy [17]. Additionally, individuals with impaired liver and/or renal
function can have delayed clearance of porfimer sodium [17]. This delayed clear-
ance can prolong the period of photosensitivity beyond 90 days when it would
typically be ~30 days [5, 12, 28].

Skin/systemic photosensitivity is the most significant and common adverse
effect associated with photodynamic therapy [17]. Following the injection of the
photosensitizer, it is important to ensure that patients are able to protect their skin
until the photosensitizer is fully cleared [17]. This can be as short as two weeks and
sometimes as long as three months [5, 6, 12]. Ensuring patients remain indoors for
this period to prevent serious collateral skin damage from occurring is vital to safely
administering this therapy [17]. Porfimer sodium has not been extensively studied
in pregnant and lactating women, but there are animal studies that have demon-
strated adverse effects [17]. This has led to porfimer sulfate having an FDA preg-
nancy category of C, ie animal studies demonstrating adverse fetus effects without
any well-controlled human studies, but the benefits may warrant consideration in
this population. Similarly, there are no studies on lactation either, so it is not known
if porfimer sulfate is secreted in breast milk [17].

Porfimer sodium is injected systemically at a dosage of 2 mg/kg intravenously
over 3-5 minutes; this is considered time zero [2, 28]. From this point onwards,
the patient will be extremely photosensitive and must wear protective clothing.
Additionally, there can be ocular sensitivity, so it is important for patients to wear
dark glasses that transmit <4% of white light over the next 30 days [17]. Over the
next 2-3 days from time zero, the porfimer sodium will preferentially localize to the
desired areas of malignancy over this period of time [5, 6]. Next, the patient will
be brought in for a bronchoscopy for the second stage of the treatment [17]. This
typically will occur 40-50 hours from time zero [1, 2]. Upon reidentification of the
lesions of interest, here a laser light diffuser illuminating at a wavelength of 620 nm
with 200 J/cm for the length of the diffuser is utilized, Figure 2 shows available
diffusers [17]. The duration of illumination is eight minutes and twenty seconds
(five hundred seconds) [17]. If the tissue of the lesion is soft and allows, the fiber
can be positioned interstitially, otherwise the fiber remains within the lumen of
the airway for the five hundred seconds of illumination [17]. During this period all
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Figure 2.
Comercially available laser diffuser fibers for endobronchial use. Photo used with permission from Pinnacle
Biologics.

individuals, including the patient receiving therapy, in the procedure room wear eye
protection. Following endoillumination of the desired lesions, it is often advisable
to have the patients hospitalized for observation [17]. As the tumor sloughs off,

it can often be necessary to debride the necrotic tissue to prevent obstruction of
the airway [17]. This is recommended to be done 48-72 hours after the light treat-
ment, or 88-122 hours from time zero [17]. If it is clinically indicated a second light
treatment can be performed 96-120 hours from time zero [17]. Given there is an
overlap between when tissue debridement is performed and when a second light
therapy can be indicated, they are sometimes performed simultaneously. Although
the tumor debridement is recommended to be 48-72 hours from light therapy,
there can often be a very robust tissue response, and the debridement may need to
be done sooner and multiple times before the photodynamic effect is fully realized.
Given that airway obstruction can be an emergent and life-threatening condition if
not intervened upon quickly, there is a strong reason to keep patients hospitalized
for the duration of this therapy.

Following the first injection of Porfimer sodium, subsequent injections and light
exposures can be repeated as described above up to three times [17]. However, each
treatment must be separated by thirty days. If radiation therapy was performed at
any point there should be a period of approximately four weeks from the comple-
tion of radiation before photodynamic therapy is attempted [17]. After exposure
to porfimer sodium, exposure to sunlight can cause a significant skin reaction, but
indoor light can help clear the residual photosensitizer [17]. The duration of the of
photosensitivity period can vary from patient to patient, and should be individual-
ized, but a minimum of thirty days should be considered [17]. To determine if there
is any residual photosensitivity, patients can be instructed to expose an area of skin
to sunlight for approximately ten minutes and then observe for any skin reaction
over the subsequent twenty-four hours. As it may be difficult to remember exactly
where the exposure was, using a pen or marker to outline the sun-exposed area
can help identify this area. Following treatment, chest discomfort secondary to the
associated inflammatory effect may require temporary analgesia until the inflam-
mation subsides [17].
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6. Esophageal cancer and high-grade Barrett’s esophagus

Similar to lung cancer, the dosing for porfimer sodium is 2 mg/kg [17]. The laser
light diffuser utilized however, is different. In esophageal cancer a laser light diffuse
of 200 J/cm is utilized, and in Barrett’s esophagus, a laser light diffuser of 130 J/
cm is used, see Figure 2 for current available laser light diffusers [17]. High-grade
Barrett esophagus is the final precancerous stage before progressing to esophageal
cancer [32]. Typically, high- grade Barrett esophagus is treated by surgical resec-
tion [32]. Treatment of high-grade Barrett’s esophagus is an approved indication
for photodynamic therapy if surgical resection is not an option [17, 33]. Treatment
of esophageal cancer is an approved treatment for photodynamic therapy if there
is complete obstruction of the esophagus by tumor or a partial obstruction that
cannot adequately be treated by laser therapy/debridement [17, 33]. Given that the
esophagus travels just posterior to the trachea and mainstem bronchi, the risks
of fistula formation are the same and primarily to the trachea, blood vessels, and
mediastinum. Specifically, if a tumor has already spread into these structures,
there is a higher risk of fistula formation as the malignant cells are destroyed from
photodynamic therapy. Esophageal varices are veins within the esophagus that
are enlarged. These veins are at high risk for bleeding and rupture at baseline, and
photoactivation of the photosensitizer in these veins could lead to significant bleed-
ing [17]. Specifically, if these varices are >1 cm in diameter, the risk is likely too
great [17]. Following treatment of Barrett esophagus, there is a risk of esophageal
strictures resulting in food dysphagia (inability to swallow) [34]. In research studies
these strictures occurred in 38% of subjects within six months of initiating photo-
dynamic therapy. This is typically treated with dilation of the stricture, but it may
require other treatments, depending upon the severity [17].

In esophageal cancer the timeline from injection to photoactivation of the
photosensitizer is the same as in lung cancer. The time of injection (time zero) to
photoactivation (40-50 hours from time zero) to potential second photoactivation
(96-120 hours) is the same [17]. However, the duration of the treatment is differ-
ent, the exposure to light is 12.5 minutes (750 seconds) [17]. A minimum of 30 days
between injections of porfimer sodium is recommended with similar distancing
between radiation therapy and photodynamic therapy [17]. Additionally, just as
in lung cancer, endoscopic re-evaluation between treatments is recommended to
ensure no complications have occurred such as fistula formation [17]. Barrett’s
esophagus has similar injection to photoactivation of the photosensitizer is the same
as in lung cancer and esophageal cancer [17]. The time of injection (time zero) to
photoactivation (40-50 hours from time zero) is the same [17]. The duration of
treatment with light can however vary depending upon the length of the laser light
diffuser utilized to deliver therapy with a maximum length of 7 cm treated at any
one time [17]. In high-grade Barrett’s esophagus, the time interval between injec-
tions of porfimer sodium is a minimum of 90 days [17].

7. Building a photodynamic therapy program

In building a program that utilizes photodynamic therapy, a collaborative and
team-based approach is often vital. This is especially true in cases immediately
after light exposure when interventions may need to be done at any hour of the day
depending upon the reaction to photdynamic therapy. In the world of Oncology,
there are frequent meetings amongst local specialists to discuss how best to diag-
nose and treat suspected cancers. These tumor boards meet regularly to review
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patient cases and determine next steps [21]. Given that photodynamic therapy uses
similar equipment, it is reasonable to share equipment across a single institution to
maximize utility. Depending upon the country/locale it is administered cost of the
drug, approval by insurance/regulatory agencies, and equipment costs can easily
add up significantly. Porfimer sodium is sold commercially as Photofirin and is
sold by Concordia Healthcare Corporation. Its retail cost in the United States is >
$20,000 per dose. Between the cost of the drug, facility fees, physician fees, and the
need for frequent short term follow up the upfront costs may be high. The upfront
costs of utilizing this therapy can be difficult to overcome, but a shared resource
model can help overcome this given the benefits provided. With a robust clinical
program, there is always room to expand the research aspect of photodynamic
therapy, whether it is basic research, translational research, or clinical research.

8. Conclusion

In the years since photodynamic therapy was first discovered and developed
through today, it has gone through numerous iterations. From the early identifica-
tion of fluorescence to the discovery of selective uptake and tissue destruction
with light exposure, the field of photodynamic therapy has had great potential.
The number of publications has increased year over year, and there are no signs of
this decreasing in the near future. From a biochemical perspective, its mechanism
of action is unique and it shows great promise for the future as a scientific tool as
well as a therapeutic one. However, as a therapeutic instrument there are currently
limited indications, and even amongst these indications there are both obvious and
subtle advantages and disadvantages in its use. Fully understanding the limitations
of the current clinical role of photodynamic therapy can allow for future research
and development to better address the current shortcomings and allow for even
more widespread use of this technology.
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Abstract

The illumination system composed of LEDs is an anatomically adjustable
device of high intensity that can be applied in different areas of the body. It can
be applied in health care, as in the dermatological and esthetic treatments. The
device improved the treatment of pathological diseases (e.g. actinic keratosis) since
disseminated lesions were reached in a single application, thus reducing the time of
the procedure and ensuring homogeneous light distribution. It was compared with
a smaller and non-adjustable illumination device and evaluated in the treatment of
actinic keratosis. The results showed its versatile application and a uniform adjust-
ment to body curvatures.

Keywords: light-emitting diodes, anatomical LED system, photodynamic therapy,
actinic keratosis

1. Introduction

Topical photodynamic therapy (PDT) using 5-aminolevulinic acid (ALA) and its
variants as the methyl-aminolevulinate (MAL) is a well-established technique that
requires a light source appropriate to a specific application, such as cancer types and
precancerous lesions [1, 2]. ALA and its variants are the main precursors of proto-
porphyrin IX (PpIX), which is an endogenous photosensitizer (PS) and it is part of
the heme biosynthesis pathway. PpIX selectively sensitizes the diseased cells, and
when it is excited by light of a certain wavelength, interact with molecular oxygen
producing reactive cytotoxic species, causing cells death by necrosis, apoptosis or
autophagy. However, for PDT to work is required, a PS, the wavelength to excite the
PS, and the molecular oxygen present in the tissue [3].

Lasers and light-emitting diodes (LEDs) are suitable light sources for PDT appli-
cations. But fiber-optic-lasers are more appropriate for light endoscopes device, or
even for intraoperative cavities illumination. In general, illumination devices have
light emitters of fixed geometry. An exception is the recently developed fabric-like
material made with single-mode optical fibers adjustable to a specific application or
anatomic site [4-6].
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Several authors have reported PDT applications in dermatology for not only
non-melanoma skin cancer but esthetic treatments [7-10]. Therefore, laser devices
with optical fibers are not convenient, since large areas and anatomic sites must be
considered.

On the other hand, Light Emitting Diodes (LEDs) are an alternative illumina-
tion system and can deliver the necessary intensities for PDT performance at lower
costs. LED devices have already been used in PDT for the treatment of skin cancer
and esthetic procedures [11-16], however, its field of illumination is limited and it is
not anatomically adjustable to the body, which hampers the treatment of areas not
reached by the light. Moreover, it is not effective for the treatment of large lesions
located in the head, neck, legs, and arms, due to its non-conformability, which
causes the illumination not to be homogenous. An example is the treatment of
actinic keratosis (AK), which are lesions more likely to occur on the face and scalp
due to high exposure to the sun [6-10].

The treatment of AK with photodynamic therapy requires illumination of the
entire region at the same intensity. In this case, the anatomical device enables the
use of the PDT procedure and optimizes the application time.

The topical application of the ALA prodrug and its derivatives in PDT can be
used by several light sources, so long as the photosensitive agents are activated by
the wavelengths. Because the PpIX accumulated by the application of the prodrug
has absorption peaks in the Soret band and four minor peaks in the Q band, 510 nm,
545 nm, 580 nm, and 630 nm. Thus, blue light-emitting at 450 nm and red light-
emitting at 630 nm from LED devices can be applied for the activation of PpIX.
However, blue light penetrates superficial layers of the skin and red-light deeper
layers of the skin [17-20].

Our main concern was to produce a flexible LED illumination system of high-
power that operates at 450 + 10 nm and 630 + 10 nm wavelengths; therefore, the
device was tested by engineers and in clinical applications (AKs treatment and
esthetic dysfunctions) [20, 21].

2. Illumination systems: small, fixed and adjustable array

Figure 1a shows LINCE® (MMOptics, Sdo Carlos, SP, Brazil) device, it is treat-
ment system and comprised of a circular probe (on the left) with approximately
9.0 cm? area that emits at 630 nm + 10; on the right, it is a diagnostic system, which
emits at 405 + 10 nm and collects the image of the protoporphyrin IX formation
induced by a topical application of a precursor on the skin. Figure 1b displays
a square illumination of LINCE® accessory in a 61 cm® area, with LEDs (light-
emitting diodes) emitting at 630 + 10 nm.

The system is recommended for small lesions, such as superficial or nodular
Basal Cell Carcinoma (BCC). It was developed in the Brazilian Skin Cancer PDT
program, currently, already it is used in the clinics. [1, 4, 13-15].

The device was designed for improving the large area attachment of LINCE®
accessory and providing an extra accessory that can multiply the possibilities of the
Clinical PDT treatment. It was developed in cooperation with MMOptics industry
(Sdo Carlos, SP, Brazil) and Technological Support Laboratory (Sdo Carlos Institute
of Physics, University of Sdo Paulo, Sdo Carlos, SP, Brazil) and assembled by rectan-
gular modules (up to 10, in principle).

However, a version with 5 modules composing a 192 cm” area of illumination
(Figure 2a) was employed in this study. It consists of five LEDs (Luxeon Rebel,
Lumileds Company) boards, thus totaling 30 LEDs emitting at 630 + 10 nm, and 25
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Figure 1.
(a) LINCE® equipment (MMOptics — Brazil): left - treatment system emitting at 630 nm; right - diagnostic
system emitting at 405 + 10 nm. (b) Square illumination of the LINCE® accessory emitting at 630 + 10 nm.

(1) Red
(1) Blue

Figure 2.

Anatomically adjustable device. (a) Front of the equipment, where the LEDs are coupled and protected by
plastic covers. (b) Side of the device, with an acrylic tube that facilitates its handling. (c) Adaptation of its
curvature to the body by the acrylic tube. (d) Electronic box with the sequence of the drive buttons.

LEDs emitting at 450 + 10 nm. A flexible tube was added for adapting the equip-
ment to regions of the body (Figure 2b), and a handle facilitated its use in areas

of curvature (Figure 2c) and avoided the bending of the plates with LEDs. Power
sources of 16 V for emission at 450 + 10 nm, and 5 V for emission at 630 + 10 nm,
both with 3 A electric current, are connected to the device. Below is the description
of the power buttons (Figure 2d):

1. On/off button for the selection of the wavelength (450 nm or 630 nm).
2. Timer button for the selection of the illumination time in minutes.

3. Start/Stop button.
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4.Button that turns on the equipment according to the wavelength selected (1).
5.Button that disables the equipment if pressed for a few seconds.

Figure 3 shows the way the equipment can be used in different parts of the body,
according to an adequate anatomic configuration.

Figure 4 shows LINCE® (MMOptics, Sdo Carlos, SP, Brazil) lighting system and
its accessory (the 61 cm” fixed array) for the treatment of large areas. LINCE® is
not adequate for treatments that require illumination of a larger area, since it does
not have good applicability - it must be pushed away, which reduces the intensity
and increases the application time. LINCE® accessory (the 61 cm” fixed array) has
alarger area; however, it is fixed and does not fit the body anatomy. The delivered
dose decreases when it moved away from the patient’s skin, and a longer time is

Figure 3.
Possible configurations of the device for diffevent regions of the body. (a) Neck; (b) shin; (c) back;
(d) quadriceps and (e) head.

Figure 4.
Images of a treatment performed on the face. Devices emit at 630 nm. (a) LINCE® (MMOptics, Sio Carlos,
SP, Brazil) - illumination system for treatment. (b) LINCE® accessory.
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necessary for the achievement of the desired effect. In addition, the irradiance
delivered on the target tissue is not homogeneous.

Figure 5 shows the PDT treatment for AK and acne vulgaris by the anatomi-
cal device.

AKs lesions often appear scattered in a specific region of the body most
exposed to the sun. The device optimizes the PDT treatment so that it covers
extensive regions and delivers the necessary intensity. Figure 5a shows the device
used for the treatment of AKs at the back of the hand. The device enabled the
treatment of both hands concomitantly. Figure 5b displays the device being
used in patients with actinic keratosis on top of the head. The shape of the device
adjusted to the anatomy of the region promotes uniform illumination and covers
the entire area of lesions, thus reducing the number of exposures needed to treat
larger areas effectively.

Figure 5c and d show the device being used for the treatment of acne vulgaris
in the face. It was leaned against the treated area so that the desired intensity and
fluency rate could be delivered. The equipment was moved a little away from the
patient to allow a clearer photograph and the area treated. A flat device would not
treat the surface so closely and uniformly.

2.1 Optical characteristics - adjustable array

The light distribution was measured using the laser power meter (LabMax-TOP,
Coherent Inc., Santa Clara, USA). It hasa 0.5 cm’ circular area sensor and the
wavelength was configured for the collection of the intensity measured. The light
distribution was measured 5 cm away from the equipment, and the power meter

Figure 5.

(a) AK treatment with the anatomical device at the back of the hand. Both hands can be treated
concomitantly. (b) AK treatment with the anatomical device in the head region, covering its whole region.
(c) and (d) PDT procedure for acne vulgaris on the face.
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sensor was scanned throughout the device area. The distance from each point col-
lected was the diameter of the power meter detector.

Figure 6 shows the measurement of intensity (collected point to point) of the
light emission of the anatomical device.

The device remained on for 20 minutes to perform the warm-up test, and it did
not heat up, which has proven the light-emitting surface causes no thermal damage
to the skin.

Planar irradiance distribution was mapped out at a range of distances from the
light source. Measurements were collected from the distance zero until 5 cm of the
laser power meter, varying each 1 cm (Figure 7). The covered area of the measure-
ments corresponds to 192 cm” (13 x 15 cm). The intensity fluctuates with a small decay
at the boundary for both wavelengths. We calculated the average intensity, consider-
ing a continuous emitting surface (Figure 8). The intensity at any z-axis from the
emitting surface can be evaluated through the integration of all elementary emitters.

To calculate the intensity at a certain position (x, y, z) above the surface, we can
proceed with the sum of the contributions of all the emitters distributed on the
surface. Imagine that in each position determined by the coordinates (x’, y’) there
is an emitting element. The contribution of all of them to the intensity at the point

(a) A=630 nm

LEDsboard <Space— LEDsboard «Space— LEDsboard

. e e I 4 o = . d o, . e e

LEDsboard «Space— LEDsboard «Space— LEDsboard «Space— LEDsboard —Space— LEDsboard

Figure 6.
Intensity measurements weve collected from point to point in the anatomical device area. (a) Intensity emitting
at 630 + 10 nm and (b) intensity emitting at 450 + 10 nm.
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Figure 7.
Intensity versus distance. The intensity was measured by LabMax-TOP laser power meter (Coherent Inc.,

Santa Clara, USA). Measurements weve collected every 1 cm from the device up to 5 cm and scanned
throughout the device area.
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Figure 8.
Average intensity calculated by the integral of the elementary emitters at any point of the intensity (x'y’).

outside the surface (x, y, z) is then given by the integral of all elements, covering
the entire area that contains emitters. Considering as in Figure 8, where we repre-

sent in a simplified way the position of the issuer and the point considered, we have
the integral:

dx'dy’
I(x,y,2) =1
)=t ] T

1
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If we consider a special point of interest, the central point of the distribution
(x = 0andy = 0), we have that the previous integral is reduced to:

x+y+z

al surface

If I, is close to the emitters intensity (z — 0), the intensity at point (x, y, z) is
given by (3)
+a+b dx!dyr
(vp2)=L ] [
e +(y-y ) +(z-2')

At the center of the illuminating area (x = y = 0), at any distance z

_J TT dx’dy @

%bx +y +Z

The integral can be solved by traditional approximation and results in a center
average intensity of
4ab |,
—+z

I(z)=xl,In ﬂz—z (5)

The calibration of I, at certainz provides a center intensity at a distance z from
the device shown in Figure 9.

4ab
+Zz
u i(:):dnllm[ i J
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Figure 9.
Intensity decay caused by an increase in the distance from the device to the target tissue.
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The ideal distance for the treatment is up to 1 cm because since the presence
of the emitter is dominant in this distance, the intensity fluctuates. Therefore, if
the expected average is considered the center intensity, the dose can be obtained
from Figure 9, and for each 1 s illumination, the intensity (mW/cm?) corresponds
to the 107 J/cm” total dose delivered. At a 1 cm distance, the total dose delivery is
1.32 J/cm” energy, while at 5 cm distance, it decays to 0.39 J/cm?’.

Generally, the total dose applied in the PDT procedures ranges from 30 to
100 J/cm?, so that for device equates a 22 to 66-minute application time, respec-
tively. This time increases if the illumination distance increases. Those times are
equivalent to 450 + 10 nm and 630 + 10 nm emissions.

3. Clinical demonstration: anatomical device (adjustable array)

LINCE® accessory (fixed array) and the anatomical device (adjustable array)
were designed towards meeting the clinical needs for the PDT application in the
AK treatment. However, esthetics and rehabilitation procedures that use low-
power laser have been intensively studied, and more versatile devices with larger
illumination areas have attracted more health professionals. The development of a
device that enables the choice of wavelength is fundamental for the adoption of the
appropriate procedure for a given treatment.

Two patients with a clinical diagnosis of AK were recruited to be treated with
PDT using the anatomical device (Figure 10). The protocol applied was ALA-20%
cream; incubation time 1 h 30 min; total dose 50 J/cm?, emission at 630 + 10 nm.
After one month, no residual lesion was observed in the nose; the scalp region
showed a residual lesion, which indicates an 85% elimination.

The anatomical device (adjustable array) was able to cover all extension of the
lesions treated on the nose and scalp. The emission surface was leaning against
the treatment region and there was no heating, which enabled the delivery of the
adequate intensity.

LINCE® accessory (the 61 cm” fixed array) was observed that excessive heat-
ing occurred when applied in contact with the treatment area, causing greater

Figure 10.
(a) AK lesion on the nose. (b) 30 days after the PDT procedure - no residual lesion. (c) Approximately six AKs
lesions scattered on the scalp region. (d) 30 days after the PDT procedure - a vesidual lesion.
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discomfort to the patient. This is due to its geometry of heat dissipation because it
has more LEDs per area than the anatomical device (192 cm” adjustable array). In the
anatomical device, the LEDs are divided between the boards, thus obtaining a better
air circulation mechanism and more heat dissipation. Therefore, the anatomical
device is more comfortable for the patient and it is possible to apply it in contact with
the treated area and operating at high intensity without causing excessive heating.

4. Conclusion

LINCE® (MMOptics, Sdo Carlos, SP, Brazil) device has become excellent com-
mercial equipment for the PDT treatment for non-melanoma skin cancer in Brazil.
Thereby, the development of an anatomical device with a larger illumination area
becomes more efficient to treat extensive lesions.

The anatomical device was designed to optimize the PDT procedure in AK
lesions scattered in a specific region of the body and in body sites, where a machine
is required for the obtaining of the curvature according to the anatomy of the
treated region. The device treated extensive lesions and reached their entire
extension. It suffered no heating during treatments, therefore the thermal energy
dissipation in this shape was more effective, and caused no sensation of thermal
discomfort to the patient.

The anatomical device can be used for several dermatological clinical applica-
tions, including esthetic procedures for facial, body, and capillary treatments.

Further clinical tests will be conducted and, if necessary, the device will undergo
modifications towards improvements in clinical procedures.
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Abstract

Osteonecrosis as term represents the death of bone tissue in the body and causes
of necrosis can be different. Medication-related osteonecrosis of the jaws (MRONJ)
is nowadays known as an inability of the alveolar bone to respond to a local trauma
and it can result in severe local and systemic complications. In the etiology of
medication-related osteonecrosis there are antiangiogenic and antiresorptive agents
which have great effect on alveolar bone, producing an imbalance between resorp-
tion (osteoclastic activity) and deposition (osteoblastic activity). The exact mecha-
nisms of development are not todays completely resolved. It is thought that itis a
result from combination of medication interactions, microbiological contamination
of the area and local tissue trauma. Typical signs and symptoms are painful mucosal
lesions, swelling, exposed necrotic bone in the jaws, discomfort and dysesthesias.
There is currently no gold standard or clearly defined treatment protocol for the
disease itself. Process of treatment is demanding and main goal is to eliminate pain,
control infection of soft and hard tissue and minimize progression of osteonecrosis.
Besides the conventional surgical treatment, photodynamic therapy can be a viable
supportive tool of initial and advanced stages of osteonecrosis and may contribute
to improvements of patient’s quality of life.

Keywords: osteonecrosis, osteoclasts, bone, surgical procedure, photodynamic
therapy

1. Introduction

Osteonecrosis as term represents the death of bone tissue in the body and causes
of necrosis can be different. If it is associated with a reduced or complete absence
of blood supply, this process is called avascular necrosis of the bone and is most
commonly associated in the literature with the femur bone [1].

Radiotherapy (radiation) can also adversely affect bone tissue due to compro-
mised angiogenesis resulting in avascular necrosis with hypoxic, hypocellular,
and hypovascular lesions, termed osteoradionecrosis [1]. In 2003, when 36 cancer
patients receiving treatment with pamidronate or zoledronate developed a painful
bone exposure of the mandible, of the maxilla or both, which was unresponsive to
medical and surgical treatment, a new type of osteonecrosis of the jawbone
associated with bisphosphonate was called osteonecrosis of the jaw (BRONJ) [2].
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Over time, precisely in 2010, new drugs have been identified, such as denosumab
for causing osteonecrosis, that do not belong to the group of bisphosphonates so
the name has changed to medication-related osteonecrosis of the jaw (MRON]) [3].
MRONJ is an uncommon condition that can occur after exposure to medication to
prevent bone complications, such as bisphosphonates or denosumab or other agents
as angiogenesis inhibitors [4]. In most cases it manifests as exposed bone in the
maxillofacial region, although non-exposed MRON] has also been recognized [5-8].
The purpose of this chapter was to describe medication-related osteonecrosis of
the jaw, the theory of its development, clinical picture, classification, epidemiology
and modalities of treatment, including biostimulative and antimicrobial photody-
namic therapy, of medication-related osteonecrosis of the jaw.

2. The process of bone remodeling

Bone remodeling is a physiological process that lasts lifetime and is character-
ized by the interaction of bone-forming cells - osteoblasts and bone-resorbing
cells - osteoclasts. The remodeling process begins with the activation of osteoclasts
(multinuclear cells of the monocyte-macrophage system) which are located on the
bone surface and with the formation of acidic medium, they dissolve mineralized
bone with the breakdown of proteins of the remaining bone matrix. This resorption
process takes between two and four weeks. After the resorption process, osteoblasts
replace osteoclasts (cells of mesenchymal origin) which synthesize osteoid and
organic matrix over a period of two to four months, as a prerequisite for bone min-
eralization or calcium hydroxyapatite mineral investment [2]. Finally, when osteo-
blasts are implanted in the bone matrix, they become osteocytes [3]. The presence
of osteocytes is extremely important for bone vitality because they can recognize
and respond to a variety of mechanical stimuli by regulating the differentiation of
osteoblasts and osteoclasts. The remodeling process is regulated by various mecha-
nisms, of which the most important is the RANK/RANKL/Osteoprotergin system.
Osteoblasts secrete osteoprotergin, which prevents osteoclast differentiation from
precursor cells and thus inhibits resorption. On the other hand, RANKL (Receptor
Activator of NF-kb Ligand) along with M-CSF (Macrophage Colony-Stimulating
Factor) stimulates osteoclast differentiation and maturation from precursor cells
[4]. If this physiological process is disturbed, and this is especially important with
increased expression of RANKL, resorption occurs. RANKL is produced by osteo-
blasts and activated T lymphocytes.

During remodeling and healing of bone fractures, osteoblasts activate various
bone morphogenetic proteins that stimulate the production of VEGF (Vascular
Endothelial Growth Factor) factor, which is necessary for the formation of new
blood vessels, or angiogenesis [5].

The process of physiological remodeling can be disrupted in a variety of diseases
and conditions associated with hyperactivated osteoclasts that have a high potential
for bone destruction, which can result in hypercalcemia, decreased bone density,
and consequent spontaneous fractures. The most common metabolic disease of the
skeletal system is osteoporosis which is characterized by osteoclast hyperactivity
with loss of bone quality. Malignant diseases of the breast, prostate, lungs, kidneys
and thyroid often metastasize to bone. Complications of bone metastases include
bone pain, fractures, hypercalcemia, and cachexia. Once formed in the bones,
malignant cells stimulate bone resorption where various growth factors, released
during bone destruction from the bone matrix, serve them for further growth and
proliferation. In addition to growth factors, VEGF factor is also important for later
tumor growth. Multiple myeloma, a malignant hematological disease, which is
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manifested by the presence of lytic lesions in the bone, has a similar mechanism

of bone destruction. In the treatment of these diseases, antiresorptive drugs that
directly or indirectly inhibit osteoclasts and antiangiogenic drugs that inhibit VEGF
are used.

3. Medications-related osteonecrosis of the jaw (MRON])

There are two groups of drugs that may cause medication-related osteonecrosis
of the jaw. The first group includes antiresorptive drugs, specifically bisphospho-
nates and denosumabs, and the second group consists of antiangiogenic drugs that
include bevacizumab (Avastin) which is humanized monoclonal antibody and also
sunitinib (Sutent) which acts as a thyroxine kinase inhibitor [9-13].

3.1 Antiresorptive drugs

The first type of drugs is antiresorptive drugs, which include bisphosphonates
and denosumabs. They have a similar mechanism of action and a similar potency of
causing osteonecrosis.

3.1.1 Bisphosphonates

Bisphosphonates are medications that act as analogs of pyrophosphate, which is
a natural inhibitor of bone metabolism. The mechanism of their action has not yet
been fully elucidated, but they are inhibitors of osteoclast activity and inductors
of their apoptosis, reducing the process of bone remodeling. Bisphosphonates are
incorporated into the hydroxyapatite bone matrix, at the site of the OH group of
bisphosphonates, using the P-C-P compound, which alters bone microstructure
by slowing bone growth and reducing the amount of mineral dissolution in bone.
Unlike osteoclasts, osteoblastic activity does not decrease, but remains preserved,
which results in an increase in bone mass. There are currently three generations of
bisphosphonates on the market. The first generation of nitrogen-free bisphospho-
nates has the least potential for jaw osteonecrosis. The main side effect of bisphos-
phonate therapy is osteonecrosis of the jaw [2]. Other side effects that may occur
in bisphosphonate therapy are: gastrointestinal disorders (nausea and vomiting),
atypical femoral fractures, esophageal inflammation with consequent mucosal
erosions, secondary hyperparathyroidism, atrial fibrillation, eye outbursts, muscle
pain and others [14-17]. Bisphosphonates are excreted by the kidneys, after accu-
mulation at sites of active remodeling (both jaws). Their characteristic is also rapid
deposition in the bones and their long retention in the same (the half-life of zole-
dronic acid is 11.2 years in the bones) [18]. There are two types of bisphosphonate
administration, oral and intravenously.

Oral bisphosphonates are medications that are most commonly prescribed
in the treatment of osteoporosis and osteopenia, also they are the medications of
choice for bone diseases that occur less frequently, such as Paget’s disease, osteo-
genesis imperfecta, chronic recurrent multifocal osteomyelitis and for prevention
heterotopic ossifications mostly of the spinal cord [19, 20]. They are also indicated
in treatment of chronic kidney disease, kidney transplantation, in rheumatoid
diseases related with systemic bone loss such as rheumatoid arthritis, spondylar-
thritis or SAPHO (synovitis, acne, pustulosis, hyperostosis, osteitis) syndrome and
in non-inflammatory rheumatoid diseases, as aseptic osteonecrosis, neuropathic
osteoarthropenia, and fibrous dysplasia [21]. Unlike intravenous bisphosphonates,
have a lower potential for osteonecrosis.
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Intravenous bisphosphonates are the most potent in causing osteonecrosis
[22]. They are used in the treatment of various conditions associated with malig-
nant diseases such as hypercalcemia caused by cancer and for treatment of bone
metastases (secondaryism) [23]. Secondaryism in bones are releasing cytokines
and growth factors, which enhance the effectiveness of osteoclasts and conse-
quently bone resorption, which favors tumor growth. Intravenous bisphosphonates
stimulate antitumor immune mechanisms, which inhibit growth, migration, and
secondary formation, most commonly in breast and prostate cancer. This type of
bisphosphonates is very common used in treatment of lytic lesion and for preven-
tion of massive bone resorption in multiple myeloma. Patients with this diagnosis
are often treated with aggressive chemotherapy which one of many side-effects is
osteonecrosis. Despite the mentioned facts, these medications have positive effect
on patient’s quality of life [24].

3.1.2 Denosumab

Denosumab are humanized monoclonal antibodies directed to a RANK ligand
(modeling regulator) that inhibit osteoclasts and reduce bone resorption [25]. It
is used for treatment of osteoporosis in which there is an increased risk of bone
fractures, in osteoporosis where there is bone loss due to the use of various drugs
and in the treatment of malignant bone lesions diseases. Denosumab therapy is
a better option than bisphosphonate therapy, especially with renal dysfunction.
The potency of denosumabs to induce osteonecrosis alone has been shown to be
approximately similar to the potency of zoledronic acid which is the most potent
bisphosphonate [26, 27].

Denosumabs are administered subcutaneously and, unlike bisphosphonates, do
not accumulate in bone, so that their effect on bone remodeling is reversible and
lasts approximately six months [28].

3.2 Antiangiogenic drugs

Antiangiogenic medications prevent the formation of new blood vessels binding
to various signaling molecules that inhibit angiogenesis.

3.2.1 Bevacizumab

Bevacizumab is humanized monoclonal antibody that binds selectively to a
protein called vascular endothelial growth factor (VEGF) in the blood and lymph
vessels. It is used in the treatment of malignant diseases of the kidneys, gastrointes-
tinal tract, lungs and glioblastoma [9, 10].

3.2.2 Sunitinib

Sunitinib is used in the treatment of gastrointestinal tumors, metastatic renal
cell carcinomas cells and neuroendocrine tumors of the pancreas. It works by
inhibiting thyroxine kinase function. In combination with chemotherapy or
bisphosphonates, they have high risk of inducing osteonecrosis [29].

4. Mechanism of development MRON]

The exact mechanisms of development MRON] are not todays completely
resolved. It is thought that its development is a result from combination of
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medication interactions, microbiological contamination of the area and local tissue
trauma [30]. In the literature there are few hypotheses of the development of this
specific disease.

4.1Inhibition of bone resorption and remodeling

Antiresorptive medications inhibit osteoclast function and differentiation,
leading to their apoptosis, and this results in reduced bone remodeling [31]. In
addition to acting on osteoclasts, antiresorptive medications also reduce the activity
of osteoblasts, keratinocytes and fibroblasts [32, 33]. Of all the bones, the jaws are
the most susceptible to remodeling, so osteonecrosis specifically occurs on them.

4.2 Inflammation or infection

In the pathogenesis of medication-related osteonecrosis, inflammation plays a
significant role development. Advanced periodontal disease and tooth extraction are
one of the main triggers for occurrence of necrosis. Pathohistological analysis of bone
parts, which are affected with osteonecrosis, decontamination with various bacteria
is present, especially Actinomyces species in 70-100% of cases [34]. The main role in
development of MRONJ has bacterial decontamination [35, 36]. Bisphosphonates
have synergistic effect with bacteria because they increase the possibility of bacterial
adhesion to hydroxyapatite found in the bone, resulting in the invasion of microor-
ganisms into the bone itself afterwards the bone loses blood supply, becomes avascu-
lar and necrotic.

4.3 Inhibition of angiogenesis

Inhibition of angiogenesis means inhibition of growth, migration and differen-
tiation of new endothelial cells in forming blood vessels. Medications that inhibit
angiogenesis, due to ischemia or lack of blood supply to the bone secondary create
osteonecrosis [37].

4.4 Soft tissue toxicity

One of theory of medication-related osteonecrosis is that drugs directly negatively
affect fibroblasts producing toxicity of the oral mucosa. In vitro studies, increased
apoptosis has been reported, especially in oral epithelial cells, after application
bisphosphonates. Bone exposure and impaired healing caused by tissue toxicity play
an important role in the development of osteonecrosis [38].

4.5 Immune dysfunction

Antiresorptive drugs together with other immunosuppressants such as cortico-
steroids, chemotherapy or methotrexate increases the possibility of osteonecrosis
[3]. Ruggiero et al. [3] stated that in the beginning of investigating the influence of
bisphosphonates on wound healing in animal models, to induce osteonecrosis, ste-
roids were combined with bisphosphonates. Inflammation, delayed healing, muco-
sal ulceration, exposed bone, fistula and histologic necrosis are well documented
symptoms in different animal species and in humans exposed to surgical procedures
after application chemotherapy with antiresorptive drugs. Methotrexat is standard
or first line drug for therapy of rheumatoid arthritis. It can be an iatrogenic cause of
lymphoproliferative disorders in immunodeficient or immunosuppressed patients,
resulting with osteonecrosis of the jaw in some cases [35].
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4.6 Low pH values

Depending on the pH value, bisphosphonates can bind to hydroxyapatite in
the bone or leave it and activate. At neutral pH the bisphosphonates are bound
to hydroxyapatite and at reduced pH values bisphosphonates are released and
activated from it [37, 38]. Bone resorption mechanism takes place in the Howship’s
lacunae. In situations when the pH remains low, potentially leads to toxic levels of
bisphosphonates which have a negative effect on osteoclasts and other cells as well.
By acting on different types of cells, there is suppression of remodeling, suppres-
sion of angiogenesis, increasing the toxicity of the oral mucosa, which contributes
creating an infection with developing the osteonecrosis [38].

5. Epidemiology of development MRON]
The incidence of drug osteonecrosis depends on a variety of factors.
5.1 Method of application

The way of medication administration is an important factor in assessing the
risk of developing osteonecrosis. Bisphosphonates taken orally have been shown
to be more benign than bisphosphonates administered intravenously [3, 39]. The
prevalence of medication related osteonecrosis in oral bisphosphonates is much
lower (ranging from 0.1% to 0.05%) than the prevalence of intravenous bisphos-
phonates and denosumab (ranging from 2% to 10). Prevalence increases after inva-
sive surgical procedure and also increases with the duration of therapy. The largest
prevalence of medication-related osteonecrosis has been described in patients with
multiple myeloma [22, 40].

5.2 Duration of therapy

An important factor in the development of medication related osteonecrosis is
the duration of the antiresorptive therapy. The literature states that after each year
of therapy, the risk of medication osteonecrosis doubles [41].
5.3 Dosage

Medications that cause MRON] can be prescribed every day, once weekly, once
a month, once every three months or once every six months. Incidence of osteone-
crosis increases with a higher dose [42-45].

5.4 Potency

Almost every antiresorptive medication shows its potency in causing osteone-
crosis [42].

5.5 Accumulation in the body
Zoledronic acid and denosumab have similar potency of inducing osteonecrosis.

They are different in the time of accumulation in the body. Bisphosphonates accumu-
late in bones, where they persist for a long time, their half-life last up to 11.2 years,
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while unlike bisphosphonates, denosumabs do not accumulate in the bones and are
eliminated from the body after only 6 months [28, 46].

5.6 Local factors

Dental procedures that are invasive, such as dentoalveolar surgery, increase the
risk of MRONJ up to seven times [3]. From local factors dentoalveolar surgery is
considered the most risky factor for the development of medication-related osteo-
necrosis with an incidence of 60 to 65% [31, 47]. In other dental procedures such as
endodontic or periodontal, the incidence of medication-related osteonecrosis is less.
Dental diseases that the patient has already overcome, such as periodontitis, peri-
implantitis, various inflammatory conditions of the jaw and poor oral hygiene are
among the additional risk factors conducive to the development of MRONJ] [47, 48].

5.7 Anatomical factors

It is known that medication related osteonecrosis occurs more often in the lower
jaw in 73% of cases relative to the upper jaw, where it occurs in 22.5% of cases, while
the incidence of osteonecrosis in both jaws simultaneously only in 4.5% of cases [3].
It also turned out that MRON]J more often develops in places with the thinnest layer
of mucosa, and these are the lingual side of the lower jaw and the various exostoses
and toruses found in the oral cavity [3, 47]. Wearing a prosthesis is also doubling
the risk of developing MRONJ.

5.8 Systemic factors

A significant risk factor for the development of MRON] is the patient’s basic
disease [49]. An increased risk of medication-related osteonecrosis has been
shown in women, mostly due to osteoporosis or breast cancer. A risk of MRON]
significantly increases if, in addition to antiresorptive therapy are added additional
drugs that act immunosuppressively, such as chemotherapeutics or corticosteroids.
Studies show that MRON]J occurs in 40% of cases in patients who have been or are
still on chemotherapy, in 25% cases of patients on corticosteroid therapy and in
10% of patients with diabetes [50, 51]. Anemia, systemic lupus, hypothyroidism,
renal failure, rheumatoid arthritis, hypertension and smoking are also conditions
that contribute to an increased risk of osteonecrosis [52, 53].

5.9 Genetics

The risk of developing osteonecrosis is also associated with gene predisposition.
Some studies have shown an association between the FDPS (farnesyl diphosphate syn-
thase gene) which encodes a key enzyme of the mevalonate pathway and the develop-
ment of osteonecrosis of the jaw. That is why are tested rs2297480, a SNP region on the
FDPS gene. Studies have been conducted in patients who have suffered from multiple
myeloma or metastatic carcinomas and have been treated with zoledronate acid [54].

5.10 Biomarkers for risk assessment

Bone markers have been shown to be useful for assessing the risk of developing
osteonecrosis [47]. C-terminal telopeptide (CTX) and N-terminal telopeptide (NTX)
are demonstrated as the two main bone markers that measure osteoclast activity, i.e.,
degradation of osteoclasts and osteoblasts [47].
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6. Prevention of MRON]
6.1 Before starting antiresorptive therapy

Before starting antiresorptive therapyj, it is important to make an initial dental
examination with a detailed history and radiologically and clinically evaluate the
patient’s condition. An orthopantomogram is recommended of the radiological
techniques. The goal of preventive screening is to remove any potential conditions
that could lead to the formation of osteonecrosis during therapy. It is necessary
to remove all incurable teeth or teeth with a poor prognosis, cure acute or chronic
infections, cysts, tumors and other pathological conditions of the jaw. If the patient
has a prosthesis, it is necessary to examine the sharp edges or possible painful areas
(“blistering”) that may adversely affect the mucosa. If teeth need to be extracted,
it is advisable to wait a minimum of three weeks to achieve acceptable soft tissue
healing, or preferably four to six weeks to achieve sufficient bone healing before
initiating antiresorptive therapy [3].

Patients need to be educated about the risk of developing osteonecrosis, moti-
vate them to strengthen oral hygiene and more frequent control (at least four times
ayear).

6.2 After therapy/during therapy

Depending on the duration and manner of taking antiresorptive drugs, it is
necessary to make a detailed treatment plan that includes a consultation with a
competent doctor for possible withdrawal of therapy.

Invasive surgical procedures (extraction, endodontic surgery) are reported as an
increased risk of creating necrosis itself. In high-risk patients (high-potency drugs,
adjunctive therapy), for the development of osteonecrosis, tooth extraction is not
recommended and instead of extraction, endodontic treatment is recommended
with root smoothing and cement coating. However, if invasive surgery is required as
indicated for severe periodontitis, movable teeth, root fractures, then it is advisable
to use the recommended guidelines [3].

A. Oral bisphosphonates.

1.1f the patient is on therapy for less than four years and is not on adjunctive
therapy (corticosteroids or angiogenic drugs), antiresorptive therapy does
not need to be removed.

2.1If the patient is on therapy for less than four years and prescribes adjunctive
therapy (corticosteroids or angiogenic drugs) or is on therapy for more than
four years or without adjunctive therapy, then consultation with a physician
is required to discontinue bisphosphonate therapy at least two months before
surgical treatment and continuation of bisphosphonate therapy when adequate
bone healing is achieved (usually three months after the surgical treatment) [3].

B. Denosumabs.

Denosumabs are most commonly taken subcutaneously every six months. If
invasive surgery is required, it is recommended to do it three weeks before the next
application of the drug itself. It should be in mind that denosumabs are extremely
potent drugs for the formation of osteonecrosis, but they, unlike bisphosphonates,
are eliminated from the tissues after six months [3].
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C. Parenteral bisphosphonates.

The previous recommendation was to discontinue therapy six months before
the procedure and three months after, but this is especially difficult in malignant
patients (due to the severity of the underlying disease) and discontinuation of
therapy has not been scientifically proven to reduce the risk of osteonecrosis. It is
recommended that the patient be referred to a specialist institution for the most
at-risk group. Poor soft tissue healing should be in mind in patients receiving
chemotherapy, especially three to four weeks after chemotherapy when mucositis of
the oral mucosa is most common [3].

7. Clinical aspect of MRON]

To diagnose medication related osteonecrosis of the jaws the following criteria
must be filled:

1. Current or previous therapy with antiresorptive or antiangiogenic
medications;

2.Exposed bone or appearance of a fistula in the jaw (intraoral or extraoral)
that persists longer from eight weeks;

3. The patient is not irradiated and has no proven metastasis in the jaw bones [3, 55].

Medication-related osteonecrosis significantly impairs the quality of life of the
patient and represents problems with speech, chewing, swallowing, feeding, often
there is pain in the swollen mucosa, as well as chronic sinusitis [3]. In almost 94% of
cases of medication-related osteonecrosis, exposed bone is present [56]. It is also the
main feature of osteonecrosis (Figure 1). Variations can be different, from the small
exposed edges around the empty alveoli all the way to complete involvement of one
or both jaws [57]. We often find next to the exposed bone and signs of inflamma-
tion of the surrounding soft tissues that present as swelling that may or may not be
purulent. The most lesions are asymptomatic, and when the patient develops pain,

Figure 1.
Clinical appearance of MRONJ-exposed bone (Zometa).

81



Photodynamic Therapy - From Basic Science to Clinical Research

Figure 2.
Spontaneous bilateral mandibular fracture (Avedia).

we often find signs of acute inflammation in the surrounding tissue. In two-thirds
of cases, medication-related osteonecrosis is found in the lower jaw [58]. The reason
for this is a thinner mucosa than in the upper jaw and poorer blood supply to the
lower jaw. Patients suffering from malignant diseases are most predisposed to
MRON] so it is very important to estimate whether the symptoms of progression are
consequences osteonecrosis itself or are symptoms of secondaryism. After removal
of the necrotic part of the bone, it is recommended to send materials for pathohisto-
logical analysis to determine the persistence of necrosis or some other lesions.

7.1 The course of the disease

The course of the disease itself can vary. Lesions can be limited and at
dormancy stage or can spread to surrounding structures. MRON]J can spread
all the way to the mandibular canal or maxillary sinus. In such cases, there are
symptoms such as numbness, sinus infection and even the formation of oroantral
communication. By spreading necrotic lesions it can also lead to pathological
fractures of the jaw, which are serious, therapeutic and functional problems.
Pathological fractures (Figure 2) are not common, they occur in 3% of patients
who are treated from MRONJ [3].

8. Radiological characteristics of MRON]

The involvement of the region by medication-related osteonecrosis can be
assessed by radiographic analysis. This type of imaging is also useful in monitoring
the disease and in diagnosing complications that occur in osteonecrosis such as
fractures and sinusitis. By radiological analysis we can detect different stages of the
disease and even the zero stage. Two-dimensional panoramic images (Figure 3) are
recommended as an initial radiographic technique that give an excellent overview
of the bones, teeth and the surrounding structure. Sclerosis found in the lamina
dura of the alveolar ridge, after radiological examination, is the most common
radiological change at risk patients. We can also find others radiological changes that
are not so common, namely: sclerosis of the marginal parts of the jaw (most com-
monly in the mandible), narrowing of the mandibular canal, difficult or complete
absence of healing of postextraction alveoli, radiolucent regions around the bone
corresponding to osteolysis and necrotic bone sequesters that occur in the later
stages of medication-related osteonecrosis [59-61]. More precisely, the lesion can be
represented by one of the three-dimensional display techniques such as computed
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Figure 3.
MRON] in a patient with multiple myeloma and treated with zoledronic acid (Zometa).

Figure 4.
CBCT scan (of same patient as in Figure 1) after surgical treatment.

tomography or cone-beam computed tomography. In the CBCT scan (Figure 4)

we can get more precise data on the localization and on the progression of the
disease and useful data on the surrounding bone structures. At early diagnosis of
MRON], magnetic resonance (MRI), single-photon emission computed tomography
(SPECT) and positron emission tomography with computed tomography (PET/CT)
were also proved as an excellent diagnostic tool [59, 62-67].

9. Classification of MRON]

The disease, according to the clinical picture and the appearance of symptoms of
osteonecrosis, is classified into four stages [3].
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9.1 Stage 0

This stage of disease includes patients who have not clinically developed osteo-
necrosis but have nonspecific symptoms or radiological signs that may be associated
with therapy. Symptoms associated with stage zero are: unexplained odontalgia,
dull pain of lower jaw extending toward the temporomandibular joint, sinus pain
that may be associated with inflammation and narrowing of the bone wall toward
the sinus [3]. Clinical findings that may indicate stage zero are: unexplained tooth
loss unrelated to chronic periodontal disease, periapical/periodontal fistula unre-
lated to pulp necrosis or caries, unexplained gingival swelling. Radiological signs
are: loss of alveolar bone or resorption not related to chronic periodontitis, changes
in the composition of the trabeculae, difficult (delayed) wound healing after tooth
extraction, sclerosing regions of the alveolar part (thickening of the lamina dura, or
reduction of the space belonging to the periodontal ligament) or surrounding part
of the bone [66-68].

Zero-stage therapy is symptomatic and conservative, aimed at remediation
of predisposing conditions that can cause osteonecrosis (remediation of caries,
periodontal diseases, other pathological conditions, inadequate dentures). It is also
necessary to exclude other diseases such as fibroseal lesions, chronic sclerosing
osteomyelitis and others.

Patients need to be educated about the disease, about adequate oral hygiene and
encouraged to have more frequent check-ups (at least every two months).

9.2 Stage 1

Stage one of the disease describes clinically exposed necrotic bone or the appear-
ance of a fistula that forms from the bone, however patients have no symptoms and
no signs of acute infection. The time required for proper diagnosis of the first stage
of disease is eight weeks from appearance of exposed bone or fistula [3].

First-stage therapy is primarily aimed at monitoring the lesion. If necrotic bone
sequesters or sharp bone margins occur, they should be removed. Monitoring the
condition of the surrounding mucosa is extremely important for further prognosis
of the disease.

It is also necessary to educate and motivate patients for frequent checkups.

9.3 Stage 2

Stage two describes clinically exposed necrotic bone or the appearance of a
fistula that forms from bone with signs of acute infection accompanied by pain [3].

Stage two therapy is initially aimed at repairing the inflammation and antibiotic
therapy is often attributed to it in combination with antimicrobial washes (most
commonly chlorhexidine). Necrotic bone is often contaminated with bacteria
to form biofilms that may be resistant to antibiotic therapy. After repairing the
inflammation, it is necessary to remove the necrotic part of the bone and the
inflamed mucosa.

9.4 Stage 3

Stage three describes clinically exposed necrotic bone or the appearance of a
fistula that forms from bone with signs of acute infection accompanied by pain and
at least one of these signs: spreading necrosis outside the dental alveolus (lower
edge and ascending part of mandible, maxillary sinus, toward the cheekbone), the
appearance of extraoral fistula, osteolysis of the lower border of the lower jaw and
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the bottom of the maxillary sinus with the appearance of oroantral communication
and the appearance of pathological fractures [3].

Third-stage therapy focuses on palliative therapy that includes debridement or
resection of the lesion in combination with antibiotic therapy to eliminate acute
infection and pain. Therapy directly depends on the health condition of the patient.
If larger resections are performed, reconstruction is performed by different recon-
structive methods (fibula graft) with or without obturator.

10. MRON] treatment protocol

There is currently no gold standard or clearly defined treatment protocol for the
disease itself.

If osteonecrosis of the jaw occurs, it is recommended that the patient be referred
to an oral or maxillofacial surgery specialist for further treatment.

The goals of therapy are aimed at eliminating inflammation and pain by pre-
venting or slowing the progression of the disease. Before treatment, it is necessary
to take a detailed medical and dental history and consult a doctor about the possible
removal of the drug. Treatment depends on the degree of the disease and is initially
focused on antibiotic therapy in combination with antimicrobial therapy and
analgesics. Surgical techniques for removing the necrotic part of the bone include
sequestration, ridge modeling, resection of the jaw with various reconstructive
methods [3].

American Association of Oral and Maxillofacial Surgeons (AAOMS) recom-
mends starting conservative therapy before surgery [3]. Conservative therapy
serves to control the disease itself and is achieved by antibiotic therapy and
chlorhexidine rinsing. They believe that elective surgery can lead to further
disease progression. If the disease progresses then surgery needs to remove the
necrotic lesion. On the other hand, European guidelines recommend the initial
surgical removal of the necrotic part of the bone regardless of the degree of the
disease for several reasons: the necrotic part of the bone cannot be revitalized and
it is the entrance door for colonization of bacteria and fungi [69-71]. Histological
processing is recommended to demonstrate necrosis and differential diagnosis
in the form of bone metastases, osteomyelitis (inflammatory bone condition) or
osteoradionecrosis (radiation-related ischemic bone necrosis) [72].

Surgical procedures have been scientifically proven to perform better compared
to a conservative approach [73-76]. Conservative treatment consists of more fre-
quent follow-up examinations (once or twice a week) for months, which is a burden
for patients. It should be in mind that frequent check-ups are difficult for oncology
patients.

The success of the therapy is achieved when the necrotic part of the bone is
removed and when the mucosal integrity of the tissue is established. Treatment of
MRONJ should be divided into bone and soft tissue repair. After removal of the
necrotic part of the bone or tooth extraction, it is necessary to keep in mind the
smoothing or modeling of sharp sclerotic bone edges of the wound because they
remodel very slowly and can potentiate the development of necrosis (Figure 5).
After removal of the necrotic part, it is necessary to process the soft tissue. The
aim is to achieve optimal marginal closure of the wound in the form of preventing
the penetration of microorganisms, i.e., contamination of the surrounding bone.
Mucosal integrity is achieved by primary suturing of the wound without tension.
Some surgeons recommend double covering the exposed portion of the bone with
amuscle flap (m. mylohyoideus) or buccal fat pad flap [77-79]. For larger defects,
reconstruction with a microvascular skin or bone graft is recommended, however, it
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should be considered that the transplanted bone is also rich in antiresorptive drugs.
Major reconstructions depend on the health status of the patients.

The necrotic portion of the bone relative to the surrounding healthy bone tissue
may be clearly limited (sequestration formation) or may be diffusely incorporated
into healthy bone tissue. Clearly demarcated sequesters are easily removed during
surgery, while diffuse parts are difficult to remove due to the unclear boundary of
necrotic from vital bone tissue [80, 81]. Bone bleeding was previously thought to
be a sign of vitality (which makes it easier for surgeons to work) however, this has
proven to be wrong. For the treatment of diffuse lesions, the use of fluorescence in
combination with tetracycline is recommended [82, 83].

11. Photodynamic therapy and MRON]

There are various additional methods of treatment, in addition to surgical treat-
ment, that promote healing of the lesion. For this purpose oxygen therapy (ozone,
hyperbaric chamber), hormone therapy (parathyroid hormone), growth factor
(Figure 6) therapy (PRP, PRF, PRGF, BMP), mesenchymal stem cell therapy and a
combination of pantophilin and tocopherol [84-88] are used.

Vescovi et al. [89] in 2006 described the application of low-level-laser therapy
(LLLT) as possible treatment of osteonecrosis of the jaw. The effect of lasers is
classified in two categories, regarding its mW range: biostimulation (LLLT) and
photodynamic therapy (PDT). Main difference between this two types is that in
biostimulation therapy (LLLT) the laser acts directly on the tissue and aims to

Figure 5.
Surgical treatment- modeling of sharp sclevotic bone edges.

Figure 6.
Augmentation using autologous growth factors; PRGF technique, F2 and F1 phase.
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support tissue healing, while in photodynamic therapy (PDT) it acts on chemical
medium (photosensitizer) (Figure 7) which induces cell (e.g. bacteria) and tissue
damage as a chemical effect [90].

LLLT has from clinical point of view become adjuvant medical tool for
enhancing wound-healing process, so some clinical studies reported laser-
induced stimulation especially of soft tissue healing such as ulcers and postopera-
tive wound dehiscences [91, 92]. Stein et al. [93]. in their in vitro study confirmed
that low energy laser irradiation promotes proliferation and maturation of human
osteoblasts, while stimulating effect of LLLT is explained by an increase of ATP in
affected cells [94].

Photodynamic therapy (PDT) is being increasingly used in the management of
MRONJ in combination with other therapeutic choices [90].

In the beginning photodynamic therapy (PDT) was used particularly to treat
cancer and several studies have shown its antimicrobial potency [95-98]. Analyzing
the effects of PDT on osteoblasts growth, study by Zancanela et al. [99] showed
that PDT results in biostimulation of osteoblastic cell cultures or a cytotoxic
effect depends of the applied dose. PDT has well documented clinical impact as
adjuvant local treatment of ulcers and infected wounds, and potential indications
for therapy of periodontitis and peri-implantitis, but treatment of MRON] still
in phase of collecting clinical results [100-105]. Treatment concept of MRON]
with PDT describes its use for symptomatic treatment in stage 0, preoperatively to
reduce bacterial load and in cases with healing deficiencies, while in stages 1, 2 and
3 itis used after surgical treatment. Also it may be used as adjuvant conservative
intervention for palliative therapy of compromised patients or in cases to avoid
progression of disease when patients refuse surgery.

While application of LLLT for therapy of MRON] has been described in numer-
ous studies, there are few studies mainly focused on impact of photodynamic
therapy of preventing occurrence of MRONJ. Vescovi et al. [89] used Nd:YAG laser
biostimulation in addition to medical and surgical therapy and demonstrate a
better healing tendency due to bony ablation, bactericidal and detoxification effect
[106, 107]. Da Guarda et al. [108] reported a case of successful MRON] treatment
with the GaAlAs diode laser in combination with bone curettage. Summarizing the
literature, use of LLLT is beneficial for treatment of MRON], although till today
there are no large studies that proves significant improvement.

One of promoting factor in mechanism of MRON] is presence of microflora.
Species such as Fusobacterium, Eikenella, Bacillus, Actinomyces, Staphylococcus, and
Streptococcus are predisposed to survive in oxygen depleted areas of necrotic bone
that lack blood supply [109, 110]. Although the identification of microbial biofilms

Figure 7.
Application of chemical medium (photosensitizer)- toluidine blue.
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and Actinomyces species as the leading bacterial pathogen isolated from patients
with MRONJ, there is unclear definitive treatment and no data reffering to bacteri-
cidal activity of laser therapy against Actinomyces species in MRON] lesions.

The most used PDT system is one with mobile diode laser and dye (HELBO)
with methylene blue (MB) (Figure 8). It has shown very promising results during
surgical procedures or as adjuvant therapy in cases of postoperative wound dehis-
cences in patients with MRON]. Photosensitizers’s antimicrobial activity is mediated
by singlet oxygen, which has high chemical reactivity and results with a direct effect
on extracellular molecules. The polysaccharides present in extracellular matrix of a
bacterial biofilm are sensitive to photodamage, so breaking biofilms can interrupt
colonization and prevent antibiotic resistance [111].

Although is surgical treatment first option to deal with MRONJ, appliance of
photodynamic therapy has several advantages. Before surgery usually we treat
symptoms of MRON] infection, such as swelling, purulent discharge and pain. They
can be managed by bio-stimulative effect of the laser, especially those with advanced
primary disease or those suffering from other sickness resulting in a general poor
health [90]. PDT might be very sufficient in early stages of osteonecrosis promoting
secondary granulation and formation of mucosal coverage, so surgery can be avoid.
Unfortunately there are no controlled studies opposing PDT and LLLT to evalu-
ate use of photosensitizer. Appliance of photodynamic therapy immediately after
surgery could decrease complications of impaired healing of the wound (Figure 9).

In conclusion, although MRON] is considered difficult to treat and may even
be recalcitrant to therapy, photodynamic therapy can be a viable supportive tool

Figure 8.
Antimicrobial photodynamic therapy using low-power diode laser (aPDT mode, LaserHF,
HagernnnnnWerken,).

Figure 9.
MRON] before and 2 months after treatment with combined therapy (surgery/aPDT/PRGF).
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of initial and advanced stages of MRONJ, as an adjuvant treatment before or after
surgery or primary treatment in cases without surgery indicated.
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Delivery in Topical PDT
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Abstract

Topical photodynamic therapy (PDT) has been applied to treat premalignant
and malignant lesions such as actinic keratosis and non-melanoma skin cancer. A
limiting factor of the technique is cream permeation and studies using chemical
and physical approaches to overcome it have increased over the years. This chapter
is going to explore the main techniques described in the literature used to improve
the cream permeation or the photosensitizer (PS) distribution concerning homo-
geneity. Outcomes-based on animal studies and clinical trials comparing different
delivery techniques are going to be presented, highlighting the aspects of invasive-
ness, costs, harmfulness, and effectiveness of those methods.

Keywords: topical photodynamic therapy, drug delivery, skin cancer,
protoporphyrin IX, precursors

1. Introduction

Yet topical photodynamic therapy (PDT) principle is simple and the technique
is full of potential to provide an effective treatment for very common malignant
and pre-malignant diseases, achieving satisfactory outcomes for a varied number of
lesion types with a single approach is not feasible.

Light delivery is successful depending essentially on the ability to provide the
best combination of the most suitable wavelength for the drug of choice and the
optical properties of the tissue, which determine if light reaches the extension of
tissue necessary and if undesired side effects will show up.

Conversely, characteristics on the photosensitizer (PS) accumulation in target
tissues are less dependent on direct control of the therapist than light delivery.
Further, PS accumulation also defines the light dose (fluency). Therefore, PS
accumulation must be properly dealt with in order to provide enhancement of the
efficacy of PDT, and presenting the most relevant aspects reported in the literature
concerning the strategies to do so is the scope of this chapter.

Topical PDT has been widely applied as a treatment option for pre-malignant
lesions such as actinic keratosis (AK) and also for non-melanoma skin cancer
(NMSC) lesions [1] such as basal cell carcinoma (BCC) and Bowen disease (BD). The
treatment involves the topical application of a PS precursor, followed by the waiting
for the drug light interval (DLI) to promote the PS accumulation into the lesion,
after which the localized irradiation takes place. Depending on the protocol, this
sequence can be repeated with intervals of one week [2-5] or on the same day [6].
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The molecules more commonly used worldwide are the aminolevulinic acid
(ALA) and its derivative, methyl aminolevulinate (MAL). Both of them can
promote protoporphyrin IX (PpIX) endogenous accumulation in cells. The DLI for
these drugs can vary from 1 to 4 hours [7], depending on the protocol treatment
chosen for the lesion type.

Being clinical PDT still a very empirical field, and since the protocols choices are
decisive in determining the therapy outcome, several strategies, both physical and
chemical, have been developed aiming to increase the availability of PS in loco to
increase topical PDT outcome.

2. Drug delivery strategies

Considering the light attenuation by tissue due to the presence of chromophores
and to scattering, the wavelength range preferable for PDT is about 650-850 nm,
which is known as the ‘optical window’ for PDT [8]. Once the light penetration can
be handled to reach the whole lesion, the remaining concern is to optimize the drug
permeation to improve treatment rate success, especially obtaining the improve-
ment of the response of thicker lesions, which shall increase the possibility to make
PDT the treatment of choice for those lesions.

Human skin is a complex organ structured to protect the body. The skin layers
organization and constitution, as represented in Figure 1 (stratum corneum (SC),
epidermis, dermis, and hypodermis) confer its properties of tensile strength and
mechanical resistance [9]. For this reason, skin becomes a barrier for the perme-
ation of precursors, which implies an important limitation of topical PDT, with a
direct influence on the incubation time and treatment success. The SC is the skin’s
outermost layer, and it is considered the main barrier to percutaneous absorption.

Although PpIX precursors have a low molecular weight, the PpIX accumulation
after as much as three hours of incubation using exclusively topical application of
the cream achieves depths up to 1-2 mm. However, the tissue heterogeneities imply
in a non-uniform distribution of the produced PpIX, and portions of the lesion do
not produce sufficient PS, impairing the treatment effectiveness [10, 11].
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Figure 1.
Representation of human skin layers. Both physical and chemical methods can be explored to overcome the skin
barriers and improve topical drug delivery.
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Several techniques have been developed to overcome skin barriers and provide
penetration enhancement. There are physical and chemical pretreatment strate-
gies to improve drug delivery that can facilitate precursor permeation through skin
and into the lesions, allowing PpIX to be produced in deeper layers and also to be
distributed more homogeneously.

3. Physical methods

This section presents physical methods based either on creating holes into the
skin or on removing the SC to improve drug delivery in topical PDT.

3.1 Tape stripping

This technique consists in applying a tape onto the skin lesions and then to pull it
off. By repeating this procedure a number times, which can be repeated using the same
piece of tape, part of the SC is removed, reducing it uniformly by about 30%. This pro-
cedure is safe, since it is minimally invasive, and involves a low cost to be implemented;
as a further advantage, it does not interfere with the intercellular lipids [12-14].

Tape stripping is one of the methods indicated to be applied before PDT; it can
be used on patient’s lips and also for the preparation of large areas. The recommen-
dation is to choose tapes with strong adhesive properties. According to Christensen
et al., each area can be stripped 2—4 times [15]. Some studies reported that remov-
ing SC by tape stripping significantly increases the PpIX fluorescence in the tissue
but does not change the incubation time required for an effective photosensitizer
production [16-18].

3.2 Curettage

The curettage can be performed using a sharp ring curette or a scalpel blade.

The purpose is to remove keratotic tissue by surface scraping the lesion. The scrape
might be performed in a checkered pattern, performing parallel horizontal followed
by perpendicular movements. Due to the possibility of subclinical lesion extensions,
itis recommended that the curettage is performed using at least 5-mm margins
surrounding the lesion to minimize the possibility of the recurrence. The curettage
is also indicated to be applied before PDT [13, 15].

This technique is effective, quite inexpensive, and although it can offer light
discomfort during the procedure, it is commonly acceptable both by health profes-
sionals and patients [19]. However, it is important to mention that there is a risk
of bleeding, and when bleeding takes place, it may displace the cream and lead to
a decreased PpIX formation, and thus lower treatment efficacy [20]. Despite this,
studies reported that curettage associated with PDT increases the cure rate of treat-
ment compared with no-curettage topical PDT. The combination may be repeated
successfully for non-cure or recurrence cases without compromising the cosmetic
effect or deteriorating skin structures. The treatment has shown a clearance rate
of 91% for superficial BCC (131 lesions treated), 93% for thin nodular BCC (82
lesions), and 86% for thick nodular BCC (86 lesions) [21, 22].

3.3 Debulking
Debulking (or deep curettage) is considered a surgical procedure and it is often

used in thicker lesions, reducing as much as possible the total volume. This proce-
dure is usually performed either immediately or a few weeks before PDT [15, 23].
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Even though it is considered a more invasive procedure compared with the simple
curettage, it can be applied without anesthesia. The cosmetic outcome is considered
favorable [23] and allows a significant reduction of the BCC thickness, which makes
nodular lesions more responsive to the treatment [24, 25].

Whereas the topical PDT efficiency is about 72% when a previous debulking
lesion is not applied, for debulked lesions this efficiency can increase up to 92% [23,
26]. Therefore, the debulking associated with PDT is a relevant option for multiple,
pigmented, and nodular lesions, improving clinical response [27].

3.4 Ablative fractional laser

This technique consists of using a laser source to create ablated channels on
the lesion surface, vaporizing a small portion of the tissue [28]. Usually, lasers
with excitation wavelengths in far-infrared spectrum are used, due to the high
absorption by the water in the tissue [29, 30]. The main types used are CO2-laser
(10,600 nm), Er:YAG-laser (Erbium yttrium aluminum garnet, 2940 nm), and
Er:YSSG-laser (Yttrium scandium gallium garnet, 2790 nm) [13].

The depth of the microchannels created varies according to the laser energy. The
energies between 32 mJ and 380 mJ generate microchannels with a depth between
300 pm and 2100 pm [31]. Due to the increased skin penetration, this procedure
makes PpIX fluorescence both more intense and homogeneous in deeper skin regions,
and this can be controlled by adequately adjusting laser energy density [32, 33].

Studies using CO2 laser associated with PDT for lesions treatments showed an
increase of about 20% in the clearance of different protocols comparing the treat-
ment without and with the use of laser, respectively [34-36]. Although it is a reli-
able and effective method, it is also a more invasive procedure with a high potential
for skin damage with scarring, discoloration, and even infection. Besides that,
the costs of the devices are considered high compared with the abovementioned
techniques [37].

3.5 Microneedles

Needles and especially microneedles (MNs) have been used as a method to
enhance drug permeation through SC [38]. MNs have the advantages of being
minimally invasive, its application is simple, well accepted by the patients, and it is
cost-effective [39]. MNs have been developed with lengths up to 900 pm to avoid
penetrating in vascular and nervous regions. Therefore, MNs can penetrate the SC
without stimulating pain receptors, which is another advantage [40].

The MNs size cannot be seen by patients, thus reducing possible needle phobia.
MNs have strong mechanical properties to enable disruption and penetration
through the SC, reaching successfully the deeper skin layers without causing any
bleeding due to the small length of needles [13].

There are MNs with different shapes (tetrahedron, pyramidal, conical, beveled
tip, or tapered cone) that promote different insertion pathways and permeation
into the skin. They also can be divided according to the material, such as solid
(metallic) or polymeric (hydrogel or dissolving) types, and can be assembled
either as a roller or as low-cost patches. The MNs can also be produced with a drug
coating on their surface, to facilitate delivery, or hollow, to promote the delivery
through channels [13]. The use of MNs rollers for enhancing penetration of topical
cosmeceuticals has been well described and transdermal patches can be used easily
by anyone [13, 39].

Some studies described a higher formation of PpIX in deeper skin regions when
MNs are used and compared with topical application in animal models [41, 42]. A
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recent paper by Requena et al. explored dissolving MNs containing ALA. The PpIX
fluorescence intensity showed to be 5-times higher at 0.5 mm on average compared
with cream in iz vivo tumor mice model [43].

Solid MNs have been commonly used for skin pretreatment before conventional
PDT, promoting a good PDT response for actinic keratosis [39]. However, their use
for the treatment of BCC or squamous cell carcinoma SCC has not been investigated
yet [13].

3.6 Dermograph

The use of dermographs has also been investigated to improve drug delivery.

A dermograph is a device currently used in esthetic procedures, which works
similarly to a tattoo machine, with simpler handling [44]. The device is composed
of a handpiece that couples to different types of needles which oscillate vertically.
Usually, both frequency and depth can be adjusted in those devices, according to the
application. The holes performed into the skin allow for greater skin penetration of
liquids by capillarity [45, 46].

A more homogeneous PpIX distribution and a greater penetration in the tissue
were observed for animal model using dermographs compared to the topical appli-
cation of the cream only [46]. A pilot clinical trial was also performed in nodular
BCC lesions using a dermograph for intradermal delivery in PDT, and no recurrence
was observed after 28 months of follow-up [46].

3.7 Temperature

Temperature is a parameter with a strong influence on PpIX formation. The
increase of the skin temperature (especially in areas that naturally present lower
temperatures such as the extremities of the body) during the DLI can improve PDT
effectiveness. There are four hypotheses regarding the PpIX formation with the
increase of local temperature: increase of ALA penetration in the skin; increase
of the conversion rate of ALA to PpIX; increased ALA uptake in the cells due to
disruption of the cell membrane, and increase of the amount of skin oxygen due to
vasodilation [13, 47].

However, the temperature must be well controlled in order to obtain the
desired effect and prevent damage to surrounding tissues [48]. Stringasci et al.
demonstrated that the most efficient way to increase the production of PpIX and
its penetration in the tissue by temperature is to increase the local temperature
before applying the cream. This same study reported that the prolonged increase
of temperature (during 3 hours) promoted a smaller amount of PpIX accumulation
in the skin, unlike other abovementioned hypotheses. That happens because, after
increasing the temperature for longer times, cellular metabolism is accelerated
which promotes faster elimination of PpIX within the cells [47]. In a clinical study,
Willey et al. reported the results after PDT treatment of AK on the extremities
(head, fingers, and toes) in 18 patients. Skin warming was performed during DLI
and was well tolerated, did not promote side effects, and improved PDT efficacy
with a clearance rate of 90% after a 1-year follow-up [49].

3.8 Iontophoresis
Iontophoresis is a method based on the use of a voltage gradient applied to an
electrolytic formulation, using both a positive (anode) and negative (cathode)

electrodes on skin to improve transdermal drug delivery [50]. The advantages of
iontophoresis are that it is a non-invasive technique that preserves the skin intact,
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providing controlled and targeted delivery of the drug. However, regarding PDT,
special attention should be taken to ensure that the photosensitizing drug does not
enter the systemic circulation, which can cause unexpected side effects [51].

This technique has a potential to decrease the DLI since ex vivo experiments
demonstrated PpIX accumulation in human SC were achieved faster compared with
topical application only [51]. In addition, studies with patients proved that the use
of iontophoresis in clinical protocols is an effective method and reduces the incuba-
tion time by 1 h [52].

4, Chemical methods

Currently, only three commercial pro-drugs are licensed for topical PDT
use: 5-aminolevulinic acid (ALA, Levulan®), methyl aminolevulinate (MAL,
Metvix®), and the nanoemulsion containing ALA (nc-ALA, Ameluz®) [53].
Besides the physical methods to improve the delivery of these drugs, there are
chemical approaches that have been explored for drug formulation modifications,
and the use of agents that modify the heme cycle or enhance PpIX formation. Thus,
the chemical methods to improve PpIX availability mostly treat on the effects over
these substances.

4.1 Prodrugs

To enhance ALA penetration through the SC, other prodrugs with longer, more
lipophilic carbon chains have been explored [54]. In this context, MAL — which has
a methyl group associated with the ALA molecule — already presented more lipophi-
licity properties and increased selectivity.

The use of even more carbon chains has been tested, such as ethyl-ALA, propyl-
ALA, butyl-ALA. The main concern about their use is related to the numerous
chemical steps necessary to perform the esterification processes for those molecules
[55]. The pro-drug hexyl-ALA has been tested in pre-clinical studies [18, 56]. A
pilot clinical trial reported that these molecules presented a greater penetration
with lower concentrations compared with ALA or MAL which could reduce adverse
reactions and decreases the PDT costs [57]. Despite that, ALA and its ester MAL
are still the most commonly chosen and investigated molecules to be used as PpIX
pro-drugs for PDT.

One aspect explored in literature for the enhancement of the PpIX prodrugs in
cells is the addition of iron chelators. Iron has a crucial role in cells within the heme
synthetic route, bound to PpIX molecules to form hemoglobin, thus hindering this
process preserves the number of available PpIX molecules within cells. Different
chelators have been investigated so far as and, such as desferrioxamine, thiosemicar-
bazones, pyridoxalisonicotinoyl hydrazone, and di-2-pyridyl-derived iron chelators,
among others [58-60]. However, yet thiosemicarbazones have been approved for
phase II tests [61], the use of these chelators is still under discussion, due to toxicity
versus efficacy issues.

4.2 Differentiation-promoting agents

In addition to the drug choice, different vehicles such as creams, gels, patch
systems, lotions, liposomes, nanoparticles, powders, and microemulsions have been
developed to overcome the penetration issue [13].

The commercial creams Levulan® and Metvix® are prepared with 20% w/w
and 16% w/w concentration of prodrug, respectively. Both of them have been
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widely used with acceptable clearance rates and cosmetic outcomes. Aiming to
increase the stability of the cream, the molecule of ALA at 7.8% concentration in
a nanoemulsion-based gel has been used to produce the Ameluz® formulation. A
multicentric study compared this gel formulation with the Metvix® cream in the
treatment of AK, demonstrating similar response and tolerance [62].

A patch is an adhesive system used for topical or systemic drug delivery. For
PDT, there is a commercial patch (Alacare®) containing 2 mg of ALA per cm®. A
clinical trial using Alacare® for the PDT treatment of actinic cheilitis (AC) dem-
onstrated high clinical efficacy, good tolerability, and favorable cosmetic effects
[63]. However, in the case of thick skin lesions without physical pretreatment, this
protocol might be less efficient.

4.3 Nanoformulations

Nanotechnology has an important role in the pharmaceutical industry for the
development of new formulations. Studies are concentrated on obtaining drugs
with more solubility, biodistribution, bioavailability, uptake, and excretion,
decreasing drugs’ toxicity, [64] and there are different vehicles to promote drug
delivery by nanostructures.

Nanoparticles (NP) used to be defined as a particle with a size up to 100 nm in any
direction [65]. Lucky et al. described the nanoparticles used in PDT based on their
performed functions or tasks as PSs, PS carriers, and PS energy transducers [66].

Among the several NP possibilities, liposomes are one of the most used for topi-
cal PDT applications. Liposomes are vesicles made up of one or more phospholipid
bilayers oriented concentrically around an aqueous compartment to act as drug
carriers. This nanostructure has been explored for topical PDT to enhance the PS
penetration into the skin while decreasing its absorption into systemic circulation.
Examples of PSs currently encapsulated in liposomes for topical PDT are ALA,
temoporfin (mMTHPC, commercially available as Foscan®), and methylene blue. In
most studies, liposomal ALA induced a higher PpIX synthesis than free ALA non-
encapsulated delivery [67].

Other structures are more commonly used for systemic applications of PDT,
such as nanofibers and nanomicelles [68, 69] but they are off the scope of this
chapter, yet their results are also promising for PDT application.

4.4 Thermogenic and vasodilating substances

Thermogenic and vasodilating substances have been reported as promising
to favor the permeation of drugs on the skin [70, 71]. In PDT, vasodilation also
increases the oxygen supply in the tissue, which can further optimize the effective-
ness of the treatment.

A study was carried out investigating the association of the substances: menthol,
methyl nicotinate, and ginger associated with ALA and MAL. The association of
methyl nicotinate with MAL demonstrated 50% higher PpIX production after
three hours of incubation compared with the cream containing only MAL. These
preclinical results are promising as a possible strategy for decreasing the DLI and
increase the PpIX production in skin lesions [72].

5. Conclusion

This chapter presented several approaches reported in the literature for the
improvement of topical PDT outcome. Some of the techniques here presented to
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address the task of increasing the availability of PS are increasingly being incor-
porated to PDT protocols, whereas others are very incipient. Yet, the challenge of
making PS available is still an open field, plenty of room for further investigation.
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Chapter 8

Photodynamic Treatment of
Staphylococcus aureus Infections

Christian Erick Palavecino, Camila Pérez and Tania Zuviiga

Abstract

Introduction: Staphylococcus aureus is a Gram-positive coconut that causes
various life-threatening infections and, in turn, represents a major producer of
healthcare-associated infections. This pathogen is highly resistant to antibiotics,
which has made it difficult to eradicate in recent decades. Photodynamic therapy is
a promising approach to address the notable shortage of antibiotic options against
multidrug-resistant Staphylococcus aureus. This therapy combines the use of a
photosensitizing agent, light, and oxygen to eradicate pathogenic microorganisms.
The purpose of this study is to provide relevant bibliographic information about
the application of photodynamic therapy as an alternative antimicrobial therapy
for Staphylococcus aureus infections. Methods: This review was achieved through
a bibliographic search in various databases and the analysis of relevant publica-
tions on the subject. Results: A large body of evidence demonstrates the efficacy
of photodynamic therapy in eliminating biofilm- or biofilm-producing strains of
Staphylococcus aureus, as well as antibiotic-resistant strains. Conclusion: We con-
clude that photodynamic therapy against Staphylococcus aureus is a recommended
antibacterial therapy that may complement antibiotic treatment.

Keywords: photodynamic therapy, Staphylococcus aureus, antibiotic resistance

1. Introduction

Staphylococci are a large group of gram-positive cocci, whose diameter varies
from 0.5 to 1.5 pm whose grouping resembles grape Clusters. To date, 35 known
species and 17 subspecies of the genus Staphylococcus have been reported [1].
Staphylococcus aureus (S. aureus) is a bacterium with wide dissemination; Although
it is part of the human body’s commensal microbiota, it can cause severe skin
infections, localized abscesses, and also may cause osteomyelitis, endocarditis,
and other life-threatening diseases. Also, S. aureus has become a significant cause
of healthcare-associated infections (HAIs) [2]. Besides, S. aureus acts as an early
colonizer, creating a favorable environment for the adhesion and colonization of
bacteria producing biofilms (BF). BFs consist of an array of proteins and polysac-
charides that form an extracellular matrix (Figure 1). This matrix is considered
an essential virulence factor of S. aureus strains, as it functions as a barrier against
antimicrobial agents and the host’s immune system, helping to maintain bacterial
colonization [3, 4].

Since the discovery of antibiotics and their application, many bacterial infec-
tions have been successfully treated. However, in recent years the resistance of
bacteria to antibiotics is emerging and increasing rapidly. S. aureus has progressively
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Ta%get structures from the Gram+ envelope for Photodynamic inactivation. Photodynamic thevapy generates
ROS that acts unspecifically on macromolecules present in the envelope of Gram + bacteria, such as lipids and
proteins of the plasma membrane, peptidoglycan of the cell wall, and the array of proteins and polysaccharides
macromolecules of the matrix that forms the biofilm.

gained multiple resistance to antibiotics, such as penicillin, methicillin, and other
multiple drugs, leading to infections with frustrated or ineffective antibiotic
therapies [5, 6]. The scarce development of new antibiotic added to the progressive
increasing in multidrug-resistance of this and other clinically relevant bacteria
has been considered by the World Health Organization (WHO) as one of the most
pressing global threats to human health in the 21st century and described the situ-
ation as a global crisis and impending catastrophe of a return to the pre-antibiotic
era. In this regard, the WHO published a list of microorganisms that should be
investigated with priority to generate new antimicrobial drugs [7]. According to
this list, S. aureus, with resistance to methicillin or vancomycin, is ranked second
with high priority [7].

S. aureus displays various resistance mechanisms; for example, resistance
to penicillin is mediated by hydrolytic enzymes called beta-lactamases. Beta-
lactamases confer resistance to all penicillins except isoxazolyl penicillins (oxacil-
lin, methicillin, cloxacillin, and nafcillin), as well as sensitivity to combinations
of beta-lactams with beta-lactamase inhibitors (clavulanic acid, tazobactam, and
sulbactam), or cephalosporins and carbapenems [8]. Resistance to methicillin,
nafcillin, and oxacillin is independent of beta-lactamase production. This resistance
is mediated by the mecA gene acquisition, which is translated into a new penicillin-
binding protein (PBP2a). PBP2a decreases S. aureus’s affinity for methicillin and,
therefore, allows it to survive treatments with this antibiotic [9]. Strains of S. aureus
that express the mecA gene are called methicillin-resistant S. aureus (MRSA). MRSA
strains are resistant to all beta-lactams (except 5th generation cephalosporins)
and usually to aminoglycosides, erythromycin, clindamycin, tetracyclines, sul-
fonamides, quinolones, and rifampicin. While colonization of MRSA in a healthy

114



Photodynamic Treatment of Staphylococcus aureus Infections
DOI: http://dx.doi.org/10.5772/intechopen.95455

individual is generally not serious, it can be life-threatening for patients with deep
wounds, intravenous catheters, or other invasive instruments, as well as secondary
infections in patients with a weakened immune system. Following the guidelines of
the Clinical and Laboratory Standards Institute (CLSI), there are strains of S. aureus
that present low-level or borderline resistance, for example, to oxacillin (BORSA) or
vancomycin (VISA). The BORSA is characterized by a minimum inhibitory con-
centration (MIC) of oxacillin at the resistance cut-off point (4 mg /L) or a dilution
above it [8]. S. aureus may present resistance to glycopeptides when it presents a
MIC of vancomycin (VAN) of 4-8 mg/L. Furthermore, it is considered resistant
with a MIC of NPV > 16 mg/L [10]. The MIC should be determined using the broth
microdilution method, according to CLSI.

Due to all those mentioned above, there is a challenge in urgently searching for
new antimicrobial approaches to treat bacteria without producing resistance to
antibiotics. Several new strategies have been developed, such as metallic nanopar-
ticles, cationic polymers, peptidoglycans, nanocarriers, photothermotherapy and
photodynamic therapy (PDT). Due to its demonstrated antitumor activity, PDT has
been strongly developed to treat cancer, although not so much in its antimicrobial
activity. Some studies have shown that PDT successfully reduces the biological
activity of specific virulence factors produced by Gram-negative strains, and
therefore, the analysis of the efficacy of this therapy in Gram-positive bacteria is
essential [3, 4].

PDT is based on the use of photosensitizer molecules (PS) that produce local
cytotoxicity after being activated by light (photo-oxidative stress). PS compounds
absorb energy from visible light of a specific wavelength and transfer it to molecular
oxygen, producing reactive oxygen species (ROS). Figure 2 shows the mechanism
for ROS production, which could be by electron transfer (e-) to produce superoxide
(O,7) or by energy transfer, which produces highly reactive singlet oxygen ('0,).
ROS production induces nonspecific bacterial death [12].

Very few initiatives have studied the information described to date on PDT anti-
microbial therapy against S. aureus infections, and a bibliographic exploration of
this strategy is relevant. The present review is a bibliographic study of the informa-
tion available on the application of PDT against strains of S. aureus with particular
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82 —— —
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‘——
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Figure 2.

Thge extraordinary power of the PSs. The basal state of PS is with two opposite lower energy molecular spin e-.
The irradiation must penetrate the tissues deep enough to deliver enough energy to excite an e- to a higher
energy orbital. An intersystem crossover can reach the excited state to a triplet state, where the excited e- spin
is reversed. Excited triplet can produce two types of reactions: Type I and Type II. Type I: the excited triplet
state can gain an e- from a nearby reducing agent, oxidizing it, producing H,0,. Type II: the excited triplet
state transfers its energy directly to molecular oxygen, forming 'O,. The type II reaction provides most of the
photooxidative stress. O, is a ROS that produces concerted addition reactions to groups of alkenes present in
organic molecules such as proteins, lipids o nuclear acids leading to nonspecific bacterial death. The genevation
of 'O, will be effective, taking into account the PS, where its excited states have a longer half-life. It is essential
to improve the probability of interacting with triple oxygen and producing 'O, [11].
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emphasis on S. aureus sensitive to multiple drugs (MDSSA); S. aureus multi-drug
resistant strains (MDRSA); Methicillin-sensitive S. aureus (MSSA) and MRSA.

2. Photosensitizers

PS are non-toxic molecules capable of absorbing a specific wavelength’s energy
and transferring it to oxygen molecules present in biological solutions to produce
the activated forms of O," and '0,. Both forms can produce ROS, which has the
ability to promote bacterial cell death through the oxidation of closer organic
macromolecules such as membrane components, proteins, lipids, and nucleic
acids. In Gram positive bacteria, Pactivated PSs may produce ROS that acts unspe-
cifically on macromolecules present in the envelope, such as lipids and proteins
of the plasma membrane, peptidoglycan, and the array of proteins and polysac-
charides macromolecules of the matrix (Figure 1). A PS has the property of being
inert during administration and can be activated by being subjected to a specific
wavelength.

2.1 Most used photosensitizer for PDT over Staphylococcus aureus

Table 1 summarized some of the more recent efforts to eradicate S. aureus by
PDT. Porphyrins are an important class of natural macrocyclic molecules found in
biological compounds and play an essential role in the metabolism of living organ-
isms. The best known natural porphyrins are the heme group and chlorophyll. The
heme group is a porphyrin-iron complex that is part of many active sites of different
proteins, such as hemoglobin, myoglobins, and cytochromes. Uroporphyrin and
coproporphyrin are the oxidation products of their respective porphyrinogens,
which are the proper substrates in the biosynthetic pathway. The basic structure of
porphyrin is formed by four pyrrole units interconnected by their alpha carbons
linked by methyl bridges. The most commonly used photosensitizer drug in the last
decade is porphyrin derivatives, such as the synthetic protoporphyrin Diarginate,
T4 Porphyrin, Protoporphyrin IX, Coproporphyrin III, Porphyrin Formulation,
among others. However, there are a few studies that have tried to verify whether
these natural or synthetic molecules have a photo-oxidative activity with bacteri-
cidal action. The vast majority of these studies used porphyrin derivatives under
irradiation with the red light of a wavelength range of 618-780 nm. PDT mediated
by porphyrin derivatives increased antimicrobial efficacy and significantly reduced
bacterial viability [10, 11, 14, 15, 40].

One of the initial studies on this PS was the series by Grinholc et al. [13, 16],
who evaluated the bactericidal efficacy of PDT mediated by protoporphyrin
diarginate over MRSA and MSSA strains in a large number of clinical isolates. They
observed a reduction of 0-3 log10 of MRSA strains and 0.2 to 3 log10 for MSSA
strains. Although this study’s results were not significant, they paved the way for
studying and developing PSs [13]. The 5-aminolevulinic acid (5-ALA), a prodrug
that becomes protoporphyrin IX (PP IX) in the target cells, was used as a photosen-
sitizer. Compared to other PSs, 5-ALA is only a natural intermediate in the heme
biosynthetic pathway and can be removed rapidly from target cells. More impor-
tantly, it is small enough to penetrate the matrix and accumulate in target cells
with less toxicity. The antimicrobial activity of 5-ALA-PDT was demonstrated on
MRSA’s planktonic strain in vitro by Huang ez al. [37]. Their results showed that the
number of living cells decreased as the concentration of the compound augmented.
In control groups with solely 5-ALA or light, most of the bacterial cells were alive.
Consequently, the photodynamic activity of 5-ALA is dose-dependent [37].
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The second most prominent PS is Toluidine Blue (TBO), a hydrophilic cationic PS
of phenothiazine dyes with a high '0, quantum yield and strong absorption bands in
the 620-660 nm region. Also, it has a high affinity for bacterial membranes and has
been approved for clinical use in PDT, and is considered an effective and membrane-
damaging PS [6]. In all studies where TBO act as a PS, irradiation with red LED light
in the range of 630-635 nm was used. This combination increased the antibacterial
efficacy of PDT and significantly reduced bacterial viability [3, 6, 24, 25, 33, 34]. One
of the most prominent studies was carried out by the group of Zhyhyu Cai etal. [19],
whose objective was to evaluate how effective the disinfection by combining antisep-
tics with PDT is in S. aureus BF present on the titanium surface is. The results indicate
that the administration of antiseptics such as chlorhexidine or H,0, with PDT was
the most effective protocol, producing a reduction of approximately 3-4 log10 in the
number of adhering bacteria compared to any treatment alone. In addition to bacte-
rial reduction, it was the first study iz vitro to evaluate the antibacterial effects of the
concurrent application of antiseptics with PDT against S. aureus BF presented on the
surface of Titanium [34].

Several natural PS derived from plants are also highlighted to be used for PDT,
such as the sinoporphyrin sodium (S-PS). For example, Mai et al. [28], and Jia et al.
[4], used a similar methodology for activation of S-PS, employing red LED light
irradiation. The results indicate that PDT therapy with S-PS has significant antibac-
terial activity on MDSSA and MDRSA bacteria [4, 28]. Also, the S-PS exceeds the
solubility of other PS in a physiological environment and proves to be an ideal PS
with low dark toxicity, as well as having high purity and easy extraction. Another
natural PS widely used in iz vitro and in vivo studies is hypericin (HYP), polycyclic
quinine extracted from Hypericum perforatum (commonly known as St. John’s wort)
and derives its name from the plant. Previous interest in this herb has focused on
its antidepressant effects. This plant has been evaluated and tested for its photo-
oxidative activity against a series of bacterial and fungal strains in recent years. It has
several desirable properties as PS, including a high 'O, generation quantum yield, a
high extinction coefficient close to 600 nm, and relatively low dark toxicity. In stud-
ies carried out by the group of Nafee et al. [17], the quantity as low as 0.03 M of HYP
inhibited in vitro 60-120% the growth of BF producing MRSA strains compared
to planktonic cells, 55-75%. Ir vivo studies on rats showed higher wound healing
potential, better epithelialization, and keratinization of the skin in infected wounds
treated with HYP nanoparticles [17]. Finally, hypocrellin B, an active component
of traditional Chinese medicine from the herb Hypocrella bambuase, was tested
for PDT. Numerous studies have shown its antiviral, antibacterial, and antifungal
effects and antitumor activity. Interestingly, this PS is also a strong ROS generator
when activated by visible light. Yuan Jiang ez al. [27] observed a significant decrease
in the viability of S. aureus after LED light irradiation. Remarkable ultrastructural
damage was also evidenced in bacterial cells due to the photodynamic action of
hypocrellin B [18].

3. Photodynamic therapy in clinical isolates strains

Most of the studies on PDT for S. aureus infections found in the literature come
from standard bacterial strains acquired from different microbiological laboratories
for in vitro, in vivo, and ex vivo studies. The most used certified reference standard
bacterial strains came from the American Type Culture Collection (ATCC). ATCC
strains are certified microorganisms for quality control in microbiology. Also, their
genotypic and phenotypic characteristics guarantee the identity of the microor-
ganism, and by having this documentation, the laboratory will avoid carrying out
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additional tests for the identification of the strains, which translates into saving
time and resources. However, studies in which clinical isolates of S. aureus were
used to demonstrate the PDT may be useful for bacteria from active infections.
PDT is an approach that has shown promise in treating skin and soft tissue infec-
tions, one of the most recent studies of Mahmoudi et al. [3], used clinical isolates of
S. aureus from samples of burn wounds of 95 patients with symptomatic infection.
The viability of S. aureus isolates was significantly reduced to 40% after 30 sec
of exposure to a LED light, with minimal risk of development of resistance [3].
Another study developed by Tawfik et al. [21] was carried out over clinal isolates
of S. aureus from a population of twenty children aged 3 to 5 years diagnosed with
impetigo. The PDT was compared for light-irradiated gold, methylene blue (MB),
and gold -MB conjugate nanoparticles. It was shown that the maximum inhibitory
effect on S. aureus was obtained with the gold nanoparticle-MB conjugate [21]. The
5-ALA has also been used for PDT over clinical isolates of BF of MSSA and MRSA
strains of S. aureus [41]. The results over isolates from samples of adult patients with
chronic rhinosinusitis with or without nasal polyps showed a robust bactericidal
effect that increased when the PDT was combined with antibiotics treatment [41].
Finally, one of the most relevant studies carried out by Winkler et al. [22] tested the
effectiveness of the chlorophyll derivative (Ce6) combined with a red light to eradi-
cate in vitro a diverse set of clinical isolates of MSSA and MRSA. Those bacterial
isolates, their biological sample, origin, and their susceptibility profiles are listed in
Table 2, showing the diversity of the strains. The in vitro study demonstrated that
all clinical isolates of MSSA and MRSA were inactivated by PDT when bacterial
cells were previously incubated with >128 pM Ce6 [22].

4. Synergism with antibiotics or other drugs

Although PDT presents positive expectations for the treatment of MDRSA,
several researchers have wanted to anticipate the generation of resistance, and they
began the search for an antimicrobial strategy that generates greater potency and
better results. Therefore, a new research sub-field has been opened, combining PDT
with antibiotic treatment in S. aureus.

Gentamicin (GEN) is one of the most widely used antibiotics for treating various
HAIs. The GEN is an aminoglycoside, which inhibits protein synthesis binding to
the 30S subunit of the bacterial ribosome and causes protein mistranslation and
bacterial death. GEN is a broad-spectrum antibiotic used for clinical treatment,
although its frequent use has generated a high resistance level. Several authors have
evaluated the synergy of combining the GEN with PDT for the antibacterial treat-
ment of S. aureus. Most of these studies use a similar methodology, consisting of
pre-treatment of the bacteria in the dark with different tested PS concentrations.
This is followed by the transfer of treated bacteria in suspensions to microtiter plates
containing different GEN concentrations and irradiated with different doses of
light. Finally, the bacterial plaque count is performed in the dark to calculate bacte-
rial viability. In this way, a diminution in the GEN-MIC when combined with PDT
is determined [6, 19, 42-44]. One of the most representative and updated studies,
developed by the group of Liuet al. [6], verified the synergistic effects of PDT by
combining TBO with GEN. This combination has a better antibacterial activity on
MDSSA compared to MDRSA bacteria. The authors observed a dose-dependent
effect with a maximum of 9 pg / mL GEN decreased of up to 1.8 log10 the survival
of MDSSA bacteria. However, no bactericidal effect was observed on MDRSA at a
GEN concentration of up to 150 pg/mL. Suggesting the MDSSA strains are more
sensitive to PDT-GEN therapy than MDRSA [6].
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Another widely used antibiotic to treat infections caused by multidrug-resistant
bacteria is Linezolid (LN). Linezolid is a bacteriostatic antibiotic that binds to
bacterial ribosomal RNA, inhibiting protein translation of Gram-positive bacteria.
A large body of evidence shows that PDT significantly increases the effectiveness
of LN treatment synergistically for different strains of S. aureus [26, 27]. Special
mention deserves the study by Kashef et al. [31], who observed that the combina-
tion of TBO and MB in PDT with LN is useful in eradicating S. aureus BF in chronic
diabetic foot ulcers. By itself, PDT therapy with MB or TBO did not decrease the
bacterial viability of any of the S. aureus tested strains. However, the combination
of MB-PDT and antibiotics resulted in a 1.2 log10 reduction in viability comparing
to the antibiotic treatment alone (0.6 log10 reductions) [31]. The ciprofloxacin
(CIP) is an antibiotic agent of the quinolone family, which binds to the DNA gyrase-
DNA complex. The DNA gyrase allows the DNA to unwind and rotate freely within
the cell; thus, CIP produces bacterial death. PDT studies showed synergism with
CIP [45, 46]. For example, Ronqui ez al. [46] observed a significant antibacterial
increase, reducing bacterial survival 5.4 log10 in S. aureus BF and approximately 7
log10 for Escherichia coli BF combining PDT treatment with MB and CIP [46].

One of the most explored resistance mechanisms in the last two decades has been
that of vancomycin-resistant S. aureus (VRSA). VAN acts on the synthesis of the
bacterial cell-wall, inhibiting the formation of peptidoglycans. Not only the perme-
ability of the cytoplasmic membrane but also the RNA synthesis is altered. Strains
of VRSA can transfer their resistance mechanism to other pathogenic bacteria such
as Enterococcus faecalis, causing a significant number of HAIs outbreaks [47]. For
this reason, PDT has been studied as a therapeutic option that enhances the bacteri-
cidal action of VAN [10, 41]. Di poto et al. [10], demonstrated that pre-treatment of
clinical MSSA and MRSA strains producers of BF with PDT, followed by the addi-
tion of NPV, causes disruption of the BF matrix and allows complete elimination of
the bacteria. Synergism with PDT improved the antimicrobial activity of VAN with
a five-fold decrease in bacterial viability compared to samples treated with PDT
alone [10].

The synergism of PDT has also been explored with other drugs such as mucolytics,
anticoagulants, antiseptics, and disinfectants. In general, these studies present
encouraging results. All showed decreased bacterial viability in combined therapy
with these different compounds [11, 20, 31, 34, 35]. For example, Braz et al. [11]
showed both i vitro and ex vivo the efficacy of PDT mediated by a formulation
based on a non-separate mixture of cationic porphyrins (FORM) in combination
with potassium iodide (KI) or povidone-iodine (PVP-I) for photoinactivation of
MRSA in the skin. The in vitro results demonstrated that the FORM + KI combina-
tion was an effective therapy in a dose-depended manner. Results ex vivo, shown a
reduction of 3.1 Log10 using FORM + KI or FORM + PVP-I under irradiation [11].

5. Effects of photodynamic therapy on S. aureus biofilms

S. aureus is one of the most important etiologic agents of HAIs, in part, due
to the ability of S. aureus to form BF. The BF provides a microenvironment that
protects bacteria from the immune system’ action and antibiotics, providing an
extended virulence to the strain [10]. The BF formed by S. aureus are communities
of microorganisms integrated into a matrix of extracellular polymers. The matrix
comprises adhesion polysaccharides and extracellular enzymes, which have shown
aggressive behavior [48].

Infections by organisms that produce BF are an important challenge in medical
practice, leading to new therapeutic strategies. PDT has been a central focus and
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shows mixed results in the literature. Studies using TBO as PS to eradicate

S. aureus BF have shown a significant reduction in bacterial viability [33, 34, 48].
Noteworthy Anju et al. [25], used silica nanoparticles to enhance the antimicrobial
efficacy of TBO. The authors evaluated the anti-BF efficacy of the photoactivated
TBO silica nanoparticles against Pseudomonas aeruginosa (P. aeruginosa) as well as

S. aureus. The results showed that the PDT reduced the viability in P. aeruginosa by
66.39 + 4.22% and the viability of S. aureus by 76.22 + 3.45%. Regarding the controls,
the use of TBO alone resulted in an inhibition of 27.28 + 1.87 and 48.52 + 1.91% for
BF formation by P. aeruginosa and S. aureus, respectively [25]. A modification in the
encapsulation of TBO for PDT was achieved employing carbon nanotubes, which
were useful and showed improved results over BF of P, aeruginosa and S. aureus [33].
The anti-BF activity of TBO with nanotubes after exposure to light was 69.94% and
75.54% for P. aeruginosa and S. aureus, respectively. Compared to the study by Anju
et al. [25], the photoinactivation of bacteria was much higher, and cell viability and
exopolysaccharide production were more reduced [33].

Authors using indocyanine green (ICG) as PS observed mixed results [29, 31].
For example, Liet al. [31] compared the effect of adding EDTA to ICG for PDT on
planktonic and BF bacteria. The results showed that PDT induced by ICG -EDTA
combination has a more pronounced antibacterial effect in S. aureus and P, aeruginosa
than PDT with ICG alone. In turn, P. aeruginosa was more sensitive to ICG -EDTA
PDT than S. aureus. Also, PDT combined with antibiotic treatment contributed sig-
nificantly to eradicating bacteria and disrupting the BF structure. Different results
were obtained when combining polydopamine nanoparticles with ICG for PDT of
orthopedic titanium implants [29]. Evaluations demonstrated that PDT-mediated
ROS and nor hyperthermia were sufficient by themselves to achieve a significant
bactericidal effect on S. aureus BF. However, both effects, local hyperthermia and
ROS production, were synergistic and effectively inhibited most S. aureus BF [29].

The photodynamic activity of Curcumin (Cur) by high photooxidation was
demonstrated to efficiently abolishing S. aureus BF [30, 39]. The group of Geraldo
et al. [30] established the efficacy of Cur -PDT over MSSA and MRSA BF. The
results showed that concentrations as low as 20-40 pM resulted in 1log10 reduction
of MSSA BF, but the effect reaches 3log10 inactivation at 80 pM. For MRSA BF, it
was observed that at 20 pM of Cur produced a reduction of 1log10, and similarly
higher concentrations, 40 and 80 pM, decreased the bacterial survival to 2 log10 in
a dose-dependent activity [39]. Hypericin (HYP) is one of the natural derivatives
widely used in PDT for the elimination of S. aureus BF [17, 20]. However, its bac-
tericidal effect is only achieved in combination with N-acetylcysteine (NAC) [20].
The combination of HYP-NAC in PDT is able to interrupt the preformed BF of S.
aureus (ATCC 25923), reducing the bacterial viability between 5.2 to 6.3 log10. The
treatment for clinical isolates demonstrated similar bactericidal activity, decreasing
the viability by 5.5-6.7 log10 [20]. Gao et al. [49] showed that zinc phthalocyanine
(ZnPc) generates ROS during the PDT treatment of S. aureus BF. According to his
flow cytometric studies, the bacterial DNA was severely damaged [49]. Finally,
combining iodine IR780- PDT with thermal phototherapy (PTT) is effective both
in vitro and in vivo [35]. The authors observed that antibacterial treatment applying
only PDT or PTT is not effective in completely eradicating already formed BF [35].

6. Modulation in gene expression by photodynamic therapy
Without considering prophages, plasmids, and transposons, the S. aureus

genome core is a circular chromosome of approximately 2,800 Kb. The genes that
encode virulence factors in S. aureus may be contained in the core genome and in
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accessory elements. Genes encoding virulence factors can be transferred between
different staphylococci strains or transferred to bacteria from other species,
including Gram-negative bacteria. In S. aureus, the expression of virulence genes is
controlled by several regulatory genes; the most studied is the agr gene (accessory
genetic regulator). The agr gene has become associated with a quorum-sensing (QS)
system. The RNAIII gene is the main effector of the agr system. It acts as a small
RNA that regulates the expression of many virulence factors, including most of the
genes that encode proteins associated with the cell wall and extracellular structures
[50]. These factors are also associated with the formation of BF. Given its impor-
tance, the agr system can be a good therapeutic target for treating acute and chronic
infections associated with the formation of BF. [23]. Therefore, the researchers
emphasize the use of PDT can interfere with these systems’ actions by inhibiting the
spread of BF-forming strains [16, 23, 24].

Pourhajibagher et al. [50], evaluated in multiple species, including S. aureus, the
cell viability of bacterial BF subjected to ICG as a photosensitizer. The gene expres-
sion of the QS system and the arg gene was determined and compared to untreated
bacteria. In both S. aureus and other bacteria, agr gene and QS gene expression levels
decreased after PDT. The agr gene expression was reduced approximately 3.7 times,
as well as the bacterial viability of S. aureus decreased between 42 and 82%, reveal-
ing an association of the gene with bacterial BF [23]. In another study, Mahmoudi ez
al. [3] determined the ICA operon gene expression changes in bacteria subjected to
sub-lethal doses of PDT in clinical isolates from wound infections in patients with
burns. The ICA gene regulates S aureus BF production. A significant decrease in the
expression of the ICA gene was observed in all S. aureus isolates after treatment,
suggesting that the inactivation of virulence factors through interference in the
expression of the ICA gene by PDT may reduce the pathogenesis of S. aureus [3].

One of the objectives that PDT seeks is to modulate the virulence of multi-
resistant strains by repressing the expression levels of genes involved in bacterial
resistance. An example was that of Huang ez al. [37], who studied the expression
response of a specific MRSA gene (nuc gene). The nuc gene encodes the expression
of a thermally stable extracellular nuclease produced by S. aureus. The authors
observed that this gene’s transcription, ordinarily high, was down-regulated after
PDT, suggesting the treatment interferes with its expression [37].

7. Discussion

S. aureus is the main pathogenic species of its genus, and a common cause
of various superficial and internal infections. Although some of this infection
can be quickly resolved, this pathogen’s current interest derives from its high
frequency in life-threatening diseases such as sepsis, meningitis, or pneumonia
by MDR-bacteria. The variability of S. aureus and the rapid adaptive response to
changes in the environment and its continuous acquisition of antibiotic resis-
tance determinants have made it a habitual resident of the hospital habitat and
an important agent of HAIs. Since the main consequence of bacterial resistance
is antibiotic therapy failure, the increase in morbidity and mortality, and the
increase in medical care costs, it is essential to containing the problem. As MDR-
infections with S. aureus increases worldwide to dangerous levels, the urgent
search for new antimicrobial strategies is required. Complementary therapies
and antimicrobial treatment options may help relieve pressure from multidrug-
resistant bacteria on healthcare systems. PDT then promises to be very useful to
complement antibiotic treatment. The PDT is a noninvasive strategy, which uses
inert compounds that need to be activated locally [6].
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As we see in Figure 1, PDT’s mechanism can change the internal and external
structural integrity of bacterial cells and cause unspecific cell death. This process is
closely related to the formation of ROS, without the generation of resistance. Table1,
shows the most widely used and explored SP are those derived from porphyrins since
these present a high decrease in bacterial viability when irradiated. It should be noted
that the irradiation to activate the photo-oxidative effect of PS is essential since the
effectiveness of the treatment depends on this. The wavelength in the ranges of 620 to
700 nm is considered the most efficient technique as the red light manages to penetrate
deep enough into the target tissue to produce its activity.

The BFs are important to point considering the pathogenicity of S. aureus. The
PDT achieved the eradication of the BF in most investigations, but this disruption
capacity was variable and is highly dependent on the technique used (the type of
PS, type of irradiation, combination with antibiotics, among others). The decrease
in bacterial survival in BF after PDT was much lower than observed for planktonic
bacteria. The difference may radicate in the cell wall composition and growth rate,
and the matrix components that hinder the photosensitizer absorption and light
penetration.

The synergy with antimicrobials in combination therapy effectively increases
microorganisms’ sensitivity to the antibiotics of choice. In addition to avoiding a
large amount of antibiotic use, this strategy minimizes the spread of resistance. On
the other hand, alower drug concentration can be used during combined therapy to
reduce the side effects.

Genetics plays an important role, and PDT showed that it might generate a
modulation in the genes associated with virulence. Promoting the silencing of gene
expression, the PDT significantly decreases bacterial viability. In turn, the agr gene
has been assigned a central role in the pathogenesis of S. aureus. Its down-regulation
may affect colonization factors, components of the microbial surface, and the
formation of BF that are regulated by agr gene.

8. Conclusions

Based on the above, we can conclude that PDT treatment is highly recommended
to strengthen antibacterial therapies. The PDT generates unspecific photo-oxidative
effects that improve an effective elimination of S. aureus strains without generation
of resistance. The information presented here could help develop standardized
protocols for managing infections caused by S. aureus, particularly those with
antimicrobial resistance. We believe it is necessary to expand future studies of this
therapy in vivo, including clinical trials since, according to what has been presented,
there are several in vitro, in vivo, and ex vivo evidence that proves that PDT is secure
and its bactericidal effect does not produce resistance.
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Chapter 9

Cell Death after Photodynamic
Therapy Treatment in Unicellular
Protozoan Parasite Tritrichomonas
foetus

Newton Soaves da Silva, Aline Margraf Ferreira,
Carolina Weigert Galvdo, Rafael Mazer Etto
and Cristina Pacheco Soares

Abstract

Programmed cell death in T foetus does not seem to make sense at first sight;
however, different mechanisms of cellular death in this unicellular organism have
been observed. This review summarizes the available data related to programmed
cell death already published for the cattle parasite T foetus and attempts to clarify
some crucial points to understand this mechanism found in non-mitochondriates
parasites, as well as assist in future research. Important results with different
treatments showed that the T foetus can choose among different pathways how to
initiate cell death. Thus, a major challenge for cellular death research remains the
identification of the molecular cell death machinery of this protist, such as caspases
pathway, nuclear abnormalities, morphology cell changes, cellular death in this
parasite and the prospects in the future research. Although, the possibility of the
existence of different pathways to cell death in trichomonads is discussed and a
model for possible executioners pathways during T foetus cell death is proposed.

Keywords: cell death mechanism, amitochondrial protozoan, photodynamic therapy,
apoptosis, necrosis

1. Introduction

The cell death mechanisms used by the parasite Tritrichomonas foetus is a matter of
an ongoing debate. Many mechanisms have been studied in different treatments, but
much remains to be elucidated with respect to the protein machinery developed by
these organisms with regard to death pathways. This review summarizes the current
knowledge about cell death of T foetus by showing all models. The aim is to show, on
the one hand, that there is too much data requiring one or more explanatory model (s),
but, the authors proposed specific models, on the other hand that the present data is not
sufficient to definitely proof programmed cell death for this organism. Furthermore,
we would like to point out perspectives on the proteomic of programmed cell death in
this protist.
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Besides the significance of the parasite as an etiologic agent, T. foetus has been
used as a model for the study of drug carriers such as graphene oxide and carbon
nanotube oxide (GCN-O) composite. It is still considered fascinating to study the
mode of cell death since they do not have mitochondria but possess an unusual
anaerobic membrane-bound organelle named the hydrogenosome [1-3].

Cell death has been studied in many organisms: in mitochondriate organisms
there are multiple forms of cell death, including the “programmed cellular death”
(PCD) types, that will be described below, and depends or not on the presence of
family of proteins, which control the mitochondrial membrane permeabilization
and the release of some mitochondrial proteins to cytosol, like observed mainly in
apoptosis [4]. Besides, other types of programmed death accompanied by changes
in morphological and biochemical features like autophagic cell death, for exemple,
have been studied. The amitochondriate organisms, like T foetus, do not have a
known usual programmed death machinery [5].

Despite apoptosis has been shown to be the major mechanisms of death
observed in T. foetus [6], different studies suggest the existence of more than one
mechanism of cell death and, it’s the type of stimuli and/or the degree of stimuli
that determines the mechanism of death chosen by this cell.

Photodynamic Therapy (PDT) and drugs administration used for cancer chemo-
therapy results in DNA damage in some cells. A variety of injurious stimuli such as
heat, radiation, hypoxia and cytotoxic anticancer drugs can induce apoptosis in low
doses or result in necrosis at higher doses [7]. It has been assumed that the machinery
of PCD is absent in amitochondrial organism, like trichomonads, however, recent
studies show that T foetus have the capacity of choose which way will take among
many forms of cell death caspases dependent or independent, depending on the
stimuli of this parasite, once individuals in the same culture can take different path-
ways, either inside of the parasite can occur more than one mechanism of cellular
death [4]. It has become increasingly apparent that the mechanisms of cell death

Hydrogenosome
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Figure 1.

Proposed model for possible executioners pathways during T. foetus cell death, which includes the presence of
possible apoptosis, autophagy, paraptosis and necrosis. Abbreviations: 1 = apoptosis, 2 = autophagy, 3 = necrosis,
4 = Paraptosis, DF = death receptor, PS * = phosphatidylserine exposure, CAD = caspase-activated DNase,
ICAD = inhibitor of CAD.
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show a large diversity of phenotypes and cellular mechanisms, and, apparently, a
modulation mechanism of cell death may lead to another [8]. Besides, the conserva-
tion of the molecular mechanism is relevant to the functional role of PCD process
in the biology of protozoa since studies confirm the existence of this process in
unicellular eukaryotes of different phylogenetic origins [9]. Hypotheses of alterna-
tive pathways of trichomonads cell death are suggested in Figure 1.

Other types of cell death may also be considered to be forms of PCD, because
they require gene activation and function in an energy dependent manner. PCD isa
genetically regulated physiological process, fundamental for multicellular organism
development and homeostasis. Studies show that depending on the damage infringed,
the cells seem to “choose” how to die [8, 10].

2. Trichomonad hydrogenosomes

According to Miiller (1988) [11], Entamoeba histolytica, Giardia lamblia,
Trichomonas vaginalis, Tritrichomonas foetus and rumen ciliates, they have hydro-
genosomes instead of mitochondria. Hydrogenosomes of trichomonads are involved
by two membrane layers, as mitochondria, and are organelles related to oxidation of
pyruvate and the synthesis of ATP, as well as the storage of Ca** [12, 13]. As shown
previously [14], Succinyl-coenzyme A synthetase (SCS) catalyzes the formation of
ATP via substrate-level phosphorylation in hydrogenosome as it does, in mitochon-
dria. Both organelles, mitochondria and hydrogenosome, use pyruvate as a major
substrate and form acetyl-CoA (Figure 2a, b). Hydrogenosomes convert pyruvate
quantitatively to acetate, malate, CO,, and H,, with acetate as the major product.
The electrons from pyruvate:ferredoxin oxidoreductase (PFO) pass through ferre-
doxin and are transferred to NAD or NADP by ferredoxin:NAD(P) oxidoreductase.
This process is accompanied by the phosphorylation of ADP to ATP in presence of

a Hydrogenosomo b Mitochondria

piruvate piruvate

acetyl-CoA
» Succinate

| —— Oxaloacetate

— ADP €

“~—» CoASH

ST/
Succinyl-Cose” — ATP

ATP
acelato

acetato

ADP

Figure 2.

Comparison of oxidation metabolism of pyruvate between hydrogenosome and mitochondria. (a) In T. foetus
and probably in all other trichomonad flagellates acetate is formed by the sucessive action of ASCoA (reaction
acetyl-CoA+succinate = acetate + succinyl-CoA) and ST (reaction succinyl-CoA+ADP+Pi = succinate +
ATP). ASCoA = acetate:succinate CoA transferase; PFO = pyruvate:ferredoxin oxidorveductase; ST = succinate
thiokinase. (b) Piruvate oxidation in mitochondria precedes the Krebs cycle. PDC = pyruvate dehydrogenase.
SCS = succinyl CoA sintetase.
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succinate and acetate:succinate CoA-tranferase. The production of H, is catalyzed
by a hydrogenase which transfers electrons to protons H*, a process not available to
organisms without hidrogenosomo (Figure 2a) [11].

Evidences indicate that hydrogenosomes are anaerobic forms of mitochondria
[15] or a specialized form of mitochondria useful in lower O, environments [16].
According to Martin (2005) [16] hydrogenosomes and mitochondria are, respec-
tively, anaerobic and aerobic manifestations of the same organelle. Although, unlike
mitochondria, the hydrogenosomes lack the DNA [15].

Trichomonad hydrogenosomes possess many proteins in common with
mitochondria [15]. Translocation studies using hydrogenosomal ADP/ATP carrier
of T vaginalis revealed compatibility in membrane protein import between
mitochondria and hydrogenosomes. These hydrogenosomal ADP/ATP carriers
utilize the same translocation pathway for translocation into mitochondrial inner
membrane [17]. Hydrogenosomes also contain heat-shock proteins which are
known to participate in protein translocation and folding in mitochondria [17].

The most accept hypothesis for the origin of hydrogenosomes and mitochondria
is that both organelles share a common ancestral. Phylogenetic studies demon-
strated the existence of a typical Hsp 70 gene in the T. vaginalis genome DNA that
in other eukaryotes codes for a protein located in mitochondria. This suggests
that trichomonads have had mitochondria in their early history, and this nuclear
sequence could be the result of an ancient gene transfer from mitochondria to
nucleus [18]. Many components of classical mitochondria are absent in hydrogeno-
somes, and they generate molecular hydrogen instead of consume oxygen. It is
interesting to study whether hydrogenosomes are involved in the cell death at all [1].

During hydrogenosome formation, they have different forms, and then acquire
a spherical structure, which can be changed in stress conditions [19]. Studies
proposed that T. foetus under treatment with hydroxyurea, zinc or under serum
deprivation present endoplasmic reticulum cisternae surrounded by abnormal
hydrogenosomes, which have bigger size enlarged peripheral vesicles, and some-
times presenting a degraded aspect [20, 21].

Hydrogenosomes also exhibited altered size and shape and they were randomly
distributed within parasites cells after lycorine treatment [2]. The sequence of
alterations during the degradation of hydrogenosomes after treatment with lycorine
included: matrix swelling, rupture of outer membrane, appearance of flocculent
densities, and fragmentation of all membranous structures except the peripheral
vesicle [20]. T foetus treated with taxol, nocodazole or colchicine showed modifica-
tions in size, shape and distribution of the hydrogenosomes [22]. The presence of
hydrogenosomes with altered morphologies was also observed in parasites incu-
bated with different concentrations of thiabendazole [23]. Recent studies showed
that alterations in lysosomes and hydrogenosomes were also observed in T. foetus
after proteossome inhibitors treatment [24]. Other studies suggest that tetracycline
disrupts hydrogenosomal function since it reduced the hydrogenosomal energy
metabolism efficiency in T. vaginalis [25].

3. Morphological features to define programmed cellular death

PCD is not confined to apoptosis but that cells use different pathways for active
self-destruction: condensation prominent or apoptosis; autophagy prominent, etc.
[26, 27]. Although, there is some resistance to the exclusive use of the term PCD
to specifically describe apoptosis [7]. PCD It now generally refers to any cell death
that is mediated by the intracellular death program, no matter what triggers it
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and whether or not it displays all of the characteristic features of apoptosis It has
become increasingly apparent that cell death mechanisms include a highly diverse
array of phenotypes and molecular mechanisms. Because other types of cell death
may require gene activation and function in an energy dependent manner, they
are also considered to be forms of PCD. There is evidence of other forms of non-
apoptotic programmed cell death that should also be considered since they may
lead to new insights into cell death programs and reveal their potentially unique
roles in development, homeostasis, neoplasia and degeneration. It is probable that
all normal cell deaths, as well as many pathological cell deaths, utilize this evolu-
tionarily conserved death program [28].

Apoptosis, autophagy and necrosis was previously named as ‘type I, I and
III cell death’, respectively [29, 30]. Although, several critiques are related to this
clear-cut distinction [31, 32]. According to morphological criteria, the cell death
modalities during tissue development and homeostasis can be defined with three
distinct routes of cellular catabolism.

3.1 Apoptosis

APOPTOSIS is characterized by specific morphological and biochemical
changes of dying cells, including cell shrinkage, nuclear condensation and frag-
mentation, dynamic membrane blebbing and loss of adhesion to neighbors or to
extracellular matrix. The biochemical changes include chromosomal DNA cleavage
into internucleosomal fragments, phosphatidylserine externalization and a number
of intracellular substrate cleavages by specific proteolysis [33].

3.2 Autophagic

AUTOPHAGIC is characterized by the sequestration of cytoplasm and organ-
elles in double or multimembrane vesicles and delivery to the cells own lysosomes
for subsequent degradation, exhibits extensive degradation of Golgi apparatus,
polyribosomes and endoplasmatic reticulum, which precedes nuclear destruction
[27, 34]. Later, swelling of cavities was observed and the dying cells were ulti-
mately fragmented and were phagocytosed by the neighboring cells. The process
of autophagy depends on both continuous protein synthesis and the continuous
presence of ATP. The molecular mechanisms have been extensively studied in yeast
and mammalian orthologues continue to be elucidated [35, 36]. In PDT treatments,
a process employing UV-light and photosensitizes to kill cancer cells, as well as
accumulation of lysosomotropic agents within the organelle, a process also triggers

the lysosomal pathway of cell death [37, 38].
3.3 Citoplasmatic death or programmed necrosis

CITOPLASMATIC DEATH or PROGRAMMED NECROSIS is characterized by
the swelling of cavities with a membrane border, such as mitochondria, followed
by extensive fragmentation of the cells into fragments so small that cell debris
can no longer be observed. This type of cell death occurred without the lysosomal
system taking part and with recognizable reaction of the neighboring cells and was
observed in regions of vacuolated cartilage during mineralization [27].

There is evidence that modulation of one form of cell death may lead to another
[7]. Under some circumstances, apoptosis and autophagy can exert synergetic
effects, whereas in other situations autophagy can be triggered only when apoptosis
is suppressed [33].
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4. Biochimical and morphological features to define cell death
in parasite trichomonas

4.1 Caspases pathway

Caspases are essential proteins involved in cellular death that exist in cytosol of
most cells in its inactive form as a polypeptide. They are, activated by cleavage, and
apoptosis is considered a consequence of their activation cascade [39].

In some cases caspases can induce cellular death and in others they seem to be
irrelevant in decision between death and life. In both situations, caspases participate
in morphology of apoptosis [39]. According to Mariante et al. [4], caspases depen-
dent cell death in trichomonads can occur through different known mechanisms,
either by death receptors pathway, or through unknown signaling pathways, like
the release of hydrogenosomes molecules, which may have analogous functions of
mitochondrial proteins.

Although it is stablished that the apoptosis regulated by caspases are an
important form of PCD, in many instances, PCD is caspase independent and non-
apoptotic. Necrosis-like might or might not require caspases to activate cell death,
while paraptosis and autophagic/vacuolar cell death traditionally do not call for
the participation of caspases [10, 40]. Despite, some studies in mammalian cells
indicate that caspases can regulate both apoptotic and nonapoptotic cell death, as
autophagy [41].

In eukaryotic organisms, it is known that the caspases possess a fundamental role
during the process of cellular death, especially on apoptosis, being the primary site
of interaction with Bcl-2 proteins family. However, despite of the lack of mitochon-
dria in trichomonads, Mariante et al. [42] confirm the participation of proteases
of the Caspase-3 family in T foetus cellular death, after treatment with H,0, They
showed that hydrogen peroxide may have degenerative effects. Studies suggest that
progressive destabilization of the membranes of intracellular organelles, which
would be caused for short-term exposure to low concentrations of H,O, may induce
lysosomal rupture indirectly by activation of phospholipases [43]. PDT treatment
also leads to the release of lysosomes enzymes in T. foetus citoplasm, which by the
increase of reactive oxygen species (ROS) activate procaspases that in turn active
caspases inducing the occurrence of the cell death process [44].

4.2 Nuclear abnormalities

Trichomonads treated with different concentrations of H,O, showed severe
nuclear changes like unusual DNA condensation. Peripheral heterochromatin
masses and nuclear DNA fragmentation can be observed in the nucleus of some
cells, probably due to the activation of different endonucleases. One the other hand,
in mammals the same treatment lead a different nuclear organization [42]. Nuclear
changes was observed in T foetus after treatment with H,0, and griseofulvine, which
may be related to the presence of activated molecules through caspases pathway,
and/or, molecules released from hydrogenosomes [5]. After treatment of T. foetus
with AlPcS,, cellular disorder such as nucleus fragmentation was observed in several
cells [6]. T foetus PDT treatment associated with the same photosensitizer (AlPcS,)
showed a “ladder pattern” of DNA fragments of T. foetus in electrophoresis assay
which can be a hallmark of apoptosis. Comet Assay testes confirmed DNA fragmen-
tation in this condition as longer tails was observed (unpublished data). However,
taxol and nocodazole induced the formation of multinucleated cells, abnormal distri-
bution of the nuclear contents and, sometimes, nuclear fragmentation [22]. In recent
studies utilizing tetracycline, it was observed DNA fragmentation in T vaginalis [25].
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4.3 Morphology cell changes

T. foetus has a simple life cycle that consists of only a trophozoitic form, which is
characterized by a pear-shaped (PS) body, three anterior flagella and one recurrent
flagellum [24, 45]. The trophozoite undergoes profound morphological alterations
and takes on an endoflagellar form (EFF), also known as pseudocyst, under unfa-
vorable environmental conditions, such as abrupt changes in temperature or in the
presence of drugs, e.g. colchicine [22]. In T foetus treated with AlPcS,, the internal-
ized flagella and fragmented axostyle-pelta complex was seen, whereas changes in
the elongated shape were not observed after 24 h. Although, after 48 h of treatment
was observed changes in the shape of parasites. The same changes were observed
in T. foetus after treatment with PDT [6]. However, after treatment with H,O,, the
parasites exhibit a change in their morphology, changing from elongated shape to
spherical one [42]. After treatment with taxol, nocodazole or colchicine, a large
number of cellular changes and drastic effects were observed such as the loss of the
cells original shape, the flagella were gradually internalized and the cells assumed
the pseudocyst form. During treatment with taxol cell size was increased, and
giant, multinucleate and abnormal cells were observed, as well as the presence of
zoids and membrane blebbing formation [22]. In T. vaginalis tetracycline-treatment
the cell exhibited a round shape, a not disrupted plasma membrane, and a rough
cell surface [25]. However, the parasites treated with mepoxomicin and bortezomib
showed the appearance of wrinkled or rounded cells with externalized flagella,
membrane blebbing, cell lysis, intense cytosolic and nuclear vacuolization,
cytoplasmic disintegration and abnormal Golgi reduction [24]. The flagella were
internalized after treatment of T. foetus with thiabendazole, and about 70% of the
parasites were observed as giant form. Furthermore, after treatment with meben-
dazole, more than 90% of these parasites presented drastically altered morpholo-
gies [23]. The EFF occurs in living cells able to undertake nuclear division to form
multinucleated cells and able to provoke damage to host cell. It is a reversible form
of parasite and can have the ecto-phosphatase activities responsible to signaling this
process [45, 46].

5. Possible cell death modalities in trichomonas

The biochemical basis for alternative forms of cell death morphologically
distinct from PCD continues unknown. Understanding the mechanisms for these
forms has implications for the understanding of evolutionary aspects of cell death
programs, developmental cell death, neurodegeneration, and cancer therapeutics
and for the design of novel therapeutic agents for diseases featuring these alterna-
tive forms of cell death [30].

Death of T foetus was observed after higher concentrations of hydroxyurea
or zinc, or longer times of serum deprivation [12, 21]. Recent studies show that
the molecular events governing tetracyclines induced cell death in trichomonads
provided via activating of several specific pathways and genes families [25] which
leads to a programmed type of death.

The parasite T foetus submitted to treatment with H,0, and griseofulvine,
demonstrated the induction of mechanisms of a second pathway of cellular death
related to autophagy machinery with formation of autophagosomes [4]. When
subjected to different treatments such as griseofulvine and PDT, the parasite
cytoplasm either shows the formation of autophagic vacuoles, which can be related
to the mechanism of autophagic cell death [4, 6]. The process of autophagy is
suggested also after treatment of T. vaginalis with lycorine, owing to fragments of
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endoplasmic reticulum seen in close contact with abnormal hydrogenosomes [2].
Furthermore, parasites treated with proteossome inhibitors exhibit the appear-
ance of an uncommon enlarged endoplasmic reticulum and concentric membrane
whorls, which resembled autophagic vacuoles [24]. The round-shaped mebenda-
zole-treated parasites presented an intense cytoplasmic vacuolization, and profiles
of endoplasmic reticulum were frequently seen in association with abnormal
hydrogenosomes and vacuoles [23]. Another autophagy way can be necessary for
caspases activation and induction of apoptosis in trichomonads. However, cellular
death induced by griseofulvine in trichomonad seems to not involve the path of
caspases autophagy way. Since both the mechanisms, apoptosis and autophagy,
can lead to release of lysosomal components after treatment of T. foetus with PDT
[44], it is not known which of these mechanisms the parasite is using in different
treatments.

The absence of apoptotic bodies and the characterization of a non-apoptotic-like
cell death which fails to fulfill the criteria for apoptosis suggest paraptosis mecha-
nism, once the cell death features shown by lycorine treatment in T vaginalis differ
from the apoptosis-like characteristics reported for this protist [2]. Although T foetus
presents some morphological aspects similar to apoptosis such as nuclear fragmen-
tation and chromatin condensation, it also features aspects of paraptosis such as
cytoplasmic vacuolization and chromatin condensation [6]. The main feature of
paraptosis consists of extensive cytoplasmic vacuolation without significant cell
membrane blebbing, nuclear shrinkage, or pyknosis. To date the most defining
feature that differentiates it from autophagic cell death is the absence of autophagic
vacuoles in paraptosis (Table 1) [29, 30, 42, 47].

Although, recent studies showed the “ladder pattern” compatible internucleoso-
mic genomic DNA fragmentation characteristic of apoptosis, in T foetus submitted
to PDT treatment (unpublished data).

The different treatments and the different results obtained with T. foetus
suggest the existence of more than one mechanism of cell demise in these
parasites (Figure1).

6. Implications and future directions

The evidence of that alternative, non-apoptotic, PCD in unicellular organisms has
important implications for understanding cell dynamics. The environmental stimuli
can produce different types of cell death depending on the intensity of stimulus,
and that classic apoptosis and necrosis may represent only two extremes of a con-
tinuum intermediate form of cell death, applicable to also unicellular organisms [10].
Comparatives analyses of proteome maps from parasites exhibiting such pathogenic
characteristics may provide valuable data to understand the pathogenic mechanisms
involved in urogenital trichomoniasis. Besides, the metabolic pathways that are dif-
ferent from those of their mammal hosts, given that Trichomonads possesses a hydro-
genosomal/cytosolic compartmentalization of metabolism and metabolic pathway,
the identification of proteins involved in such metabolic pathways could reveal good
targets for drugs development [1, 48].

Several laboratories have contributed to understand the protein expression of
Trichomonads, but despite numerous research and efforts to unravel the mecha-
nisms of cell death, detailed description of the molecular mechanisms is still
unknown. Identification of proteins related to the machinery of death of these cells
should be the main focus of studies in the coming years. Studies related to molecular
biology and biochemistry are still needed because little is known about the overall
proteomic expression profiling of this parasite.
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Abstract

Every year, with the increasing number of dental implants placed, there is an
increase in the incidence of peri-implantitis. The treatment of peri-implantitis
is very complex and among other things includes mechanical and chemical
decontamination of the implant surfaces, which is very challenging and often not
predictable due to the surface properties of the implants. Photodynamic therapy
recently has emerged as a potential treatment alternative or adjuvant treatment to
peri-implantitis. Its potential to decontaminate implant surfaces without damaging
the surface and the implants surrounding tissues has generated much interest in
the scientific community. The possibilities of photodynamic therapy in treatment
of peri-implantitis are opening new challenges in establishing optimal conditions
for the clinical application of aPDT. Due to its non-invasiveness and ease of use this
method can be effective when applied alone or as an adjunct therapy to conven-
tional methods for treating peri-implantitis.

Keywords: photodynamic therapy, implants, peri-implanitits, titanium, zirconia

1. Introduction

Antimicrobial photodynamic therapy (aPDT) is becoming a treatment option in
dental medicine in different areas such as the diagnosis of malignant transforma-
tion of oral lesions, the treatment of head and neck cancer, as well as the treatment
of bacterial and fungal infections [1, 2].

In periodontology, the conventional therapeutic approach for treating peri-
odontal diseases consists of mechanical cleaning combined with chemical decon-
tamination, or the use of antimicrobial therapy which can be applied systemically
or locally. The mechanical debridement has its own limitations in removing all the
infections, such as the difficulties in reaching deep pockets and, as a result, the etio-
logical factors continue to damage the periodontal ligament. Also, when mechani-
cal debridement is used frequently, it can cause damage of the root surface [3].
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The limitations of the conventional periodontal therapy have shifted the focus
towards aPDT, as an effective alternative treatment for periodontal diseases [4-8].
aPDT is having many advantages over conventional therapy. The main advantage
is the fact that photosensitizer can be placed directly into the periodontal pocket
and then activated with an optical fiber tip in order to kill microbial cells, without
damaging the host tissues. This makes aPDT a safe procedure against periodontal
microbiota [9, 10].

Many studies have demonstrated potential improvements after the use of aPDT
in conjunction with mechanical debridement [11-13]. However, there are several
studies that report different results [5, 14-16]. Atieh suggested as a result of his
meta-analysis, potential improvements after aPDT combined with scaling and root
planning in probing periodontal pocket depth (PPD) reduction and greater clinical
attachment level (CAL) gain [13]. Similarly, in their study Sgolastra et al. reported
that the combination of aPDT and conventional treatment provides additional
benefits by reducing the PPD and increasing the CAL [11].

In endodontics, aPDT is used for the disinfection of the root canal. Conventional
endodontic treatment consists of a combination of mechanical cleaning and shaping
of the canals, the use of disinfecting solutions for irrigation and the placement of
medicaments in between appointments. Sometimes, due to the root canal anatomy it
is difficult to completely disinfect the canals by using only mechanical and chemical
decontamination methods [17, 18]. aPDT demonstrated promising results as an adjunct
therapy for the root canal disinfection in many studies. Raymond et al. [17] evalu-
ated the efficacy of the combination of conventional treatment with photodynamic
therapy in vitro. Their results showed that the combination of both therapies is more
effective than the use of traditional treatment alone. Rios et al. [19] in their study used
a combination of light-emitting diode (LED) as a light source and toluidine blue O
dye as a photosensitizer. They suggested that photodynamic therapy can be used asan
adjunctive antimicrobial procedure in endodontics. Similarly in their clinical study,
Bago et al. [20] demonstrated that aPDT when used as an addition to the conventional
mechanical and chemical root canal cleaning, can lead to significantly more reduction
of the bacteria and in some samples the total elimination of the bacteria.

Photodynamic therapy is used also in oral and maxillofacial surgery due to its
potential to be used as an anti-cancer treatment and its antimicrobial potential. Oral
squamous cell carcinomas (SCC) are the most frequent tumors in the oral cavity
[21]. Up to date the traditional methods for treating SCC have not been very suc-
cessful in increasing the 5-year survival rate. Furthermore they cause different side
effects such as mouth sore, jaw pain and difficulties in chewing or swallowing [22].

One of the developing factors of oral SCC are considered to be the pre-malignant
lesions such as erythroplakias and dysplastic leukoplakias. Around half of oral SCC
cases are associated with leukoplakias [23]. The potential therapeutic possibilities
of photodynamic therapy are not limited only for oral SCC and other head and neck
cancers, but also against pre-malignant, primary, recurrent and metastatic lesions
[24, 25]. PDT when compared to conventional treatments of these lesions, has an
advantage due to its selective tumor destruction and minimal invasiveness with-
out affecting the healthy tissues. In addition, it can combined with conventional
therapy to increase the overall treatment success [26].

The PDT antimicrobial potential in oral and maxillofacial surgery, is mostly
used for the disinfection of soft tissue or bone during surgical interventions, as a
preventive measure. In a study done by Neugebauer et al. [27] it was demonstrated
that use of aPDT caused significantly lower incidence of alveolar ostitis. In a
another study it was concluded that the effect of photodynamic therapy is almost
the same as the effect of 2.5% NaOCl without causing adverse effects on surround-
ing tissues on periapical lesion model iz vitro [28]. Batinjan et al. [29] showed that
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aPDT causes reduced postoperative wound swelling and decreased wound tempera-
ture after the removal of the impacted third mandibular molar.

PDT has recently also been used as an adjuvant therapy for the treatment of
medication-related osteonecrosis of jaws (MRON]), that is highly related to bisphos-
phonate-related osteonecrosis of the jaw (BRON]J). In a study done by Minamisako
etal. [30], it was suggested that both low level laser therapy (LLLT) and PDT are
beneficial in the clinical management of the MRONJ. Similarly, Rugani et al. [31]
concluded that photodynamic therapy can be used as treatment option in the early
stages of BRONJ or as an adjunct therapy when surgical intervention is indicated.

1.1 Peri-implant diseases and aPDT

In 1978. Branemark presented two-stage threaded titanium implants in a
root-form [32]. The concept of osseointegration of the implants was first brought
during the 1950s and 1960s after observing bone growth in contact with titanium.
Branemark defined osseointegration as: “A direct connection between living bone
and a load-carrying endosseous implant at the light microscopic level.” [33]. Since
then, dental implants have become a long-term reliable treatment option for
replacing missing teeth [34]. An ideal implant should have the following properties:
biocompatibility, adequate toughness, strength, corrosion resistance, facture and
wear resistance [35-37].

The “gold standard” of dental implants are considered to be the implants pro-
duced from titanium and its alloys. Titanium has excellent biocompatibility and it
was shown that long term surgical rates of titanium implants are excellent [38, 39].
However, due to their dark gray color sometimes the implants can reflect through
the peri-implant soft tissue. This poses an esthetic challenge especially when a thin
biotype of gingiva is present or when there is a resorption of the buccal lamina [39,
40]. Due to these reasons, many scientists have shifted their focus into producing
ceramic implants [41].

The infection around dental implants can be presented as peri-implant mucositis
or peri-implantitis. Peri-implant mucositis is a reversible inflammatory process and it
affects only the soft tissues around the dental implant. This is followed by reddening,
swelling and bleeding on probing [42]. Peri-implantitis on the other hand affects both
soft and hard tissues around the implant and as a result loss of supporting bone occurs
[43]. The microbial etiology of peri-implantitis is well documented in literature
[44]. The microorganisms found in peri-implantits are very similar to those found in
advanced periodontitis [45, 46]. Most of them are spirochetes and non-motile anaero-
bic Gram-negative bacteria such as: Porphyromonas gingivalis, Aggregatibacter actino-
mycetemcomitans,, Prevotella intermedia, Tannarella forsythia, Treponema denticola etc.
[47]. In the oral cavity the implant surfaces are colonized very rapidly by the bacteria,
which leads to the formation of a bacterial biofilm on the implant surface. When
peri-implanitits is in its early stages, there are no significant symptoms and most of
the time it is diagnosed during routine dental check-up. It is of great importance to
diagnose peri-implanitits in its early stages in order to prevent the progression of the
disease and increase the chances for good osseointegration [48].

According to Teughels et al. [49], the quantity and quality of plaque formation
and bacterial adhesion on implant surfaces is influenced by the chemical composi-
tion, and the surface roughness of the implant. Rough surfaces and those with greater
surface free energy, accumulate more plaque. Furthermore, initial bacterial adhesion is
attracted more to surfaces with high wettability and pits and grooves in the roughened
surfaces. The formation of bacterial plaque in these surfaces is difficult to remove.

To date, many treatment methods have been proposed for treating peri-implantitis.
They can be grouped in two categories: resective and regenerative therapies [50].
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The main goal of resective treatments is to eliminate the etiological factors of peri-
implanittis and maintain optimal conditions. These treatments are mainly done by
cleaning and decontaminating implant surfaces. Regenerative treatments aim to
reconstruct the pre-existing hard and soft tissues by using bone substitute grafts,
membranes and growth factors [50, 51]. Resective treatment of peri-implanitits
is similar to the treatment of periodontitis and it consists of mechanical cleaning
of the biofilm from the implant surface. This is of the utmost importance when
treating peri-implanitits. During resective treatment, plastic curettes, air-powder
abrasive or ablative lasers and ultrasonic scalers are used [52]. The main objective
is to clean the surface which can stop the progression of the disease and increase
the chances for re-osseointegration of the implant. However, due to the implant
surface roughness, the bacterial adhesion and colonization is very difficult to
remove and sometimes mechanical debridement alone is not very effective [53]. It
has been suggested by some authors that the mechanical elimination of the implant
threads and then smoothing the implant surface (implantoplasty) should be done,
in order to improve the decontamination of the implant surface. In addition this
procedure allows better maintenance and oral hygiene when threads are exposed to
the oral environment [54]. When decontaminating the implant surface, the use of
metallic curettes is not recommended due to the fact that they can alter the surface
roughness of the implant and favor bacterial colonization. As an alternative, plastic
curettes should be used because they do very little damage or none at all [55, 56].

Recently, as a treatment alternative, many scientists have shifted their focus
towards the laser decontamination of the implant surfaces. In a study done by
Kreisler et al. [57] the mechanical effects of Nd:-YAG (Neodymium: yttrium-alumi-
num-garnet), Ho:YAG (Holmium: yttrium-aluminum-garnet), Er:YAG (Erbium:
yttrium-aluminum-garnet), CO2 (Carbon dioxide) and GaAlAs (Gallium-
Aluminum-Arsenide) lasers were evaluated, on different types of implant surfaces..
According to their results, Nd:YAG and Ho:YAG lasers cause significant damage
to the implant surfaces, while CO2 and Er:YAG lasers when used in specific power
settings do not cause any damage. GaAlAs laser did not damage the implant surface
in any power settings. As an adjunct therapy to mechanical methods for treating
peri-implantitis, the use of chemical decontamination and antibiotic therapy are
being used with the aim of improving the treatment outcome. The most commonly
used antimicrobial solutions are chlorhexidine, hydrogen peroxide, tetracycline or
minocycline, citric acid, and phosphoric acid [58].

Recently aPDT has emerged as a new treatment option or adjuvant treatment
to the conventional treatment of peri-implantitis. Its potential to decontaminate
the implant surfaces without any damage to the implant or the surrounding tis-
sues has generated a lot of interest in the scientific community. In addition aPDT
is more effective than the use of lasers alone [53]. In their study, Hayek et al. [59]
demonstrated that aPDT is both effective and non-invasive method when compared
to traditional therapy during surgical treatment of peri-implantitis with elevated
mucoperiosteal mucosal flaps. These beneficial characteristics of aPDT make it as
promising novel and non-invasive method which can be used alone or as an adjunct
therapy of peri-implantitis [2].

2. The efficacy of photodynamic therapy in iz vitro conditions
There are many iz vitro studies evaluating the efficacy of photodynamic therapy
against causative bacteria of peri-implantitis. The aim of our research was to

evaluate the efficacy of aPDT on titanium and zirconia dental implants. For this
purpose three different devices in combination with photosensitive dye were used.
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In addition, our aim was to evaluate if aPDT causes damage and alteration to the
implant surfaces which would interfere with the re-osseoinegration of the implants
in the clinical conditions.

The study sample consisted of 144 sterile dental implants (72 titanium dental
implants and 72 zirconia dental implants) (Bredent®, Senden, Germany). Both,
titanium and zirconia dental implants were with a diameter of 4.0 mm and 12 mm
of length, with sandblasted and acid etched surface. Each of the implants was in an
unopened sterile packaging.

2.1 Bacterial contamination of dental implants

A bacterial suspension was prepared from three bacteria species: Prevotella
intermedia, Aggregatibacter actinomycetemcomitans, and Porphyromonas gingivalis.
These bacteria are commonly found in peri-implant diseases.

The bacteria were cultivated separately in Columbia Agar for 72 hours and
then, using thioglycolate broth, a bacterial suspension was prepared for each of the
bacteria. The suspension of each of the bacteria was then mixed together in a joint
suspension.

In a single use tubes 300 pl of the bacterial suspension was put and then each
implant was put separately in single use tubes (Figure 1). The tubes were incubated
in anaerobic conditions for 72 hours.

After the incubation period, the implants were taken out of anaerobic conditions
and they were randomly divided into four study groups and two control groups,
each group containing twelve implants (n = 12).

2.2 Group 1. LaserHF (PDT1)

The implants were treated with a diode laser (Laser HF®, Hager Werken,
Duisburg, Germany) and a toluidine blue-based dye (155 pg/ml, LaserHF® Paro-
PDT solution). The laser parameters are presented in Table 1.

2.3 Group 2. Helbo laser (PDT?2)
A combination of a diode laser (Helbo® Therapielaser, Helbo Photodynamic
Systems GmbH & Co KG, Grieskirchen, Austria) and a phenothiazine chloride dye

(Helbo® Blue photosensitizer) was used for the treatment of the implants belong-
ing to this group. The laser parameters are presented in Table 2.

Figure 1.
Implants placed in Eppendorf tubes containing bacterial suspension. Implants covered in their entive length by
the bacterial suspension.
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Wavelength: 660 nm

Fiber tip: 320 pm optical fiber tip

Power output: 100 mW

Power density: 124.3 W/cm?

Irradiation Time: 60 seconds

Distance from the implant: 5 mm

Table 1.
PDT1 treatment pavameters.

Wavelength: 660 nm

Fiber tip: 3D pocket probe

Power output: 100 mW

Power density: 35.37 W/cm®

Irradiation Time: 60 seconds

Distance from the implant: 5 mm

Table 2.
PDT2 treatment parameters.

2.4 Group 3. Light-emitting diode treatment group (PDT3)

The implants belonging to this group, were treated with LED curing light
(Optilight Ld®, Gnatus, Brazil). A red LED light, (Ledengin,Inc.®, San Jose,
USA) was used in combination with a toluidine blue solution (Biognost®, Zagreb,
Croatia). The laser parameters are presented in Table 3.

2.5PDT1, PDT2 and PDT3 decontamination steps

The first step was coating the implants with the respective photosensitive dye
according to the treatment group. After 60 seconds the implants were rinsed with
sterile saline solution. For standardization of the treatment protocols for every
treatment group, the implants, were placed in a rotating electric motor (Shenzhen
Powerful Electronics, Shajing, China), with a rotating speed of 10 rpm.

The treatment time was 60 seconds for every group from a distance of 5 mm
from the implant. The treatment procedures for titanium and zirconia implants are
shown in Figures 2 and 3.

2.6 Group 4. Treatment with toluidine blue only (TB)

The implants belonging to this group were placed in photosensitive dye (tolu-
idine blue; Biognost®, Zagreb, Croatia) solution (1 mg/ml) for 60 seconds. Then
they were rinsed with sterile saline solution.

2.7 Control groups
Two control groups were included. The negative control group (NC) did not

receive any treatment. After removing the implants from the bacterial suspension and
keeping them in room conditions for 60 seconds, microbiologycal analysis followed.
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Wavelength: 660 nm

Fiber tip: 6 mm LED composite curing tip

Power output: 200 mW

Power density: 0.71 W/cm®

Irradiation Time: 60 seconds

Distance from the implant: 5 mm

Table 3.
PDT3 treatment parameters.

Figure 2.
A titanium implant treated from a distance of 5 mm for 60 seconds while rotating on the electric motor.

Figure 3.
A zirconia dental implant placed in a rotational motor and treated with PDT2 for 60 seconds.
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The implants belonging to the positive control group (PC) were put in 0.2%
chlorhexidine gluconate solution (Curasept ADS® Curaden International AG,
Kriens, Switzerland) for a duration of 60 seconds. After their removal from the
chlorhexidine solution, the implants were only rinsed with sterile saline to remove
the remaining solution.

2.8 Microbiological analysis

After treatment procedures each implant was placed in a tube containing
500 pl of phosphate buffered saline (PBS). The tubes were vortexed for 60 seconds
(Vortex, Genius 3, IKA, Germany). This was done to remove the remaining bacte-
rial cells from the implant surfaces.

From each tube, 100 pul were taken and using a 96-well microtiter plates a
ten-fold dilution was performed and 30 pl of suspension from each well was then
inoculated to Brucella agar plates.

The plates were placed in anaerobic conditions and after 72 hours and the colony
forming units per milliliter (CFU/ml) were counted (Figure 4). MALDI Biotyper
(Bruker Daltonics, Germany) was used to macroscopically differentiate distinctive
colonies.

2.9 Scanning electron microscopy analysis

Scanning electron microscopy (SEM) was performed on one randomly selected
implant from each of the treatment groups and one sterile non-treated implant. The
implants for SEM analysis were stored for 2 hours in 2% paraformaldehyde and,
later on dehydrated in increasing concentrations of ethanol (60%, 75% and 95%),
for 30 minutes in each and dried overnight. The surfaces of the prepared implants

Figure 4.
Visible colonies of bacteria on Brucella agar plate.
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were analyzed by SEM (Vega TS5136 MM, Tescan, Brno, Czech Republic). The SEM
images were taken at 1:250 magnifications under high vacuum (HiVac) with a high
voltage (HV) of 30 kV. All the images were taken between the fourth and the fifth
thread of the implants. As for the zirconia implants, they are non-conducting mate-
rial and in order to make the samples conductive and avoid charging of the sample
surface, the implants were coated with gold and palladium sputter (SC7620 Mini
Sputter Coater, Quorum Technologies Ltd., UK).

2.10 Statistical analysis

The differences between the groups for each bacterial species separately and for
the total count of bacteria, were compared by analysis of variance test (ANOVA)
and Tukey test, as a post hoc. The level of significance was set at 5%. The statistical
package SAS system for Windows (Release 8.02, SAS Institute Inc., Cary, NC, USA)
was used.

3. Results

To determine the difference among the groups and between the two types of
implants, multivariate analysis of variance test was applied.

The comparison between the two types of implants: titanium and zirconia,
regardless of the study groups, showed that there was a significantly lower number
of bacteria on zirconia implants for all three types of bacteria separately, as well as
for the total number of bacteria (Table 4).

For the comparison among the study groups regardless of the type of implant,
Tukey test was applied. Regarding the total number of bacteria, the least bacteria
were found in PDT1 and PDT2. These two groups were followed by PDT3 and PC
without significant difference among them. The negative control group (NC) as
expected, had the largest number of bacteria compared to the other groups. The
same results were obtained for the number of each bacteria separately.

The total number of bacteria for every group and both implant types are shown
in Figure 5 in schematic form. The difference between zirconia implants and
titanium implants was not the same for all groups. The smallest difference between
both types of implants in the number of bacteria was for the control group. The
impact was almost the same for PDT1, PDT2, PC and TB, while the largest differ-
ence between titanium and zirconia implants were in the PDT3 group. The results
for each of the bacteria separately are shown in Figures 6-8.

3.1 Titanium implants

There were statistically significant differences among the groups for each of
the bacteria separately and also for the total number of bacteria (p = 0.0022).
These results are presented in Table 5 in logarithmic form. Regarding the total
number of bacteria, the largest reduction was observed in the PDT1 (98.3%) and
PDT2 (97.8%) groups. These two groups had statistically significant difference
when compared to NC (p < 0.05). In the PDT3 group there was a 68.7% bacte-
rial reduction, without statistically significant difference when compared to NC
(Table 5).

When each bacteria was compared separately, the PDT1 and PDT?2 groups
also showed the largest bacterial reduction. PDT1 group, was significantly more
effective in the eliminating A. actinomycetemcomitans and P. gingivalis (p < 0.05).
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The number of P. intermedia in logarithmic form for both types of implants and the study groups.

As for Rintermedia the PDT1 group showed no significant difference compared to
NC group. On the other hand the PDT2 group was significantly more effective in
the elimination of each of the bacteria separately when compared to the NC group
(p < 0.05).

The least effective among the groups, when compared to the NC group, was the
TB group (62.4%). Compared to NC there was no significant difference neither for
the total number nor for each bacteria separately.

3.2 Zirconia implants

Statistically significant difference was observed among the groups. This was the
case for both the total number of bacteria and each bacteria separately (p < 0.0001).
Every group showed vast bacterial reduction with statistically significant difference
when compared to the negative control (NC). These results are shown in Table 6 in
logarithmic form.

The PDT1, PDT2 and PDT3 had the largest bacterial reduction for each bac-
terium separately, as well as for the total count of bacteria. There was a reduction
of more than 99% in comparison to NC. However, between these three groups
the differences in bacterial reduction were not statistically significant difference
neither for each of the bacteria separately nor for the total number of bacteria
(p > 0.05).

The lowest bacterial reduction for each bacteria separately and also for the total
number of bacteria was observed in the TB group. The PC group had lower bacte-
rial reduction compared to PDT1, PDT2 and PDT3 without statistically significant
differences among them. It also did not differ significantly compared to the TB in
terms of the total bacterial count, P, gingivalis and P. intermedia. It had a significant
difference compared to the TB only for A. actinomycetemcomitans.

3.3 Scanning electron microscope analysis

The SEM images from the PDT1, PDT2, and PDT3 groups did not show any
surface alterations, cracks, or damage when compared to the images obtained
for the sterile implants. Visually, their surface appeared to be very similar to
the surface of the sterile implant, for both titanium and zirconia implants
(Figures 9-12).
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Figure 9.
Sterile titanium implant; magnification 1:250 (left). Titanium implant treated with PDT1; magnification 1:250

(right).
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Figure 10.
Titanium implant treated with PDT2; magnification 1:250 (left). Titanium implant treated with PDT3;

magnification 1:250 (right).
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Figure 11.
Sterile zirconia implant; magnification 1:250 (left). Zirconia implant treated with PDT1; magnification 1:250

(right).
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Figure 12.
Zirconia implant treated with PDT2; magnification 1:250 (left). Zirconia implant treated with PDT3;
magnification 1:250 (right).

4. Clinical application of photodynamic therapy

The clinical efficacy of PDT against peri-implantitis has been demonstrated in
several clinical studies. In a randomized controlled trial study by Wang et al. [60] it was
shown that PDT combined with mechanical debridement significantly improved pocket
depth, clinical attachment loss, plaque index and sulcus bleeding index compared with
baseline and the control groups in participants with peri-implantitis. Similar results
were obtained in a 3 months randomized clinical trial done by Rakasevic et al. [61].

Since the main goal when treating peri-implantitis is to eliminate the bacteria
from the soft tissues and the implant surface, in order to create conditions for
grafting and re-osseointegration, the use of photodynamic therapy is mostly used
as an adjunct therapy during the treatment of peri-implanitits with the purpose of
eliminating bacteria from the rough surfaces of the implants. The treatment of peri-
implantitis can be non-surgical and surgical. During the non-surgical treatment of
peri-implantitis the photosensitive dye is applied on the pocket around the infected
implant and the light source is applied. This procedure is shown in Figure 13.

However, photodynamic therapy is mostly used in conjunction with surgical
treatment of peri-implantitis as an adjunct therapy after implantoplasty, mechani-
cal debridement and chemical decontamination of the implant surface. The surgical
approach is presented in Figures 14-17.

[

Figure 13.
(Left) application of the dye. (Right) application of the light source.
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Figure 14.
Surgical treatment of peri-implantits. Visible bone resorption around the implants.

Figure 15.
Implantoplasty procedure.

Figure 16.
Application of the photosensitive dye.
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Figure 17.
Application of the light source.

5. Discussion

One of the main reasons of implant failure is peri-implantitis. The prevalence
rates of peri-implantitis differs among different studies and this is due to the
different reporting methods and characteristics [62-64]. Van Velzen et al. [65] in
their 10 years prospective cohort study reported a prevalence of 7%. Meijer et al.
[66] reported that after 10 years 29.7% of patients were affected by peri-implantitis.
Fardal et al. [67] report a rate of 53.5% at the patient level and 31.1% at the implant
level, which is much higher than the data from other studies.

The treatment of peri-implantitis is complex and it often includes combina-
tion of conventional therapy with the addition of antimicrobials. However, use of
antimicrobials does not have a long term effects and it can lead to antimicrobial
resistance and development of superinfections [68]. Therefore, alternative antimi-
crobial approaches for achieving implant disinfection have been sought.

Photodynamic therapy is a promising alternative when treating periodontal
diseases and peri- implant diseases. Up to date there have been many iz vitro
[69-71] and clinical studies [60, 61] evaluating the effect of photodynamic therapy
in treating peri-implantitis.

Regarding the in vitro evaluation, the present study aimed to evaluate the
efficacy of photodynamic therapy on dental implants contaminated under in vitro
conditions. The implants were contaminated in order to try to recreate the adhesion
stage of biofilm formation on the implant surface. Many iz vitro studies have used
similar methodology to achieve titanium implant contamination [62, 63, 71].

The main focus of our study was to evaluate if photodynamic therapy is efficient
in eradicating the bacteria from the implant surface when compared to the negative
control group (NC) and to the conventional treatment with chlorhexidine solution
(PC). Furthermore, the focus was to evaluate different types of devices and with dif-
ferent parameters and photosensitizers and the reaction of different bacteria to aPDT.

The results from our study showed that PDT1 and PDT?2 groups were more
eliminated 98.3% and 97.8% of the total number of bacteria when compared to NC
group. These groups were the most effective among the study groups. Both PDT1
and PDT?2 groups were a combination of a diode laser with a wavelength of 660 nm
and a photosensitizer.

The results of this study are similar to other % vitro, in vivo and clinical studies [64,
71,72]. Marotti et al. [71] in their study demonstrated that aPDT is effective against the
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bacteria present in peri-implantitis. The irradiation time did not influence the results.
Similar results were obtained from both the groups (3 minute and 5 minutes irradiation
time) and there was no significant difference between them. The effect of aPDT did not
differ significantly from the disinfection with 0.12% chlorhexidine solution. Our results
were similar to this study and even though we used a higher concentration of chlorhexi-
dine (0.2%), both PDT1 and PDT?2 had no significant difference when compared to PC.

In a study done by Haas et al. [64] it was demonstrated that 60 seconds of light
exposure in combination with photosensitizer can effectively eradicate A. actinomy-
cetemcomitans, P. gingivalis and P, intermedia. One of the goals of the present study
was to evaluate aPDT against each bacteria separately. The results obtained for A.
actinomycetemcomitans and P. gingivalis were similar to the results obtained for the
total bacterial count. Both PDT1 and PDT?2 had significant difference when com-
pared to the NC. However, the results of P, intermedia showed that PDT2 was more
effective against this bacteria when compared to the other groups.

The least effective treatment group was PDT3 without statistically significant
difference compared to NC or PC groups regarding the total bacterial count. It must
be noted that for the PDT3 group we used a modified dental LED light and not a
diode laser. This was done to evaluate and compare the LED light against diode
lasers as a light source.

The efficacy of LED lights as a light source in photodynamic therapy has been
tested in many studies however, only a few studies have tested its efficacy on titanium
implant surfaces. The results from these studies are conflicting since the study design
and light source parameters differ greatly. In a study conducted by Cho et al. [73] the
efficacy of a green LED light was tested. The LED light was combined with erythrosine
dye and was evaluated against A. actinomycetemcomitans. Their results showed that
this combination is effective and reduces the bacteria attached titanium surfaces up to
92.4%. The irradiation time in this study was 60 seconds and the treatment was done
on only one surface of titanium discs. This provides uniform distribution of the light
source. In contrast, in the present study we applied the light source in a rotating motion
in order to emulate clinical application of aPDT around a contaminated implant. This
might be the reason why our results showed differ with the aforementioned study [73].

In contrast to the iz vitro study by Cho et al. [73], in a clinical study done by
De Angelis et al. [74] the use of LED light showed no significant difference after
4 months of follow up when compared to mechanical debridement and scaling.

In our study we evaluated the efficacy of aPDT on two types of implants:
titanium and zirconia dental implants. The efficacy of aPDT on zirconia implant
surfaces has not been evaluated in other studies up to date.

The results obtained from our study showed that each test group was very effec-
tive in eliminating the bacteria from the zirconia surface and all had significantly
lower bacterial count when compared to NC. However, in between the groups
there was no significant difference. The higher efficacy of aPDT against zirconia
surfaces when compared to titanium surfaces might be due to the surface proper-
ties of zirconia which might lead to a lower affinity of the bacteria to be attached
to zirconia surfaces. Zirconia surfaces are smoother, have a lower surface rough-
ness and lower surface free energy [75, 76]. In a study done by Scarano et al. [75]
titanium and zirconia oxide discs were placed in the mouths of patients in order to
evaluate in which surface the bacteria adhere less. After 24 h it was shown that there
were significantly less bacteria on the zirconium oxide surfaces. Al-Radha et al. [76]
showed similar results. In their study titanium blasted with zirconia and the zirco-
nia material showed better results when compared to the titanium surface regarding
the adhesion of bacteria after coating the surfaces with saliva pellicle.

PDT1, PDT2 and PDT3 in addition to the significant difference compared to
NG, they also had significant difference from the TB group. The results of the
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PDT3 group for the zirconia dental implants were comparable to PDT1 and PDT2.
This can suggest that LED light with additional improvements in light distribution
and parameters can have an antimicrobial effect. As mentioned before there are
conflicting results regarding the antimicrobial effect of using LED. Several studies
reported beneficial results following use of LED lights, as a light source [77, 78]. On
the other hand, several studies reported insignificant improvement in the treat-
ment outcomes using LED light for PDT [74]. However, it is difficult to compare the
results of present study with the previous ones, mainly due to the differences in the
study protocols and lack of studies conducted on zirconia implant surfaces.

The use of diode lasers in many studies has been shown to be safe in regard to the
implant surface, compared to Nd:YAG, Er:YAG, CO2 and Ho:YAG lasers, which can
damage the implant surfaces [57]. Castro et al. [79] concluded that 980 nm diode
laser irradiation does not damage titanium implant surfaces and seems to be safe
irrespective of power output used.

In the present research, no structural changes on the implant surfaces following
therapy was observed. PDT1, PDT2 and PDT3, did not cause visible damage on
titanium or zirconia implant surface at a magnification of 1:250.

Regarding the clinical use of PDT, several studies reported conflicting results.
Many studies demonstrated improvement in clinical outcomes of patients with
peri-implantitis when aPDT was combined with mechanical debridement [60, 80,
81]. Romeo et al. [82] suggested that PDT is a useful adjunct therapy but it could not
replace the mechanical and surgical treatment of peri-implantitis. Similarly other
studies suggest that the PDT improves the outcomes of peri-implantitis [60, 83, 84].

On the other hand, there are several studies that report no added benefit from
using PDT when compared to conventional treatment modalities for peri-implanti-
tis [85, 86].

The results of this iz vitro study should be considered preliminary, since it
cannot be generalized to iz vivo and clinical conditions. The biggest concern related
to future in vivo and clinical applications is stability of achieved in vitro results
(short term beneficial effects in reducing the number of periopathogens). Also, the
presence of plaque formation on implants, degree of salivation and host-immune
response is very important.

6. Conclusion

It is of utmost importance that further clinical trials be conducted in order to
clarify the potential efficacy of PDT as an adjunct therapy to peri-implantitis and
clear and effective treatment protocols should be established in order to benefit the
most from the properties of PDT.
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Abstract

Antimicrobial resistance (AMR) and its relevant health consequences have been
explicitly framed as a shared global problem and are estimated to be one of the
largest causes of death worldwide by 2050. Antimicrobial photodynamic therapy
(aPDT) proposes an alternative treatment for localized infections in response to
AMR’s ever-growing problem. This technique combines molecular oxygen, a non-
toxic photoactivatable photosensitizer (PS), and light of appropriate wavelength,
leading to the formation of cytotoxic reactive oxygen species. Besides the ability
to inactivate resistant pathogens via a non-selective approach (multiple targets), a
relevant advantage of aPDT resides in the fact that no evidence of microorganism
resistance has ever been reported to it. In this chapter, we address some efforts to
use this technology to kill bacteria in the respiratory tract, from iz vitro to clinical
applications. We put forward three focuses: pharyngotonsillitis, pneumonia, and
preventing secondary infections during the use of a photosensitizer-functionalized
endotracheal tube. The results here presented offer a foundation for what may
become a much larger clinical approach to treat respiratory tract infections.

Keywords: antimicrobial resistance, antimicrobial photodynamic therapy,
photochemotherapy, infections of the respiratory tract, endotracheal tube

1. Introduction

The increasing use of antibiotics has an important impact on human health by
introducing the emergence of resistant bacterial strains, both in humans treated in
an indiscriminate manner, and in two other situations as worrying as, which are the
presence of these molecules in drinking water and abusive use in agriculture. This
has all resulted in the phenomenon of antimicrobial resistance (AMR) [1].

Each year worldwide, 700,000 deaths occur, approximately, due to diseases that
had antimicrobial resistance as responsible for the deaths. By 2050, these deaths
could reach the terrifying 10 million mark [1].

One of the biggest barriers to antibiotic-resistant infections is that they add
significant costs to the any nation’s already overburdened health system [2].
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Thus, the paths have been opened for other ways to fight infections and photo-
dynamic therapy (PDT) has stood out with the aim of inactivating not only bacte-
ria, but also fungi, protozoa, and viruses. It is a promising technique, including the
treatment of diseases that already have antimicrobial resistance.

In this chapter we will address the theme of advances in research involving
microbiological control with photodynamic action, more specifically in the
treatment or prevention of diseases of the respiratory tract.

1.1 Antimicrobial resistance

The bacteria have developed several mechanisms to fight against antibiotics
action. An important molecular mechanism involves the horizontal transfer of
genes from the efflux pumps when the organism acquires a gene that confers
the ability to eliminate antibiotics from the intracellular environment [3]. A
well-known example is the acquisition of the p-lactamase gene from antibiotic
inactivating enzymes, which inactivates f-lactam antibiotics, such as penicillin
and cephalosporins [3], where bacteria acquire the ability to inactivate antibiotics
through an enzymatic mechanism.

Two interesting aspects are related to cell wall morphology and the ability of
bacterial colonies to form biofilms, and interestingly, these aspects are directly
related to the cell wall structure of Gram-positive bacteria. The cell-wall glycopoly-
mers from Gram-positive bacteria present an essential role in host-cell adhesion, the
first step towards forming a bacterial biofilm. In contrast to Gram-negative, Gram-
positive bacteria have a thicker cell wall structure with multiple layers of peptido-
glycan. In addition, many Gram-positive bacteria have protective surface structures,
typically with glycopolymers bound to peptidoglycan or membrane lipids. These
structures include glycopolymers of teicoic acids and branched mycobacterial
polymers [4]. Infections caused by Gram-positive bacteria are important for human
health and it is worrying that these bacteria are becoming increasingly resistant to
existing antibiotics. The teicoic acids wall has multiple functional roles in Gram-
positive bacteria including resistance to cationic antimicrobial peptides, such as
the vancomycin, a glycopeptide antibiotic. Other cellular processes influenced by
this wall include autolysis, cell division, the location of penicillin-binding protein,
survival at higher temperatures, biofilm formation and epithelial cell adhesion [5].

Biofilms have an important impact on bacterial infections and also on bacte-
rial resistance. Organisms structured in biofilms exhibit up to 1,000 times more
resistance to antibiotics than planktonic cells.

1.2 Mechanisms of antibiotic resistance

Pathogenic bacteria resistant to antibiotics are prevalent in different popula-
tions of the environment such as from the soil and water containing encode genes
with resistance mechanisms [6], which can be mobilized for new hosts, including
humans [7] and, depending on genic expression, may result in significant public
health problems [8]. If the microbial mutations are for its benefice, such as antibi-
otic resistance, they are predominant in the species and transmitted for subsequent
generations, making the bacteria predominant antibiotic-resistant [9]. The mecha-
nisms of an antimicrobial resistance may be intrinsic to the microorganisms or even
acquired through the transmission of the genetic material or by mutation (which
may occur during replication) during the bacterial evolution, whether induced or
spontaneous, by mutation mechanisms in a chromosome or transfer genes loci,
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which can encode inactivate enzymes in antibiotics or even reducing their perme-
ability in cells [10]. The bacterial mutations that can occur are replacement (transi-
tion and transversion); deletion (macrodelection and microdeletion); insertion
(macroinsertion and microinsection) and inversion, with exchange of pyrimidine
or purine, removal of nucleotides, the inclusion of nucleotides, and removal or
insertion of DNA, respectively.

Strains resistant to antibiotics can be transmitted between patients in healthcare
units, often through healthcare professionals’ contaminated hands, medical-surgi-
cal equipment, or inanimate objects from the hospital environment [11]. This type
of spread is generally clonal, involving the transmission of a single resistant strain.
Outbreaks caused by the clonal spread of an antibiotic-resistant organism have
been commonly reported in S. aureus MRSA strains [12]. Patients’ transmission can
be clonal in multiple species of strains with different prevalence according to the
geographic region [13].

1.3 The worldwide impact of antimicrobial resistance

Infectious diseases are a major cause of human deaths. According to the World
Health Organization (WHO), on the top ten global causes of death (2016), chronic
obstructive pulmonary disease and lower respiratory infections are occupying the
third and fourth places, respectively, behind ischemic heart disease and stroke
[14]. It is relevant to note that infectious diseases outperform all types of cancer
in terms of mortality, according to WHO data. Figures reported in 2016 indicate
that there were 3.190 million deaths due to respiratory infections, with a mortality
rate of 43/100,000. Analyzing again the top ten global causes of death but now, in
low-income countries (2016), lower respiratory infections were among the leading
causes of death across all income groups [14].

It is essential to discover and invest in the development of new antibiotic
molecules, following the growing global need. But just as importantly, research into
new non-antibiotic approaches for the prevention and protection against infec-
tious diseases is needed and should be encouraged and a high priority research and
development project [15].

In the US, the Centers for Disease Control and Prevention (CDC) estimated that
antibiotic-resistant infections are responsible for $20 billion a year in additional
health care costs, and $35 billion a due to loss of productivity [16]. Thus, a deeper
understanding of the mechanisms of resistance to antibiotics is relevant in terms
of human health, that is, it saves human lives, but it also reduces an important
economic burden for public and private health systems.

Penicillin, discovered by Fleming in 1928, was first tested for the treatment
of infectious diseases in the 1930s and became a widespread drug in the 1940s.
p-lactam antibiotics, the group to which penicillin belongs, are effectively drugs
of choice for the treatment of community-based respiratory diseases, for example,
which are usually caused by Gram-positive bacteria, such as Staphylococcus and
Streptococcus.

The introduction of new antibiotics in clinical use was quickly followed by the
clinical observation of resistant strains and the time between clinical use and resis-
tance has become shorter and shorter. For example, sulfonamides were introduced
for clinical use in 1930 and resistant strains appeared in the 1940s. Vancomycin was
introduced in 1956 and resistant strains were first reported in 1988. However, for
newer antibiotics, such as daptomycin, fidaxomycin and linezolid, resistance was
observed in the same year in which clinical use began [17].
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2. Antimicrobial photodynamic therapy (aPDT)

The mechanisms of aPDT are basically the same of PDT for tumors, based on the
combined action of three elements: a photosensitizer (PS), a light source at appro-
priate wavelength to excite the PS and molecular oxygen (O,) in the target tissue.

The photodynamic process inactivating microorganisms occurs through the
action of reactive oxygen species (ROS) that destroy vital constituents of fungi,
bacteria, viruses and protozoa. In 1933 Jablonski published his article explaining
the electronic states of a molecule and the transitions between them [18]. In this
famous “Jablonski’s diagram”, we understand how a photosensitizer in the singlet
ground state, moves to the excited singlet state after absorbing photons from a light
source. And through the process named “intersystem crossing”, a spin inversion
occurs and then, this molecule goes to the excited triplet state, giving it conditions
to transfer energy (type II mechanism) or electron (type I mechanism) to O,,
generating ROS.

For antimicrobial purposes, the photodynamic action will take place within the
cells or at the extracellular matrix of the microbial biofilm where the photosensi-
tizer molecules are present, the main sites being the outer membrane or cell wall,
membrane lipids and lipopolysaccharides. The singlet oxygen produced has a very
small radius of action, less than 0.02 pm, so the damage produced by PDT will only
be in the presence of the photosensitizer and under photoactivation. As a result,
cell death is caused by cell wall or membrane lysis and/or inactivation of proteins or
enzymes essential for microbial metabolism [19].

3.aPDT of respiratory tract diseases
3.1 Pharyngotonsillitis

Sore throat is a frequent complaint in outpatient medical consultations and
emergencies. Acute pharyngotonsillitis represents a significant source of social
disorders in the child population, such as missed classes repeated use of antimicro-
bials, and can cause complications such as peritonsillar or retropharyngeal abscess,
otitis, sinusitis, pneumonia, rheumatic fever, and post-streptococcal glomerulo-
nephritis [20]. Bacterial infections of the respiratory system can be located in the
pharynx (pharyngotonsillitis). Viruses cause around 90% of pharyngitis, and 10%
are caused by bacteria that have the vast majority associated with Streptococcus
pyogenes or Beta-hemolytics of Lancefield group A (EBHGA) [21] however, other
bacteria can cause pharyngotonsillitis such as Streptococcus mutans and Streptococcus
pyogenes, Staphylococcus aureus, Movaxella catarrhalis, Haemophilus influenzae,
Prevotella sp., Bacteroids fragilis, and Fusobacterium sp.

The diagnosis of EBHGA infection should preferably be confirmed microbio-
logically by rapid antigens detection tests and through oropharyngeal secretion
culture. The gold standard for diagnosing oropharyngeal infections by EBHGA is
culture [22], which should be done before starting treatment with antibiotics [23].
Clinical samples should be seeded on blood agar plates, which allows a preliminary
screening of B-hemolytic colonies. Subsequent confirmation of suspected colonies
such as EBHGA can be obtained by several laboratory tests, which are easily and
quickly performed and which are still widely applied in clinical microbiology,
despite the increasing use of automatic identification systems. EBHGA can be an
oropharyngeal colonizing agent and thus, the microbiological investigation must
be guided by clinical and epidemiological factors: patient’s age, clinical signs and
symptoms, season, and personal exposure to EBHGA [24].
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According to the World Health Organization (WHO), approximately 600 million
new pharyngotonsillitis cases due to EBHGA occur annually, and of these, 500
thousand may progress with rheumatic fever and about 300 thousand with rheu-
matic carditis [25]. In developing countries, the occurrence is three times higher than
in developed countries. The preliminary diagnosis and treatment of tonsillitis and
pharyngitis is a common cause of inappropriate use of antibiotics.

Penicillin is the drug of choice for S. pyogenes infections’ empirical treatment,
despite more than 60 years of use. S. pyogenes remains sensitive to penicillin, and
resistance tests for penicillins or other beta-lactams approved for its treatment are
unnecessary. However, more than 10% of patients report an allergy to penicillin,
which leads to the use of cephalosporins, clindamycin, or macrolides as alternative
treatments [26]. As rates of resistance to macrolides among isolated S. pyogenes have
been increasing in North America and Europe, resistance tests for these substances
may be indicated. Sore throat is a symptom that leading people to seek medical
attention, and although it spontaneously remits, primary care doctors usually pre-
scribe antibiotics for it. In a systematic review, Spinks and collaborators concluded
that antibiotics confer relative benefits in the treatment of sore throat. However, the
absolute benefits are modest [27].

The research carried out at Santa Casa Hospital of Sdo Carlos city (Sdo Paulo,
Brazil) by the CEPOF - Optics and Photonics Research Center” from University of
Sdo Paulo - Sdo Carlos is composed of a clinical trial - “Turmeric and LED in the
treatment of sore throat” with objectives as assessing the therapeutic efficacy of
PDT with curcumin as an adjunct in the treatment of acute pharyngotonsillitis in
adults in the municipality of Sdo Carlos [28]. The photosensitizer used in this study
was curcumin (0.75 mg/ml), using two minutes of illumination with a blue light
(LED) at 450 nm. The clinical trial is randomized and controlled with adults aged
18 to 45 years diagnosed with acute pharyngotonsillitis. Participants are undergoing
a rapid test for the detection of group A beta-hemolytic streptococcus (EBHGA).
Participants with streptococcal pharyngotonsillitis are divided into Antibiotic
therapy comparison groups in conjunction with photodynamic therapy; and
Antibiotic Therapy Group in conjunction with a photodynamic therapy placebo,
and the therapeutic response will be evaluated in terms of clinical symptoms (sore
throat and fever) and microbiological response, mainly considering the presence of
EBHGA in the clinical response.

3.2 Designing antimicrobial-coating for endotracheal tube to prevent
ventilator-associated respiratory tract infections

Mechanical ventilation (endotracheal intubation) is an effective intervention
performed for breathing support in patients admitted in the intensive care unit, but it
is also identified as one of the highest risk factors for developing ventilator-associated
pneumonia (VAP) [29]. VAP is a type of nosocomial infection that results in a higher
mortality (increase from 20-75%) and morbidity rate, prolonged lengths of hospi-
talization, and also increased hospitalization costs ($10,000 to $25,000) [30-32].
Furthermore, each year, approximately 50 million patients in the intensive care unit
are intubated with an endotracheal tube (ETT) for breathing support worldwide [33].

Most cases of VAP are caused by the aspiration of infected (bacteria and/or
virus) secretions from the oropharynx, although a small number of cases can result
from direct bloodstream infection [34]. Moreover, there is a growing concern asso-
ciated with the ETT as the primary target related to VAP by biofilm formation on its
surface [35]. Biofilms are characterized by its resistance to commercial antibiotics
that favor resistant microorganisms’ proliferation and make them inaccessible to
antimicrobials [36].
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Regarding VAP occur by ETT, aspiration occurs when there is distal migration
of microorganisms present in the secretions accumulated above the ETT cuff.
Moreover, biofilm is formed and attached in the lumen of ETT facilitating the
transfer to the sterile bronchial tree [37], as presented in Figure 1.

Currently, there are methods used to prevent VAP based on its pathogenesis such
as prevent aspiration of secretions and bacterial colonization of aerodigestive tract.
Lastly, strategies include measures to minimize the risk of contaminated equipment
but these methods show some practical limitations. In this regard, the development
of strategies and new medical devices to avoid VAP is urgently need.

New medical devices based on the development of antimicrobial coated for ETT
surface should be considered if they have been able to prevent VAP in well-designed
clinical studies and be cost-effective [38]. Along the years, different strategies and
antimicrobial coated for ETT surface (e.g. metal/antiseptics, metal/zeolites/d--
tyrosine, nanorough/fructose, antimicrobial peptides, antibiotics/antiseptics,
photo-based therapy, micropatterned surfaces, nanorough surfaces, and hydropho-
bic/hydrophilic) have been evaluated aiming to prevent the biofilm formation and
VAP [38] (Figure 2).

These antimicrobial coated are functionalized on ETT surface via covalently or
ionic bonding or creating a matrix on a polymer (e.g. polyvinyl chloride (PVC))
depending on the molecular structure of both antimicrobial and type of polymer-
based ETT and the presence of additives on ETT constitution [39].

As a selected example, in 2020, the Optics and Photonics Research Center from
University of Sdo Paulo developed a photo-based antimicrobial coating for ETT via
functionalization of a natural product (curcumin) photosensitizer on PVC-based
ETT surface [40] (Figure 3).

This therapeutic approach is based on the photoactivation of curcumin-
functionalized endotracheal tube using an optical fiber followed by the production
of reactive oxygen species and 'O, able to destroy biofilm and preventing its forma-
tion in the lumen of ETT. In this regard, the authors observed a photoelimination
of bacteria biofilm such as E. coli (72%), S. aureus (95%), and P. aeruginosa (73%)
previously formed on the ETT surface using a light dose of 50 J/cm?. Moreover,

Accumulation of ETT
contamined fluids

Biofilm parts
migrating to lungs

Biofilm inner and out
surfaces of ETT in
the region of cuff

Figure 1.
Pathogenesis of ventilator-associated pneumonia (VAP). Copyright (2020) National Academy of Sciences.
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Figure 2.
Antimicvobial coatings for ETT

Figure 3.
Curcumin-functionalized endotracheal tube. Copyright (2020) National Academy of Sciences.

a prevention on formation of S. aureus bacteria biofilm in the lumen of curcumin-
functionalized endotracheal tube was observed when it was under illumination

(at 450 nm, 35 mW/cm?) [39]. Furthermore, no degradation and leaching for
curcumin-functionalized endotracheal tube under different pH values (2.0, 4.5,
7.0, 8.0, and 10.0) were observed. These results pave the way for developing of
photosensitizers-functionalized ETT and photodynamic action to combat hospital-
acquired infections like VAP [40].

Overall, the development and application of antimicrobials coatings for ETT have
shown great promise and continue to progress. Significant results are being obtained
with a wide family of the antimicrobial coating, including photosensitizers. From
perspective, these in vitro methodologies developed so far could be applied in ex vivo
and iz vivo tests to evaluate and optimize these antimicrobial medical devices to be
applied in clinical trials. In sum, this approach possesses excellent potential to reduce
the number of deaths worldwide and decrease healthcare costs.
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3.3 Lower respiratory tract infections and current treatment challenges

Lower respiratory infections are the fourth-largest cause of death worldwide
and the main cause of death in low-income countries [14]. The most frequent lower
respiratory infections are acute bronchitis and bronchiolitis, influenza, and pneu-
monia [41]. In Brazil, pneumonia is the number one cause of hospitalization [42]. It
is also the main worldwide cause of death of children younger than 5 years old [43].
Although the number of hospitalizations has decreased over the past decades, the
in-hospital mortality increased, mainly explained by the aging of the population
and the occurrence of pneumonia cases that are more difficult to treat [42].

The European Respiratory Society defines pneumonia as an acute illness of
the lower respiratory tract that includes cough and at least one other symptom:
new focal chest signs, new lung shadowing shown by radiography, otherwise
unexplained fever for more than 4 days, or otherwise unexplained tachypnea/
dyspnea [41]. Community Acquired Pneumonia (CAP) is contracted from contact
with the infection in day-to-day life [41]. It is predominantly bacterial in origin,
being Streptococcus pneumoniae its most prevalent pathogen [44]. Other important
agents are Haemophilus influenza, Pseudomonas aeruginosa [44, 45]. Also, about 30%
of cases are coinfections with viruses [46]. However, in the vast majority of CAP
cases, there is no investigation of the etiological agent [42]. In such situations, the
treatment is based on the most prevalent microorganisms of that locality [42].

Hospital Acquired Pneumonia (HAP), also called nosocomial pneumonia, is
the one that develops after at least 48 hours after the patients’ admission [47]. Its
reported mortality rate ranges from 20 to 50%, the highest among nosocomial
infections [47]. As mentioned above, ventilator-associated pneumonia (VAP)
is the one contracted at least 48—72 hours after endotracheal intubation [41].

The most relevant HAP and VAP agents are also bacteria, like Staphylococcus

aureus, Pseudomonas aeruginosa, Escherichia coli, and Klebsiella, Acinetobacter, and
Enterobacter species [48]. Knowledge of the etiological agents is essential in treating
these infections since patients who receive the wrong initial therapy have a high risk
of mortality and morbidity [47]. However, the delay in starting the treatment also
leads to poor prognostic [47]. A significant concern in HAP and VAP cases is the
present of methicillin-resistant Staphylococcus aureus (MRSA), which is associated
with elevated mortality rates and treatment costs [49]. Traditionally, the first-
choice drug for MRSA infections is vancomycin, which due to its low penetration in
the lungs and high renal toxicity, leads to a failure rate the can reach 70% [49].

Even with new drugs like linezolid, tigecycline and ceftaroline, persists the diffi-
culty in increasing the success rate of treatments and the worry with the development
of resistance [49, 50]. Linezolid, for example, was approved for clinical use in 2000,
and cases of resistance in patients were reported as early as 2002 [51]. In a study from
2014, the occurrence of non-susceptibility to this antibiotic remained relatively low,
but several different resistance mechanisms had already been observed by then [51].

Another approach to hinder the burden of pneumonia is vaccination. Two types
of vaccines are currently available for S. pneumoniae, the main agent in CAP: the
pneumococcal polysaccharide vaccine (PPV) has been recommended for adults
since the mid-1980’s, but it lacks efficacy in neonates and infants [52]; the pneumo-
coccal conjugate vaccines (PCVs), designed to overcome that, were first approved
in 2000 [53]. However, pneumococcal vaccination faces two main challenges: first,
each vaccine is only effective against the serotypes contained in it; second, the
reduction of the said serotypes increases the colonization of other serotypes that
are not covered by the vaccines, and of other pathogen species like S. aureus and
H. influenza [52]. Thus, new vaccines need to be developed continuously, similarly
to what happens to antibiotics [52].
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In face of so many challenges, PDT using indocyanine green (ICG) and infrared
light has been studied in the treatment of bacterial pneumonia. ICG is a water-soluble
dye that emits fluorescence when exposed to infrared light [54]. Its absorption peak
in human plasma is 805 nm [55]. It is desirable to have the light excitation at this
range because it penetrates deeper into biological tissue, since it is less absorbed by
water, melanin and hemoglobin [56].

In an in vitro study by Leite et al., the in vitro inactivation of S. pneumoniae was
effective using concentrations of ICG as low as 5 pM when combined with a 780 nm
laser device or 10 pM when using an 850 nm LED. In these conditions, the treatment
was safe for RAW 264.7 macrophages, and seemed to enhance their ability to fight
the bacteria [57]. Other studies have also investigated similar protocols for other
relevant pneumonia pathogens. Topaloglu et al. found an effective in vitro killing of
S. aureus using 84 J/cm” of light (809 nm) with 6 pg/mL of ICG, and of P, aeruginosa
using 125 pg/mL ICG and 252 J/cm® [58]. Kassab et al. had similar results for S.
aureus, and showed that the same protocol, with up to 200 J/ cm?”and 10 uM of ICG,
was harmless to multiple mammalian cell lines [59].

The first in vivo investigation of the proposed protocol, performed by Geralde
et al., found a reduction in the bacterial burden and an increase in the survival
rate of SKH-1 hairless mice infected with S. pneumoniae after a single PDI session
using ICG 100 uM and 120 J/cm? of light at 780 nm, with a waiting interval of
3 minutes [60]. In this study, the light exposure did not seem to be harmful to the
animals. Additionally, the ICG alone was no different form the control, suggest-
ing that the activation with light was essential to the observed effects. It was then
demonstrated that nebulization would be a viable delivery method for ICG to reach
the lungs. ICG is compatible with air-jet nebulization in multiple concentrations,
and it reaches and distributes in the lungs similarly as intranasal instillation [59, 61].
Additionally, mice exposed to pulmonary PDT using ICG and 216 J/cm? of light at
808 nm showed no clinical signs of toxicity or histological damage to the lungs, liver
or stomach 7 days after the treatment [59]. Replicating such results in larger models
and patients might be challenging due to the layers of biological tissue the light
needs to go through to reach the target. Nonetheless, aPDT using ICG and infrared
light shows good efficacy and safety in pre-clinical studies, and has great potential
to become a treatment for lower respiratory infections.

4. Nanotechnology and future perspectives for aPDT

Antimicrobial Photodynamic Therapy is one of the main option that have been
investigated against resistant bacteria. However, even with the use of some pho-
tosensitizers in the clinic, especially for tumor treatment and already approved by
the FDA, some restrictions of these molecules, such as low solubility, little tissue
penetration, low specificity and little accumulation in the target cells are some of
the characteristics that hinders the greater use of this technique as the gold standard
in various diseases [62] Nanotechnologies is one possibility to increase the efficacy
of molecules with poor pharmacokinetics and pharmacodynamics properties,
including PS [63].

Drug delivery is, therefore, one of the most challenges for aPDT [64]. For this
reason, nanotechnology has been used in PDT as a possibility to increase its effect.
Nano-systems can be stable (even under light), present good optical properties and
high penetration in the tissue, as the skin (for topical application), have more speci-
ficity (with surface functionalization) and be more efficient in ROS production
[62]. Nanomaterials can be used as PS itself or to load the PS (as carrier), opening
several possibilities to conjugate nanotechnology with aPDT.
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The nanoparticles used as drug carrier present some advantages in relation to
traditional molecules, such as the transport in the blood circulation of hydrophobic
substances, the incorporation of some antigen given them desired properties, the
facility to enter in the target and yet, it is possible to control drug delivery [64].
Thus, several types of nanoparticles, with different sizes, shapes and functions,
have been synthetized in the last years, including for aPDT [65]. They are classi-
fied according to their material: inorganic (as metal nanoparticles), organic (as
liposomes) and nanocomposites, organic or inorganic [66].

Some nanomaterials have been explored under irradiation, showing photody-
namic effect and have been applied in different tests. Gold and Silver nanoparticles,
nanomaterials based in silica and silicon, quantum-dots, carbon-based materials
and nanoparticles from organic molecules are examples of the materials already
used in photodynamic therapy and its multimodal conjugation treatments in several
application [62].

The nanosystems also enable the delivery of PS with desirable optical character-
istics, such as the use of absorption by two photons or upconversion nanoparticles
and can result in high penetration into the tissue. Thus, they can be activated from
X-ray to infrared, reaching regions of the body that previously were not possible
with traditional PDT. This prospect of applying nano PDT can make this technique
extremely useful in the context of respiratory diseases, especially due to the current
concern about infections caused by resistant bacteria, the pandemic of the corona-
virus, or the next outbreaks that are yet to come [64].

However, it is still necessary to overcome the barrier between i vitro and in vivo
studies to reach nanotechnology’s clinical applications. Viral, fungal and bacterial
infections characterize a global public health problem and, with the coronavirus
pandemic, humanity saw the urgency to invest in new therapeutic possibilities,
especially because new pandemics have been predicted. The advent of nanotechnol-
ogy has helped to provide quick answers to urgent problems [63]. The scientific and
clinical community’s joint efforts and their integration into industry are needed to
respond quickly to respiratory diseases [67].

APDT is increasingly becoming a viable option for upper and lower airway
infections and nanosystems can help to break traditional PDT barriers. The search
for highly efficient PS has been one of the main research lines when it comes to
improving PDT. Many molecules synthesis methods have been explored, as well as
the synthesis of nanoparticles, but they are usually complicated and, especially with
nanoparticles, are difficult to apply for large-scale production. Thus, simpler synthe-
sis methods with functionalization of these nanometric systems have been gaining
relevance in the scientific community, since it is one of the challenges for the clinical
implementation of nano-PDT [68]. It is also necessary to understand the parameters
beyond the laboratory, such as dose, irradiation and clinical efficacy [69].

5. Conclusions

Increased resistance to antibiotics has a direct impact on humanity and is one
of the most important public health problems worldwide. Especially in the respira-
tory tract (lower and upper), which involves pharyngotonsillitis, pneumonia and
infections by endotracheal tube, new therapeutic possibilities are needed. APDT
has been shown to be highly effective against the microorganisms that cause these
diseases and several protocols with different photosensitizers and illumination
devices have been developed to make aPDT a great therapeutic option. New mol-
ecules and nanotechnology have been developed to improve aPDT and break down
barriers to clinical applications.
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Chapter12

Nanomaterials for Enhanced
Photodynamic Therapy

Lucas F. de Freitas

Abstract

Photodynamic therapy is a non-invasive option for eliminating superficial
tumors and to control infections. However, despite some protocols are already
approved for the clinic, PDT applications could be much broader if some of its
main hindrances were overcome. For instance, the most efficient photosensitizers
are hydrophobic, so if one injects them intravenously they tend to aggregate and
to be internalized by phagocytes in the blood, impairing the delivery to the target
site. In addition, visible light has a limited penetration in tissues, therefore the main
applications of PDT are limited to superficial tumors unless an invasive procedure is
used for the light to reach deeper sites. Another setback is the hypoxia that com-
monly happens in tumors, hindering the full potential of PDT as it depends on a
constant oxygen supply. In this chapter the reader will find some strategies based
on Nanotechnology to overcome these and other obstacles for PDT to reach its full
clinical potential, i.e. hypoxia-reverting protocols, X-ray-driven PDT, Cherenkov
radiation-driven PDT, and active tumor-targeting.

Keywords: photodynamic therapy, nanotechnology, active targeting, X-PDT,
CR-PDT

1. Introduction

Nanotechnology consists on the development of materials with dimensions
usually between 1 and 100 nm, where the properties of matter are significantly
different than their bulk counterparts, and can be tuned to the desired application.
These novel chemical and physical properties are usually derived from quantum
effects and from the drastically increased surface-to-volume ratio. Furthermore,
since many biological structures, i.e. proteins, organelles, viruses, etc., can be found
within the nanometric scale, synthetic nanostructures have easy access to biological
systems.

Although Nanotechnology started purely as a physical and materials science,
soon the medical properties of nanomaterials became evident, and the new era of
nanomedicine and nanopharmacy started. Nanomaterials are now recognized as
excellent therapeutic and diagnostic tools, and thousands of novel compounds and
nanostructures are developed every year, for the most diverse applications.

As you will see in this chapter, Nanotechnology can help practitioners to over-
come several hindrances of photodynamic therapy that have so far prevented this
approach from reaching a broader clinical success. Over the last decade, nano-
structures have been applied as drug delivery platforms for PDT, and as strategies
to enhance the efficiency of photosensitizers in generating ROS upon irradiation.
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The nanoparticles can be organic or inorganic, can assume a multitude of shapes
and sizes within the nanoscale, can act as photosensitizers themselves or as energy
transducers. Even further, nanocarriers prevent the complications that arise

from the poor solubility of photosensitizers in aqueous media, and increase the
tumor accumulation in order to preserve healthy tissues. We are going to discuss
in details the most relevant data regarding the enhancement of PDT by the use of
nanomaterials.

2. Nanotechnology in combination with PDT
2.1 Main hindrances of PDT

There is a plethora of photosensitizing compounds available, but the majority
of them did not present the requirements for clinical trials, i.e. good solubility,
target selectivity, sufficient light absorption on the desired wavelength, and low
accumulation in distant sites, especially the skin [1]. One of the biggest hindrances
of photosensitizers is their hydrophobicity and consequent tendency to aggregate
in aqueous environments, making the intravenous administration difficult unless
some kind of delivery system is used [2, 3]. Besides, it is desirable that the photosen-
sitizers accumulate preferentially in the target tissue rather than in healthy sites in
order to avoid toxicity, therefore strategies of targeted delivery are often necessary
to increase the therapeutic efficiency, and nanoparticle systems offer great advan-
tages in this regard [1].

Besides the tendency to aggregate when photosensitizers are injected intrave-
nously, they tend to be distributed to the whole body in a non-specific way, and
to be taken up by plasma proteins or phagocytes, decreasing significantly the
efficiency of PDT. To increase the specific delivery and avoid side effects, several
carriers have been developed to take advantage of the enhanced permeation and
retention (EPR) effect or to actively target tumors and enhance specific accumula-
tion, such as polymer and metal nanoparticles, micelles and liposomes, and mag-
netic nanoparticles. The EPR effect is caused by the leaky vasculature common to
tumor tissues, due to the sinusoid capillaries and the fenestrated endothelial cells,
plus the inefficient lymphatic drainage from tumor sites. The active targeting, on
the other hand, is actually a plethora of strategies to increase specific tumor accu-
mulation of a drug or therapeutic compound [3].

Another obstacle for photodynamic therapy is the limited penetration of
light, so it is used mostly for superficial tumors, or with the help of optic fibers
introduced in the patient. Recently, researchers have been developing strategies to
produce light inside of the body with the help of nanoparticle scintillators. These
materials are able to convert external X-ray photons, which can reach deeper sites
in the organism, into visible light photons that could excite a photosensitizer in a
process called X-PDT. Another approach to excite photosensitizers with endogenous
light is with Cherenkov radiation in a process referred as CR-PDT. Cherenkov radia-
tion is generated when a particle exceeds the speed of light in a defined medium,
and is common with the decay of several medical radioactive isotopes [4].

Photosensitizers that absorb in the NIR region, such as indocyanine green
(absorption around 800 nm) and aluminum sulfophthalocyanine (absorption
around 790 nm), although being able to be used in deeper regions due to the deeper
penetration of NIR light, tend to be less efficient in generating singlet oxygen than
other photosensitizers that absorb in lower wavelengths. Upconversion nanopar-
ticles (UCNSs) can overcome these limitations. The process where the absorption
of multiple photons — usually two or three — from a given wavelength leads to the
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emission of photons from a shorter wavelength is referred as photon upconversion.
This can be used as a strategy to reach deeper tissues with longer wavelengths and
excite photosensitizers that absorb in shorter wavelengths and would not be reach-
able by light otherwise [5].

UCNs usually consist in inorganic luminescent materials, usually made with
lanthanide elements that absorb NIR light and emit UV-visible light that can be
used to excite more efficient photosensitizers. Other than the possibility of exciting
photosensitizers in deeper regions and prevent photobleaching, enhancing PDT
efficacy, they can carry a plethora of hydrophobic photosensitizers, either loaded
physically or chemically [6, 7].

2.2 Nanomaterials used for PDT enhancement

Nanostructured delivery systems for photosensitizers can provide some major
advantages in PDT. The first one is regarding the increased quantity of dyes that
can be delivered to the target cell due to the large surface-to-volume ratio, while
the second one refers to the prevention of the premature release of the dyes before
reaching the target, enhancing the specific accumulation in the target tissue and
diminishing the side effects. The third is somehow related to the second, since
the loaded dyes find few obstacles in the blood stream and acquire an amphiphilic
character once conjugated with nanostructures, enhancing the tumor accumulation
as well. Another advantage is the privileged accumulation of nanosized materials
in tumor tissues due to the enhanced permeability and retention (EPR) effect.
Finally, their surface can be functionalized with a plethora of groups, so that their
biodistribution, pharmacokinetics, cell uptake and surface chemistry can be tuned
according to the desired application [8]. Figure 1 summarizes the main advantages
of nanotechnology combined with PDT.

Both biodegradable and non-biodegradable nanoparticles can be used to poten-
tiate photodynamic therapy (PDT). In the case of biodegradable nanoparticles
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Figure 1.
The combination of nanoparticles with photosensitizers and its main advantages for tumor ablation.
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(generally polymers and lipid-based structures), the photosensitizers are trapped
inside them and are released in a controlled manner, so that singlet oxygen can be
generated due to the exposition to light. On the other hand, when non-biodegradable
nanoparticles are used, usually the photosensitizers are adsorbed on their surface
(either external or internal, in case of porous structures), and they do not need to be
released completely to generate singlet oxygen [1].

Regarding biodegradable nanoparticles, many photosensitizers have been encap-
sulated with water-soluble polymers, such as meso-tetra(hydroxyphenyl) porphy-
rin, bacteriochlorophyll, verteporfin, various phthalocyanines, methylene blue, and
hypericin. Their singlet oxygen efficiency depends much on the polymer. Poly lactic
glycolic acid (PLGA), for instance, has demonstrated good results compared to
other polymers, along with poly lactic acid (PLA) and poly ethylene glycol (PEG).
The pharmacodynamics of different polymer nanoparticles may differ from one
another, and so do their bioavailability, thus the PDT efficiency may be different
according to the nature of the polymer [1].

Non-biodegradable nanoparticles are mostly metallic or ceramic-based (espe-
cially silica), but polyacrylamide was also reported as a photosensitizer nanocarrier.
Nevertheless, solid silica nanoparticles present higher singlet oxygen yield than
polyacrylamide nanoparticles, i.e. 2 to 3-fold more singlet oxygen production by
silica nanoparticles loaded with methylene blue compared to their polyacrylamide
counterparts [1].

Plasmonic materials, a very important class of non-biodegradable nanomaterials,
have proven to act as photosensitizers in the right conditions, and if they have photo-
sensitizers attached to their surface, they can enhance the photodynamic efficiency
of the dye. It was observed that semiconductor nanoparticles that present the suitable
energy gap can be used as photosensitizers and can also be conjugated with other
organic dyes. In these conjugated materials, energy can be transferred from the
excited nanoparticles to the photosensitizers through a FRET mechanism [5].

Gold and silver nanoparticles are more stable and present higher extinction
coefficients than organic dyes, but if one desires to use them to generate singlet
oxygen, O, molecules must be adsorbed on their surface in order to provide a
rapid energy transfer between the two. Furthermore, the energy transfer from the
nanoparticles to the adsorbed oxygen molecules is more efficient in low-energy
surface states of metal nanoparticles rather than the high-energy states. When these
conditions are fulfilled, it is believed that the PDT antitumor efficiency can be up to
10 times that of chemotherapeutics like doxorubicin [5].

Gold nanorods have been developed by different authors in order to carry phtha-
locyanines via adsorption onto the nanoparticle surface, either chemically with a
thiol group or via electrostatic interaction. The formation of a phthalocyanine layer
covering the nanoparticle prevents the aggregation of the hydrophobic photosensi-
tizer and enhances the photodynamic activity [2, 9].

Camerin and collaborators compared the efficacy of a phthalocyanine in its
free form and conjugated with gold nanoparticles in ablating B78H1 amelanotic
melanoma tumors in mice. The results showed that the accumulation of photo-
sensitizer in the tumor is enhanced when they are bound to the nanoparticles,
and as a consequence, the damage was significantly more intense and the tumor
growth was significantly slower than the tumors treated with the free phthalo-
cyanines [2].

Several cases of enhancement of the photosensitizer efficiency by plasmonic
nanoparticles (due to a strong energy transfer and the prevention of photobleaching)
have been reported in the literature, with various photosensitizers and nanoparticle
morphologies and materials [9-13]. One interesting example was demonstrated
by [14], because the PDT efficiency of the photosensitizer conjugated with gold
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nanoparticles was comparable to the free photosensitizer, but the hyperthermal
effect contributed to a more intense cytotoxicity against the tumor cells.

The material and the morphology of the plasmonic nanoparticles influence on
the extinction coefficients and, consequently, on the energy transfer efficiency.
Gold nanourchins, for instance, present an intense extinction coefficient at 940 nm,
which is within the therapeutic window, and the singlet oxygen production was
intense and sufficed to eliminate cancer HeLa cells while preserving normal
NIH-3 T3 fibroblasts. Gold bipyramids can be efficient singlet oxygen generators if
the wavelength used overlaps with the surface plasmon resonance peak, even more
efficient than methylene blue. Silver and gold nanocubes are unable to generate
singlet oxygen, while in the form of nanoprisms the opposite occurs [5].

This dependence on the morphology can be explained by theoretical calculations
showing that O2 can be adsorbed on Au(111), Ag(111), Au(110), Ag(110), Au(100),
and Ag(100) surfaces, but on Au(111), Au(100), and Ag(111) surfaces oxygen can
remain in molecular form and be excited to its singlet state, whereas on the other
surfaces it dissociates into its atomic form. This can only be altered when some
defects are present in the crystalline structure [5].

Quantum dots are other promising materials for photodynamic therapy.
Graphene quantum dots, for example, reduced tumor cell viability to 20% in a
1.8 uM concentration, compared to 35% cell viability when the same concentration
of PpIX was used. Similar results were obtained for ZnO quantum dots irradiated
with blue light [5].

Silica is also widely used as a nanomaterial because it is non-toxic and optically
transparent, and their surface chemical functionalization is easily achieved due to
the presence of several hydroxyl groups on its surface. When it comes to PDT, silica
can act as a carrier of photosensitizers, protecting them from enzymatic degrada-
tion and enhancing their permeation in tumors [5]. Figure 2 shows some of the
most important nanomaterials used in combination with PDT.

2.3 Recent advances in X-PDT

X-ray driven PDT makes use of scintillating materials and/or radiosensitizers
(Figure 3). High-Z elements, for instance, have inner shell electrons which are
very efficient in capturing X-ray photons and converting them into relaxed
electrons and visible light photons. Thus, the most common scintillators are
nanoparticles of high-Z elements doped with rare earth elements, and present
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Figure 2.
Some of the various morphologies and types of nanoparticles used in combination with PDT.
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NIR light

Figure 3.
Deeper penetration of X-rays and it use for X-PDT. The red circles symbolize singlet oxygen generated by the
interaction of the excited photosensitizer and molecular oxygen.

useful properties for medical imaging and high-energy physics. The materials

can be designed as films, coordination compounds, vitroceramics, metal-organic
frameworks (MOFs), and hybrid organic-inorganic materials, and characteristics
such as nanometric size, defects, coatings and media interaction influence on their
scintillation properties [4].

Nanoscintillators can be basically divided in doped and semi-conductors scintil-
lators. Lantanides are the most explored as doped scintillators due to their high
density, high-Z, and significant intensity of luminescence, while semiconductor
scintillators are mostly composed of porous Si, Si nanocrystals, ZnO, CdSe, CdS,
PbS, and CuBr [4].

The efficiency of X-PDT is largely affected by the intensity of X-Ray lumi-
nescence, the singlet oxygen yield of the photosensitizer, and the way the photo-
sensitizer is bound to the nanomaterial (either by covalent bonding, electrostatic
interactions, or by pore loading). Furthermore, part of the tumor ablation might be
due to the generation of UV photons during the scintillation process, apart from the
photodynamic effect. The radiosensitization effect must also be considered, since
high-Z materials generate ROS whenever their electrons are excited by X-rays into
states above the conduction band edge, consequently producing electron hole pairs
that interact with water producing hydroxyl radicals, and the electrons generate
superoxide and peroxide radicals when they react with O,. Those ROS increase the
cytotoxicity of the materials under X-ray irradiation [4].

Nanoscale metal-organic frameworks (nMOFs) consist of the self-assembly
of metal ions or clusters and bridging ligands, usually organic polydentate. These
materials are used as a means to put scintillators and photosensitizers closer to each
other, enhancing the singlet oxygen generation efficiency [4].

Nanosized MOFs are usually biodegradable, offering a significant advantage
over other nanomaterials, depending on the desired application. They encompass
a virtually infinite possibility of structures due to the large availability amount of
organic linkers and metallic parts; however, it is of utmost importance to select
the components in accordance with the desired application in order to optimize
the results. In the medical field, the use of MOFs is still in the prelude, since more
pharmacokinetic, pharmacodynamics and biological characterization studies must
be performed so that these materials reach clinical trials [15].

Regarding the use of lanthanides as scintillators, Dou et al. synthesized UCNs
(NaYF4:Yb,Tm) covalently conjugated with chlorin e6 to prevent the premature
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release of the photosensitizer and tested them iz vitro. The nanoparticles were more
efficient than the free photosensitizer even at low concentrations, and the efficacy
can be fine-tuned by adjusting the dose of Ce6-UCNs and the laser power [7]. On
the other hand, non-lanthanide materials such as SiC/SiOx core/shell nanowires
functionalized with azide groups and porphyrin derivatives were tested for X-PDT
and demonstrated significant efficacy. This material showed to be non-cytotoxic in
the dark, and emits fluorescence at 545 nm when irradiated with X-rays, exciting
the porphyrin derivative in the process [4].

Another example of experimental X-PDT was performed by Sivasubramanian
et al. using BaFBr:Eu** nanoparticles loaded with porphyrins. When irradiated
with 3 Gy of X-rays, the nanoparticles generated luminescence that matched the
excitation wavelengths of the photosensitizer, leading to photodynamic effect
that damaged the DNA, the mitochondria, and generated intense oxidative stress,
significantly killing prostate cancer cells in vitro [16].

One of the main concerns about X-PDT is the radiation dose that needs to be
applied to the patients. In order to diminish the amount of radiation that the patient
must be exposed to, some scintillators that present persistent luminescence upon
irradiation, rather than fluorescence, are the option. Fluorescence is a phenom-
enon that lasts for a few nanoseconds, while persistent luminescence can persist
for minutes to hours after the excitation, therefore the required dose of radiation
for excitation can be significantly decreased. There are evidences that persistent
luminescence decreases the rate of oxygen consumption during PDT and may avoid
the undesired hypoxia that hinders the photodynamic efficacy [4].

2.4 Recent advances in CR-PDT

Cherenkov radiation-driven PDT, symbolized in Figure 4, takes advantage of
the fact that most radiopharmaceuticals accumulate in tumors in a selective manner,
therefore the photodynamic ablation may occur in a more localized way. However,
the generation of Cherenkov radiation occurs in low fluence rates, usually not
enough to enable a good photodynamic efficiency [4].

There is a significant advantage, though, of CR-PDT over X-PDT, which is
the possibility of targeting multiple metastases easier than with external X-rays.

°

Water molecules @

Visible light

Figure 4.
Cherenkov radiation being generated after radionuclide decay, and its ability to excite photosensitizers in order
to perform PDT. The red circles symbolize singlet oxygen.
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Furthermore, even if the photons generated by the radionuclides are in much lower
number than external irradiation (and possibly insufficient to exert significant
phototoxicity), it is likely that the damage induced directly by the radionuclides
contribute synergistically for the success of tumor ablation with CR-PDT [17].

An example of experimental CR-PDT was performed by Kamkaew et al. The
authors encapsulated the radionuclide **Zr with chlorin 6 into a mesoporous
silica nanoparticle. The zirconium Cherenkov radiation emission is mostly in the
UV region, but there is a significant emission in the blue region around 400 nm,
corresponding to one of the absorption peaks of chlorin e6. The results in vitro
showed high levels of DNA damage when the photosensitizer is present compared
to the radionuclide alone, while in vivo results showed complete tumor remission
after 14 days, even with a sublethal radiation dose of 15 MBq. However, a significant
amount of radioactive nanoparticles were found in the liver after 14 days, so strate-
gies to avoid toxicity to health tissues must be applied [18].

Nevertheless, much progress is yet to be made before X-PDT and CR-PDT
become official clinic protocols, despite all the successful results that have been
obtained so far. The mechanisms of cell death by the combination of radiotherapy
and PDT must be fully understood, and the materials used as scintillators must be
fully characterized and optimized [4].

2.5 Hypoxia-reverting strategies

PDT efficacy in tumors is limited by the oxygen supply to the tumors, which
tends to be reduced due to deteriorated microcirculation, especially in the tumor
center. Since PDT consumes oxygen, it increases even further the local hypoxia,
preventing the technique to reach its full potential. Therefore, some strategies to
increase the availability of oxygen to the tumors while PDT is occurring have been
developed in order to increase the tumor ablation [3]. Cheng and co-workers, for
instance, loaded photosensitizers that are activated at 780 nm into perfluorocarbon
nanodroplets enriched with oxygen with average size of 200 nm. The use of the
nanodroplets also increases the half-life of singlet oxygen, so the PDT efficiency is
enhanced both iz vitro and in vive. With intravenous administration, the tumors
were significantly ablated, but with intratumor administration the tumors were
eliminated completely [19].

It was observed by Kim et al. that O, can be efficiently produced via Fenton
reaction in cancer tissues due to the abundancy of H,0, derived from the tumor
metabolism, especially when mesoporous silica nanoparticles are conjugated to
manganese ferrite nanoparticles, which are classical Fenton catalysts, and loaded
with chlorin e6. This system enabled a continuous PDT process by providing the
tissue with the necessary amount of O, via Fenton reaction, and could act as a con-
trast agent for magnetic resonance imaging, acting as a theranostic material [20].

In this regard, cerium oxide nanoparticles provide a good alternative for con-
verting hydrogen peroxide into molecular oxygen and water, even in the absence of
light irradiation. They are, therefore, a smart strategy to provide the hypoxic tissues
with oxygen to enhance PDT efficacy, as demonstrated by Jia et al. The authors used
a mesoporous core-shell structure consisting of NaGdF,:Yb,Tm@NaGdF, upconver-
sion nanoparticles coated with CeO, capable of converting NIR light into UV light,
which activates cerium oxide to produce ROS. Since the nanoparticles have a hollow
interior, they can also be used as a drug carrier for a combined chemotherapy,
besides being very efficient in tumor ablation by PDT [21].

Although most of the oxygen-generating strategies make use of the excess of
hydrogen peroxide caused by the intense metabolism of tumors, which can react
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with iron cations generating O, and hydroxyl radicals. There is a class of materials,
however, that uses water as the source of oxygen, the so-called water-splitting
materials, commonly used for solving energy and environmental problems. Since
water is the major component of the organism, there is a virtually endless supply
of oxygen to be used for PDT enhancement. Metal-free C3N, decorated with
carbon dots (in order to enhance the water-splitting upon irradiation with red
light) was used by Zheng et al. as a water-splitting material. The nanocomposite
was conjugated with the compound PpIx-PEG-RGD, consisting of the photosen-
sitizer protoporphyrin IX with polyethylene glycol and the peptide sequence RGD
(arginine, glycine, and asparagine) for active tumor targeting and photodynamic
therapy. Under 630 nm irradiation, there was an increased O, concentration and
singlet oxygen production, enabling a significant cell killing without the occurrence
of hypoxia [22].

Red blood cells (RBCs) can be used as photosensitizer and oxygen carriers at the
same time in order to increase the efficacy of PDT in hypoxic situations. Wang et al.,
for example, coupled the photosensitizer Rose Bengal and a hypoxic probe on the
surface of RBCs. Upon low levels of oxygen, the hypoxic probe can switch to an active
state and undergo an orthogonal near-infrared upconversion, resulting in the release
of O, from the oxygenated hemoglobin when 980 nm light is applied. The photody-
namic process is, thus, kept for longer and results in a better tumor ablation [3].

Oh the opposite side of the previous strategies, a protocol has been developed
in order not to avoid the hypoxia in the tumors, but to use it to potentiate chemo-
therapy after PDT has been performed. This is possible with the use of hypoxia-
activated prodrugs such as triapazamine or apaziquone. He and collaborators used
nanoscale metal-organic frameworks (NMOFs) as porous nanocarriers of pho-
tosensitizers and hypoxia-activated chemotherapeutics. Both iz vitro and in vivo
results indicate an on-demand release behavior of the nanoparticles and an intense
tumor ablation, therefore it consists on a promising antitumor strategy [23].

2.6 Tumor-targeting and specific delivery strategies for PDT using
nanomaterials

One of the most common strategies of actively targeting specific organs or
tissues is by the use of antibodies. Stuchinskaya and collaborators combined the
versatility of gold nanoparticles with a hydrophobic photosensitizer (zinc phtha-
locyanine derivative), preventing its aggregation before reaching the target, and
decorated the nanoparticle with tumor-specific antibodies (anti-HER2 for breast
cancer) by covalent bonds formed with the coating layer of polyethylene glycol.
There was a high efficiency in singlet oxygen generation in cancer cells after a
selective targeting [24].

Active targeting can also make use of membrane proteins that are overexpressed
in tumor cells, i.e. some integrins and neuropilin-1. By coupling ligands like RGD
(a tripeptide composed of arginine, glycine, and aspartate), biotin, and folic acid
to nanocarriers, the tumor accumulation is significantly enhanced [3]. Organelle
targeting is also an option, especially when it comes to mitochondria. Several lines
of evidence show that targeting the mitochondria for PDT avoids drug-resistance by
tumor cells via a decreased level of intracellular ATP (the drug resistance phenotype
in tumor cells is often associated with overexpressed ATP-driven transmembrane
efflux pumps), besides the fact that damage to the mitochondria often leads to cell
death [25]. Targeting the lysosomes can be additionally useful because the leakage
of protons and hydrolases into the cytoplasm can damage inner structures and lead
to cell death [3].
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Another reason that makes organelle-targeting important is the short action
range of singlet oxygen (no more than 20 nm), so a localized photosensitizer
excitation is required. Hou et al. developed a Fe;0,@Dex-TPP nanoparticles that
enhance the oxygen concentration in tumor cells via Fenton reaction, target the
mitochondria (via the triphenylphosphine group, TPP), and are able to be imaged
by magnetic resonance imaging due to the magnetic behavior of Fe;O,. This system
was loaded with the photosensitizer protoporphyrin IX and grafted with a reduced
glutathione-responsive moiety. Upon internalization, Fe** and Fe*" ions are liber-
ated from the Fe;0,4 core and diffuse into the cytoplasm, then oxygen is produced
by Fenton reaction (Fe* reacting with the excess of H,0, producing O, and
hydroxyl radical (¢OH). This allows the PDT process to keep occurring, enhancing
the therapeutic efficacy [25].

One of the strategies for specific delivery is the development of pH-sensitive
materials that make use of the mild acidity environment found in tumors (around
6.5 to 7.2). Ai and co-workers developed upconversion nanoparticles with a low-pH
insertion peptide that in acidic environments allow the insertion of the nanopar-
ticles into the plasma membrane. They observed a large accumulation in the tumor
tissue compared to healthy tissues [26].

Calcium phosphate is a biocompatible and biodegradable material, as it is the
main component of hard tissues such as bones and teeth. It is sensitive to pH, main-
taining its stable structure in physiological pH and dissolves in acidic environments,
therefore it can be useful for controlled delivery to tumors. Another advantage relies
on the fact that, once inside the cells, calcium phosphate nanoparticles dissolve and
liberate calcium ions across lysosomal membranes, impairing the osmotic pressure
of the cell and leading it to necrosis [27].

Liu et al. fabricated calcium phosphate-encapsulated core-shell structured
nanoparticles (UCNPs-Ce6 @SiO2@Calcium phosphate-Doxorubicin), characteris-
tic for being biodegradable, biocompatible, pH-sensitive (which enables the libera-
tion of the chemotherapeutic in the tissue), and provides therapeutic efficiency by
PDT upon irradiation with 808 nm due to the presence of Chlorin e6 in its structure.
Finally, due to the presence of rare earth elements, it can be used as an imaging tool
for diagnostic purposes [27].

Another strategy is the development of nanomaterials that can be degraded
by enzymes that are overexpressed in tumors, such as matrix metalloproteinases
(MMPs) and hyaluronidase. One good example is the nanomaterial developed by Li
etal. [28], which consisted of hyaluronic acid nanoparticles conjugated with chlorin
e6 that disassemble in the presence of hyalurinodase and liberate the photosensi-
tizer. This way, they can act as theranostic materials, meaning they can use as diag-
nostic tools and therapeutic agents. Another example was the MMP2-responsive
chimeric peptide nanoparticles coupled with protoporphyrin-IX, which turn from a
sphere into large fibers when MMP-2 is present, and this sphere-to-fiber transition
contributes to the augmented tumor retention of the nanoparticles [29].

Dai et al. developed a peptide nanoparticle coupled with protoporphyrin-IX
(PpIX-Ahx-K8(DMA)-PLGVR-PEGS) responsive to both pH and enzyme. This
nanoparticle assumes a spherical shape while in circulation and avoids nonspecific
uptake, and when in tumor environments they undergo a charge reversal and cleav-
age of the PLGVR sequence by MMP-2. Simultaneously, the DMA group is detached
because of the low pH. This logic worked to enhance even more the specific uptake
by tumor tissues [23].

A very intricate nanosystem combining tumor-targeted PDT with antiangio-
genesis therapy and reduced glutathione (GSH) was developed by Min etal.. It
consisted on a porphyrinic zirconium-metal-organic framework nanoparticle that
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can act simultaneously as a photosensitizer and a carrier of the vascular endothelial
growth factor receptor 2 (VEGFR2) inhibitor apatinib. MnO2 covers the nanopar-
ticle core in order to consume the intratumoral GSH, and the whole system is
decorated with a camouflage made of a tumor cell membrane. The tumor specificity
was much enhanced, and so was the ablative efficiency of the combined treatment
provided by this nanomaterial [30].

In addition to the previous strategies, some researchers have developed
nanoparticles that are activated by near-infrared light for selective photodynamic
therapy, protecting healthy tissues like the skin. The mechanism of action of
these systems is based on the blockage of photodynamic action from the photo-
sensitizer by a co-loaded NIR dye via a fluorescence resonance energy transfer
(FRET) effect. The photosensitizer action is recovered once the NIR dye is
photobleached by NIR light irradiation in the specific site. Dong et al. developed
CaCO;-PDA-PEG hollow and porous nanoparticles loaded with chlorin e6 for
this purpose, and observed that they are degraded in acidic environments such
as tumors, liberating the photosensitizer in a selective manner. The generation of
singlet oxygen was enhanced in the acidic environment, and the photosensitizer
was taken up more efficiently when administered within the nanoparticles,
compared to the free photosensitizer and other formulations. It is worthy to men-
tion that when chlorin e6 is injected in a liposomal formulation, the mice present
significant weight loss, probably due to an intrinsic toxicity, and this does not
happen in the CaCO;-PDA-PEG formulation [31].

Jeong et al. tested human serum albumin nanoparticles loaded with chlorin e6
in order to develop a more biocompatible system for enhanced PDT efficacy. The
nanoparticles, with circa 88 nm in diameter, proved to be non-cytotoxic in the dark,
but produced significant amounts of singlet oxygen upon irradiation with the appro-
priate wavelength. Remarkably, when injected in mice they provided a very specific
tumor delivery compared with the free photosensitizer, and simultaneously provided
a good imaging property die to the fluorescence of chlorin e6 [32].

PDT can be not only an adjuvant for chemotherapy, but also for immunotherapy,
and nanotechnology can potentiate the results and enable the combination of the
two therapies in one single approach. That is what was demonstrated by Xu et al.
when they developed mesoporous silica nanoparticles made of amorphous silicon
dioxide. The nanoparticles were relatively small (around 80 nm in diameter) in
order to enhance the cell internalization and avoid side effects, and the pores
were large (around 5-10 nm) in order to optimize the drug loading capacity. The
nanoparticles were loaded with CpG oligodeoxynucleotide, which is a Toll-like
receptor-9 agonist for immunotherapy, and chlorin e6. The authors observed an
effective accumulation in tumors in vivo after intravenous injection, and the treat-
ment induced cell damage and the recruitment of dendritic cells. With the immune
response elicited, there was a strong cancer vaccination effect, therefore tumors in
distant sites can also be affected by the treatment [21].

Finally, a novel phenomenon has been calling the attention of researchers,
namely aggregation-induced emission (AIE) of photosensitizers. Some fluoro-
phores are poor light emitters when they are in a single molecule state, but they
become strong emitters when aggregated, enabling bioimaging with significant
biocompatibility and photostability. Besides, they can generate singlet oxygen in
the aggregated state, so they can act as efficient PDT agents. Liu and coworkers
synthesized AIEsomes, which are lipid structures conjugated with compounds with
AIE property, and tested their efficacy in vivo. Their compounds were biocompat-
ible, provided efficient bioimaging and loading efficiency, ultimately leading to a
significant photodynamic effect [33].
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3. Conclusion

Photodynamic therapy has long proven to be an efficient way to eliminate
tumors and control infections in a non-invasive way. PDT consists on the use
of light-absorbent compounds named photosensitizers, which are able to excite
O, from its ground triplet state to its excited singlet state, or to generate reactive
oxygen species whenever they are irradiated with an appropriate wavelength. Much
success has been achieved so far, and some PDT protocols are already available for
the treatment of tumors, skin infections and for dentistry applications.

Nevertheless, the full clinic potential of PDT is yet to be achieved, mainly due
to some limitations of the technique, i.e. the lack solubility of photosensitizers
and limited stability in aqueous media such as the blood and the biological tissues
(which makes the administration to patients somewhat difficult), the limited
penetration of light, especially in the visible spectrum (limiting most of the applica-
tions to superficial sites), and the hypoxia that is usually present in tumor tissues,
especially the center, and is increased during photodynamic action (since PDT is
intrinsically dependent on oxygen, hypoxia hinders the full therapeutic potential
of PDT).

Nanotechnology offers potential solutions to these limitations due to the intrin-
sic properties of nanomaterials, derived mainly from quantum effects that appear
in matter in the nanometric scale, and from the surface chemistry that is often
optimized in nanomaterials. Nanoparticles can act as photosensitizers given the
necessary conditions, or can potentiate the photodynamic properties of attached
photosensitizers. Additionally, nanocarriers can be loaded with hydrophobic
photosensitizers, avoiding their aggregation and enhancing their specific accumula-
tion in the target site. Finally, upconversion, scintillating and/or radiosensitizing
nanomaterials enable the application of PDT in deep-seated tumors because they
absorb wavelengths that reach deeper into the organism and emit visible light that
can excite photosensitizers in the vicinity.

Nevertheless, some more studies must be performed in order to develop nano-
platforms that join the advantages of both Nanotechnology and Photodynamic
Therapy, with good biocompatibility and with optimized clinical results. The
potential, though, is strong for Nano-PDT to become various protocols for the most
diverse medical applications.
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Abstract

The challenge was always great for lipophilic photosensitizer use in the photo-
dynamic therapy (PDT) for treatment of internal body diseases. Photosensitizer
metabolism in liver, incompatibility of the molecules in the gastric acid, aggregation
in the bloodstream, opsonization of molecules and phagocyting process hamper
the application of the free lipophilic photosensitizer in disease treatment using
PDT. This problem has been partially resolved using the drug delivery system to
encapsulate the photosensitizer. Many studies have been reported using polymeric
nanoparticles to encapsulate the lipophilic photosensitizer showing excellent results
for PDT, but few nanoparticulate formulations are available at the pharmacies. The
absence of deep knowledge about the influence of synergic effect of parameters
used in the nanoparticle preparation on its properties, the photobleaching process
of encapsulated photosensitizer and the molecule aggregation into the nanoparticle
can decrease the photodynamic efficacy for the lipophilic photosensitizer. Our
research group has studied the influence of many parameters on the nanoparticu-
late properties of several encapsulated phthalocyanines and porphyrin using facto-
rial design, evaluating the free and encapsulated compound aggregation, efficacy
to reduce the viability of cancer cells, the photooxidation of the biomolecules and
the influence of photobleaching. This work shows the most important results to be
consider in the optimization of the polymeric nanoparticle.

Keywords: polymeric nanoparticle, factorial design, phthalocyanine, porphyrin,
photodynamic therapy, photooxidation, cancer cells, photobleaching

1. Introduction

Photodynamic therapy (PDT) is an important therapeutic modality used in
the treatment of cancer and several non-malignant diseases, including infections
and dental treatments [1-5]. It is characterized by the administration of a photo-
sensitizer (PS), a light source to activate it and oxygen molecules (Figure 1) [6].
After administration of the photosensitizer, the diseased tissue is irradiated with
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Figure 1.

PDgT mechanism involving the combination of a photosensitizer, a light source and oxygen molecules. After
excitation to a higher energy state (1), the photosensitizer may suffer rotovibrational decays to the excited state
S, (2), from which the photosensitizer can suffer energy decay to the fundamental state S, via fluorescence (3),
intersystem crossing (4) or phosphorescence (5).

visible light, causing the excitation of the PS to a singlet electronic state (S;),
which can be deactivated to the fundamental state (Sp) through radiative pro-
cesses (fluorescence or phosphorescence) or non-radioactive (internal conver-
sion, intersystem crossing or vibrational relaxation). Among these processes,
intersystem crossing is essential for PDT. It consists of a prohibited transition by
spin from the excited singlet electronic state (S;) to the excited triplet state (T;).
In this state, the PS can interact with oxygen molecules or other biomolecules
that are present in the irradiated tissue generating reactive oxygen species (ROS)
that can cause damage to diseased tissues [7, 8]. These ROS can be generated by
two mechanisms, [9] involving energy transfer (type II mechanism) or electron
transfer (type I mechanism) (Figure1).

The success of the treatment, fundamentally, depends on the photochemical,
photobiological and pharmacokinetic properties of the photosensitizer. New
porphyrin and phthalocyanine derivatives have been synthesized and encap-
sulated because their photochemical properties are suitable for PDT [10-12].

In general, hydrophobic photosensitizers tend to form aggregates in aqueous
medium, affecting their bioavailability and their ability to generate reactive oxy-
gen species, [13] and consequently, reducing their efficacy in treatment by PDT.
In addition, lipophilic molecules hamper the administration of photosensitizer
by parenteral via [14]. The nanocarrier systems has proven to be quite effective
to solve this problem since they facilitate the administration of the hydrophobic
photosensitizer, protect the photosensitizer from aggressive environments and
decreasing its aggregation state [15].

Many studies show prominent results with polymeric nanoparticles as carriers
of lipophilic photosensitizers due to the benefits associated with their application in
PDT for cancer treatment [16-18] such as effectively increase in the amount of PS
in the target tissue due to a greater volume/area ratio; prevent the premature release
of the photosensitizer, avoiding its accumulation in healthy tissues; maintaining
drug concentration at therapeutically appropriate intervals in blood circulation and
tissues; greater ability to penetrate the target tissue due to its size; in addition to
protecting drugs from liver inactivation and enzymatic degradation [15].
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Another advantage of polymeric nanoparticles is their biocompatibility and
biodegradability, once it is degraded by enzymatic processes that generates non-
toxic and biocompatible products, being removed from the body by physiological
pathways. An example is the nanoparticle of poly(lactide-co-glycolide) (PLGA), a
polymer approved by the Food and Drug Administration (FDA) and that we used
in our research [15]. However, it also be reported that the use of nanomaterials in
contemporary clinical practice need to be monitored because of the unpredicted
effects of the cumulative exposes of non-biodegradable nanoparticle in the
human body [19].

Few nanoparticulate formulations are on the shelves of pharmacies due to the
lack of knowledge of the combinatorial influence of the parameters used in the
preparation of the nanoparticles on the fundamental properties for maximum
therapeutic potential, [5] a fact that hampers the scale up process for the produc-
tion of nanoparticulate formulations. Besides, the poor batch-to batch reproduc-
ibility to prepare polymeric nanoparticle, the low solubility of some polymers in
water that requires the use of organic solvent to synthesize the nanoparticle, the
low glass transition temperature of some polymers that limit the use of them to
prepare the nanoparticulate formulation and the high cost of biodegradable poly-
mers are drawback that hamper the development of nanoparticulate pharmaceutic
formulation for using in PDT. For these reasons, we have studied the influence of
the parameters involved in the preparation of polymeric nanoparticle loaded with
several porphyrin and phthalocyanine derivatives (Figures 2-4) that have different
physicochemical properties (Table 1).

Given these considerations, we present an overview of the main results obtained
by our research group on the influence of several preparation parameters on
the final properties of polymeric nanoparticles loaded with photosensitizers for

Figure 2.

Molecular structures optimized by Avogadro and MOPAC software for (A) gallium phthalocyanine chlorine
(GaPc), (B) indium phthalocyanine chlovine (InPc) and (C) chloro(5,10,15,20-tetraphenylporphyrinato)
indium (II1) (InTPP).
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Figure 3.

Molecular structures optimized by Avogadro and MOPAC software for (A) 5-hexyl-10,20-bi(3-hydroxyphenyl)
porphyrin (hex-m-bisHPP), (B) 5-hexyl-10,15,20-tri(3-hydroxyphenyl) porphyrin (hex-m-trisHPP) and (C)
5,10,15,20-tetra (3-hydroxyphenyl) porphyrin (m-THPP).

Figure 4.
Molecular structures optimized by Avogadro and MOPAC software for 1,4- (tetrakis[4- (benzyloxy)phenoxy]
phthalocyaninato) indium (I1I) chloride (InTBPPc).

application in PDT, besides regarding the effect of encapsulation in reducing the
photobleaching process of photosensitizer and on the efficiency of nanoparticles
containing photosensitive compounds in reducing the viability of cancer cells or in
biomolecules photooxidation.
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2. Influence of nanoparticles preparation parameters on their final
properties

The development of carrier systems involves a lot of study of the variables used in
the formulations preparation and their influences on the nanoparticulate properties
that reflect on the cellular uptake of nanoparticles, its bioavailability and, conse-
quently, the photodynamic efficiency. The approach to analyze the individual effect
and the combinatorial effect (synergistic or antagonistic) of the parameters is usually
done by factorial design of experiments, which all levels (experimental domains) of a
factor are combined with all levels of the other factors of the experiment [16].

The influence of factors on the characteristics of nanoparticles is intrinsically
linked to the production process [16, 20, 21]. Many works have shown the indi-
vidual effects of some parameters involved in the nanoparticles preparation stage
on their properties. However, the influence of a parameter used in a polymeric
nanoparticles formulation will not always produce the same response for similar
formulations [5].

There are significant challenges to consolidate polymeric nanoformulations in the
pharmaceutical market since small changes in the composition of the formulation, for
example, the encapsulated drug, can influence the nanoparticles properties, such as
the particle size, the surface charge, the residual amount of emulsifier on the surface
of the particles, and encapsulation and recovery efficiencies of the nanoparticles [5].

2.1 Size

The particle size used for the treatment of oncological and non-oncological
diseases depends on the administration route and/or the type of diseased tissue. For
example, in intravenous administration, the particles must be smaller than 5 pm in
order to circulate through the capillaries, however, smaller sizes are necessary for
nanoparticles reach the tumor vessels and remain longer in the blood stream [5, 8, 22].

Researches have shown that nanoparticles with sizes smaller than 200 nm have
a longer circulation time in the bloodstream due to the reduction of the recognition
of the nanoparticle by plasma proteins (opsonin) that signal the reticuloendothelial
system to act in the phagocytosis process of the nanoparticles. Remaining longer in
the circulatory system, smaller diameter particles could interact more effectively
with cell membranes, presenting greater capacity of cellular internalization due to
the overexpression of porous in tumor cells membranes, a fact that would result
in greater efficiency of nanoparticulate photosensitizers in reducing cell viability
through PDT [5, 8, 22].

A highly significant parameter in causing changes in the nanoparticles size was
the stirring rate used in the preparation process. The increase of stirring rate leads
to smaller sized nanoparticles due to the better dispersion of the organic phase
in the aqueous phase, reducing the droplet size of the organic phase and, conse-
quently, the nanoparticle size [20].

Although the stirring rate is considered the main factor responsible for the size
reduction of the nanoparticle, in some formulations this parameter is not significant
[23]. In the preparation of PLGA-PEG nanoparticles loaded with chloro(5,10,15,20-
tetraphenylporphyranato) indium(III) (InTPP - Figure 2C), the ethanol percent-
age in the aqueous phase was the main parameter responsible for size decrease, not
the stirring rate [20].

Our group demonstrated that the individual increasing in the ethanol percent-
age in the aqueous and organic phases contribute to reduce the nanoparticles size.
The ethanol present in the aqueous phase causes an increase in viscosity while the
addition of ethanol in the organic phase accelerates the separation of phases from
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the PLGA during the dispersion of the organic phase in the aqueous phase. These
effects hinder the coalescence of organic droplets dispersed in the aqueous phase,
preventing an increase in the nanoparticles size [16, 20].

Analyzing two preparation methods, the PLGA-PEG nanoparticles loaded
with gallium phthalocyanine (GaPc - Figure 2A) prepared by the Emulsification-
Diffusion Method (EDM) were smaller in size than the nanoparticles prepared by
the Emulsification-Evaporation Method (EEM). In the EDM method, the organic
solvent is dispersed in the aqueous phase generating droplets that are stabilized
by colloidal stabilizing agents, however, the rapid efflux of solvent can cause the
formation of aggregates and a population with varying sizes [5].

The aqueous phase temperature is another factor that can positively or nega-
tively influence the nanoparticles size. The increase in temperature reduces the
viscosity of the mixture between the organic phase and the aqueous phase, favoring
the coalescence of organic solvent drops and consequently increasing the particles
size, but the increase in temperature also favors the diffusion of the organic solvent
into the aqueous phase, favoring the reduction of particle size. In the EDM method
the effect of coalescence is more pronounced, causing the size increase, while in
the EEM method the diffusion of the organic solvent to the aqueous phase is more
pronounced, decreasing the nanoparticle size [5].

Combinatory effects of two parameters can also be significant for nanoparticle
size. The binary effect between changing the method from EEM to EDM and
increasing the aqueous phase temperature tends to increase the nanoparticles size
[5]. Univariate methods do not allow to identify the combinatory effect that could
be important for a determinate nanoparticulate property being necessary the use of
factorial design.

The ratio between the photosensitizer mass and the polymer mass is also a
parameter that can influence the nanoparticle size. In the study of the preparation
of PLGA nanoparticles loaded with three porphyrins (Hex-m-bis-HPP, Hex-m-tris-
HPP and m-THPP - Figure 3A-C, respectively) with different amphiphilicities, [16]
the effect of the porphyrin/polymer mass ratio on the nanoparticle size was only
significant in m-THPP nanoparticles, which the increase in the mass ratio caused a
reduction in size. The low polymer concentration reduces the organic phase viscous
resistance against the shear force during the emulsification process, favoring the
reduction of the organic phase droplets size dispersed in the aqueous phase and,
consequently, reducing the nanoparticles size [16].

Different results have also been reported in the literature, not observing any
effect of the photosensitizer mass/polymer mass ratio on the PLGA nanoparticles
size loaded with bupivacaine [24], while others have reported that an increase in the
proportion decreased the nanoparticles size [25, 26].

Another parameter that can also influence the nanoparticles size is the polyvinyl
alcohol (PVA) concentration, which is the most used emulsifier in formulations
preparation stage. In some cases, the effect of increasing the PVA concentration on
the particle size may be very similar to the effect of the stirring rate. It is known that
PVA molecules anchor in the aqueous/organic interface formed during emulsifica-
tion, causing a decrease in interfacial tension and favoring the mechanical and
spatial stabilizations of the organic droplets dispersed in the aqueous phase [27].

In addition, polymeric PVA chains not anchored to the nanosphere surface can
increase the aqueous phase viscosity. The reduction in interfacial tension and the
increase in viscosity caused by PVA favor a decrease in the nanosphere size [20].

Emulsification time is a factor that may or may not be significant on size. In the
preparation of PLGA-PEG nanoparticles containing gallium phthalocyanine, this
parameter did not significantly influence the nanoparticles size [5], however some
studies have already shown that it can increase or decrease the size [28]. As stated
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earlier, each parameter behaves in a particular way according to the parameters used
in the preparation of nanoparticles. All these influences on size were summarized in
Figure 5.

Besides the preparation parameters, the physicochemical properties of pho-
tosensitizers can also influence nanoparticles size. The polymeric PLGA-PEG
nanoparticles loaded with GaPc or INTBPPc had different results for size distribu-
tion. The average diameter of the INTBPPc nanoparticles was 1.3 times greater than
for nanoparticles with GaPc. According to the optimized structures designed by
the molecular modeling program (Figure 2A and 4), it was shown that InTBPPc
has a volume of 1555.32 A (Table 1), that is 2.6 times greater than GaPc. This result
suggests that the molecular size of the encapsulated phthalocyanine may influence
the increase in the size distribution and the nanoparticles diameter [29].

The storage of lyophilized samples at certain temperatures is another factor
that can influence the particles size. Studies were conducted with the PLGA-PEG
nanoparticles loaded with GaPc (Figure 6) to evaluate the influence of the for-
mulation storage at different temperatures on the nanoparticles size. The experi-
ments were carried out with a formulation characterized by presenting 88.9% of
the nanoparticles with a diameter smaller than 199.9 nm, an important outcome
since particles smaller than 200 nm remain longer in the circulatory system [5].
The experiments suggest that the temperature of 20°C is more suitable for storage
purposes of the formulations for 4 weeks, due to the results of less variation in the
average diameter of the particles. Even considering the statistical variation of the
measurements, there are changes in the PLGA-PEG nanoparticles size that may be
associated with the aggregation of the particles during the storage period and the
difficulty of disintegrating them during the process of redispersion in water. Such
average size variations were greater for lower or higher temperatures than 20°C.

Similar analysis was performed with lyophilized formulations of PLGA-PEG
nanoparticulate loaded with InTBPPc (Figure 7) for only 12 days at temperatures
of 5°C and 35°C. Before the storage process, the formulation was characterized
with a population of 98.9% of the particles with an average diameter smaller than
199.9 nm. In the short storage period, the generation of small and large aggregates

,-'1\‘ ,
— _|PVAr|.. —— -|5|ZE| ______

BElm E EEER

DECREASES

Figure 5.

Ef]gects of some parameters involved in the nanoparticles preparation stage [ (A) stirring rate, (B) PVA
concentration, (C) ethanol concentration in the aqueous phase, (D) ethanol concentration in the ovganic
phase, (E) emulsification time, (F) changing the preparation method from EEM to EDM, (G) aqueous phase
temperature, (H) photosensitizer mass/polymer mass ratio] over different nanoparticulate properties [ (RC)
residual chlovoform, (EE) entrapment efficiency, (RE) recovery efficiency, (PVAr) residual PVA, size, (ZP)
zeta potential].
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Figure 6.

Average diameter of the PLGA-PEG nanoparticle loaded with GaPc after storage for 1—4 weeks in different
temperatures.
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Figure7.
Average diameter of the PLGA-PEG nanoparticle loaded with InTBPPc after storage for 12 days in different
temperatures.

was observed at temperatures of 5°C and 35°C, with the size variation being greater
for the temperature of 35°C in the first 8 days. This temperature is above the
PLGA-PEG glass transition temperature (Tg at 30°C), [30] a fact that favors particle
aggregation. Therefore, it can be concluded that storage temperatures, whether

low or high, can influence the formation of aggregates, a fact that could reduce the
photosensitizer efficiency during PDT.
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2.2 Zeta potential

The zeta potential is a property related to the particles physical stability that can
be used to measure the magnitude of the repulsion or attraction. The maximiza-
tion of the repulsive forces between the nanoparticles, minimizes the interactions
responsible for colloidal instability, consequently interfering in the photodynamic
efficacy of an encapsulated photosensitizer [5, 20].

Nanoparticles coated with amphiphilic polymers, such as PEG, usually have a
higher zeta potential due to the increase in the contact surface and, consequently,
to the shielding of the nanoparticle surface charge [31-34]. Therefore, the greater
surface area (ratio of surface area/volume) of the nanoparticle, the greater is the
residual PVA percentage at the nanoparticle interface and, consequently, the greater
is the zeta potential value [5].

Thus, it is expected the parameters that influence the nanoparticles size will also
be significant on the zeta potential values. As the stirring rate is one of the main
factors in causing the decrease of the nanoparticles size, it will also be expected that
this factor is able to affect the zeta potential, increasing its value [20].

GaPc-loaded PLGA-PEG nanoparticles presented higher zeta potential values
when prepared by EDM than those prepared by the EEM. This fact corroborates
with the results obtained from the nanoparticle prepared by the EEM, which
presented greater sizes and smaller values of zeta potential, suggesting that they are
more stable from an electrostatic point of view [5].

The increase in the aqueous phase temperature also caused a significant decrease
in the absolute value of the zeta potential, because this factor induced an increase
in the nanoparticles size which have less residual PVA adsorbed on their surfaces,
resulting in a smaller zeta potential [5].

In the preparation of PLGA nanoparticles containing three porphyrins (m-THPP,
Hex-m-bisHPP and Hex-m-trisHPP) with different amphiphilicities, each formula-
tion presented a different response of the preparation parameters related to the
zeta potential, with results intrinsically linked to particle size. For Hex-m-bisHPP-
loaded nanoparticles, the increase in the ethanol percentage in the aqueous phase
caused an increase in the zeta potential due to the decrease of the nanoparticle size.
While for nanoparticles containing m-THPP, the porphyrin/polymer mass ratio was
the only significant factor that caused an increase in the zeta potential value since
this factor decreased the particle size [16]. The summary of all influences on the
zeta potential was indicated in Figure 5.

2.3 Entrapment efficiency

The entrapment efficiency relates the amount of drug that was effectively
encapsulated/adsorbed on the nanoparticle. This property depends on the physi-
cochemical properties and the interaction between the photosensitizer, the carrier
matrix and the surrounding environment. Studies have shown that higher entrap-
ment efficiency is associated with better photodynamic efficiencies for a short
period of light activation [19, 35].

The diffusion process of the photosensitizer from the organic phase to the
aqueous phase has significantly influenced the substance entrapment efficiency
during the nanoparticle preparation process. Results have shown that the individual
increase in the PVA concentration and the ethanol concentration in the aqueous
phase tend to increase the photosensitizer encapsulation. The aqueous phase viscos-
ity increases with the PVA and ethanol concentrations, which favors the formation
of smaller sizes nanoparticles, having a specific surface area (area/volume) that
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allows a greater number of PVA molecules at the interface of the organic/aqueous
phase. This hinders the diffusion of photosensitizers from the organic phase to the
aqueous phase, favoring an increase in nanoparticle encapsulation. On the other
hand, the combinatory effect caused by the simultaneous increase in the concentra-
tion of PVA and ethanol in the aqueous phase decreases the entrapment efficiency
of InTPP in PLGA nanoparticles, as experiments showed that PVA and ethanol
favor the solubilization of InTPP in aqueous medium [20].

When the method is changed from EEM to EDM, the entrapment efficiency
decreases since the EDM method favors the formation of smaller diameter nanopar-
ticles, facilitating the organic solvent diffusion into the aqueous phase and decreas-
ing the entrapment efficiency of the photosensitizer in nanoparticles [5].

The increase of the aqueous phase temperature combine with the change in the
preparation method also influences the photosensitizer entrapment efficiency. In
the EEM method, the increase in the aqueous phase temperature causes the more
effectively evaporation of the organic solvent, leading to fast polymer coacervation
and, consequently, the organic/aqueous interface solidification. This increases the
photosensitizer entrapment efficiency in the PLGA-PEG nanoparticles prepared
by EEM. In the EDM method, the same increase in the aqueous phase temperature
favors the solvent diffusion from the organic phase to the aqueous phase that
carries the photosensitizer out of the nanoparticle, decreasing the entrapment
efficiency [5]. All effects of parameters on entrapment efficiency were registered
in Figure 5.

In addition to the parameters used in the nanoparticle preparation, the
physicochemical properties of the photosensitizer may interfere on the entrap-
ment efficiency. As an example, molecules of greater polarity tend to diffuse
more easily from the organic phase to the aqueous phase, decreasing the entrap-
ment efficiency [16]. The theoretical calculations compared to experimental
results have suggested that photosensitizers with higher volume tend to be
less efficiently encapsulated by nanoparticles. This was observed for InNTBPPc
molecules and also for Hex-m-TrisHPP molecules (Table 1). Molecules that have
close volume values have shown similar entrapment efficiency as GaPc and InPc
(Figure 2A, B, respectively).

2.4 Recovery efficiency

The recovery efficiency calculates the percentage of nanoparticle that has been
produced and recovered. It is a property that has economic importance and has
great value for the pharmaceutical industries, since they aim to reduce the produc-
tion costs of the nanoparticulate formulation.

The nanoparticles size influences directly the recovery efficiency. Smaller
nanoparticles are expected to be less recovered during the washing step than larger
nanoparticles since the sedimentation rate of the particles in a centrifugal field is
proportional to the square particle diameter. Thus, the parameters that influence
the nanoparticles size tend to influence the recovery efficiency [20].

Parameters that cause a reduction in size, such as stirring rate, the EDM prepara-
tion method, the ethanol concentration in the aqueous or organic phase, as well as
the emulsification time can favor the decrease of the recovery efficiency [5, 20].

Synergistic effects can be significant for recovery efficiency. For example, increas-
ing the aqueous phase temperature together with the change in the preparation
method, or increasing the emulsification time together with the change from the EEM
method to EDM, can increase the recovery efficiency [5]. All effects of the parameters
used to prepare of nanoparticles on the recovery efficiency are shown in Figure 5.
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2.5 Residual polyvinyl alcohol (PVA)

PVA is the emulsifier most commonly used in the polymeric nanoparticles
preparation. Even with the washing steps during the process, aiming to reduce the
excess of PVA, an amount of these molecules remains adsorbed to the nanoparticle
polymeric matrix due to the orientation of the PVA hydrophobic part in the organic
phase, keeping molecules attach on the surface of the particle after the coacerva-
tion process [31]. This residual PVA on the particles surface can interfere on the
nanoparticles physicochemical and biological properties, such as the size, release
profiles of encapsulated drugs and intracellular uptake of the nanoparticles.

PVA tends to be adsorbed on the nanoparticle surface through the hydrophobic
part of vinyl acetate, which tends to anchor the polymer in the aqueous/organic
interface formed during the emulsification process. Smaller sized particles have
a greater specific surface area, so it requires a greater amount of PVA to stabilize
the emulsion droplets. Thus, these nanoparticles retain a greater amount of PVA
adsorbed on its surface. Therefore, parameters that influenced the particle size,
tend to affect the percentage of residual PVA [5, 16, 20, 22].

As the ethanol in the aqueous phase and the stirring rate favor the preparation
of smaller nanoparticles, it is expected a higher amount of residual PVA on the
small nanoparticle surface. However, the relation between the nanoparticles size
and residual PVA is not immutable. An example is the PLGA-PEG nanoparticles
containing gallium phthalocyanine [20]. It was reported that the aqueous phase
temperature increased the nanoparticles size and the residual PVA while the change
in the preparation method from EEM to EDM decreased the nanoparticles size and
the residual PVA. Therefore, a different situation that it was expected. Probably, the
presence of PEG linked to PLGA hindered the interactions of PVA molecules with
the organic/aqueous interface [20].

Residual PVA can also be influenced by synergistic effects. For example,
changing the preparation method from EEM to EDM, associated with an increase
in the aqueous phase temperature can cause an increase in the residual PVA.
However, the increase of the emulsification time together with the change of
the preparation method can reduce the residual PVA [5]. All influences of the
parameters used in the preparation of polymeric nanoparticle were summarized
in the Figure 5.

It should be noted that the residual PVA values can still vary according to the num-
ber of washing steps and the method used to wash the nanoparticle suspension [5, 22].

2.6 Residual chloroform

The organic solvent can be retained by nanoparticles during the preparation of the
nanoparticulate formulation, becoming a residual organic impurity. Therefore, the
quantification of solvent residual is necessary to eliminate toxicological risks for
patients. According to the American Pharmacopeia, the residual chloroform limit
is 60 ppm for pharmaceutical formulations. Thus, it is very important to evaluate
the influence of the factors involved in the nanoparticle preparation on the residual
chloroform concentration [20].

The percentage of residual chloroform, as described for other properties, is also
related to the nanoparticle size. Thus, there is a tendency to reduce residual chloro-
form linked to the reduction in the nanoparticles size.

In the preparation of PLGA-PEG nanoparticles containing chloro(5,10,15,20-
tetraphenylporphyranato) indium(III) (InTPP - Figure 2C), the influence of four
parameters on the residual chloroform percentage was studied: PVA concentration,
stirring rate, ethanol percentage in the aqueous phase and in the organic phase [20].
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The stirring rate and the ethanol percentage in the aqueous phase were the
factors that significantly influenced the residual solvent, favoring the decrease
of residual chloroform. The increase in the stirring rate favors the organic phase
dispersion into the aqueous phase, generating small organic droplets that favor the
fast solvent diffusion into the aqueous phase. On the other hand, ethanol in the
aqueous phase hinders the coalescence of organic droplets dispersed in the aqueous
phase, favoring the formation of smaller diameter particles [20].

Although the individual effects of ethanol in the aqueous phase and the increase
in stirring rate cause a decrease in residual chloroform, the synergistic effect of the
simultaneous increase of these factors caused an increase in residual chloroform.
Both factors favored the decrease in the nanoparticles size. Small size nanoparticles
tend to present a higher residual PVA percentage on the particles surface, which
makes difficult the solvent diffusion from organic droplets into the aqueous phase.
This diffusion becomes even more difficult after the solidification of the polymeric
matrix surface layer during the process of evaporation of the organic solvent, favor-
ing the residual increase of chloroform in the nanoparticles [20]. All influences on
residual chloroform have been reported in Figure 5.

3. Photobleaching

Experimental results have shown that the photobleaching process can hinder the
photodynamic efficiency of photosensitive compounds [36, 37]. Photodegradation
of photosensitizers can reduce the concentration of these photoactive compounds in
diseased tissue, decreasing the efficacy of PDT to reduce cell viability, leading to an
incomplete treatment. On the other hand, photobleaching can reduce the photosen-
sitivity of healthy tissues after irradiation due to the lower amount of reactive oxy-
gen species generated in the photodynamic process motivated by the destruction of
photosensitizer molecules. Considering that phthalocyanines are photosensitizers
that tend to suffer photobleaching, [37] as well as to aggregate in aqueous medium,
our group evaluated the ability of polymeric nanoparticles to reduce the aggregation
of these lipophilic molecules and also the effect of photobleaching [29].

The laser power and the concentration of free phthalocyanine significantly
influenced the photobleaching for concentrations in which the molecule is in the
monomeric state since the photosensitizer aggregation state tends to decrease the
photobleaching process due to the difficulty to produce reactive oxygen species [29].

Works have shown that the encapsulation of photosensitizers decrease the effect
of photobleaching in phthalocyanines when compared to free molecules due to the
scattering of light caused by the polymeric matrix [5, 7, 8, 29]. More soluble photo-
sensitizers tend to be more susceptible to suffer photobleaching and even encapsu-
lated can be photodegraded according to the laser power and irradiation dose used,
limiting its ability to be used as a good photosensitizer in photodynamic therapy
[29]. The short storage period at several temperatures did not cause significant influ-
ence in the photobleaching behave of the encapsulated phthalocyanines, probably
due to the aggregation process of the particles (Figures 6, 7) (results not showed).

4, Photooxidation

Phthalocyanines are a class of compounds used as photosensitizers due to their
chemical, electronic and spectroscopic properties, [38, 39] in particular, due to the
intense absorption of these compounds in the therapeutic window and their ability
to generate singlet oxygen in the presence of a light source.
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Researchers have shown that the presence of heavy atom in the phthalocyanine
structure favors the generation of singlet oxygen due to the increase in spin-orbital
coupling and, consequently, the transition of the photosensitizer from an excited
singlet state to a triplet state (intersystem crossing) [40-42]. In addition, the
literature suggests that photooxidative mechanisms for singlet oxygen are usually
more efficient due to their greater diffusibility and higher reaction rate constants
with substrates [43, 44]. However, the metallophthalocyanines present limited
solubility in certain solvents due to the symmetry of molecular structure, hamper
their application in PDT [29].

The chemical structure of phthalocyanines has been modified by introducing
substitutes in the peripheral or non-peripheral positions of the phthalocyanine
nucleus to reduce the molecule symmetry and consequently increase the polarity
and solubility of the phthalocyanines [41, 42]. Besides, studies show that encap-
sulation improves the photodynamic efficiency of the photosensitizer, as well as
decreases side effects such as photosensitivity of the skin after photodynamic treat-
ment, and reduces molecular aggregation compared to phthalocyanines dissolved in
aqueous medium [5, 7, 8, 29, 45].

We have studied the photodynamic efficiency of different porphyrins and phtha-
locyanines encapsulated in polymeric nanoparticles (Figures 2-4). As an example,
gallium phthalocyanine (GaPc - Figure 2A) and 1,4-(tetrakis[4-(benzyloxy)
phenoxy] phthalocyaninato) indium(III) chloride (InTBPPc - Figure 4) are conve-
nient photosensitizers for PDT. These compounds have high singlet oxygen (0.41 and
0.94, respectively) and triplet (0.69 and 0.97, respectively) quantum yield. However,
InTBPPc has more interesting features for use in PDT [29].

The photooxidation of simple molecules (as dimethylanthracene (DMA) and
tryptophan (Trp)) was used to evaluate the photodynamic efficiency of each free
and encapsulated phthalocyanines. It is notable that the asymmetry caused by
(benzyloxy)phenoxy group in phthalocyanine seems to increase the photodegrada-
tion of InTBPPc, due to the greater solubility of the photosensitizer which favors
the reduction of its aggregation state. The decrease in the aggregation state favors
the generation of singlet oxygen and consequently, the efficacy of the free photo-
sensitizer in photooxidizing simple molecules such as DMA and Trp, as well as the
phthalocyanine photobleaching [29]. Therefore, free INTBPPc was more efficient
than free GaPc in photooxidate DMA and Trp molecules, due to its lower aggrega-
tion state and the higher capacity of free INTBPPc to generate singlet oxygen.
However, the encapsulated GaPc proved to be more efficient than the encapsulated
InTBPPc in photooxidate the Trp molecules, corroborating that the encapsulation
can enhance the photosensitizer photocytotoxicity and reduce the aggregation state
of the free photosensitizer [29].

We have demonstrated that the photocytotoxicity of encapsulated photosen-
sitizers depends on the incubation time, the photosensitizer concentration and
the laser power [5, 7, 8, 16, 29]. However, these observations cannot be considered
a fact for all free or encapsulated photosensitizers due to their solubility charac-
teristics, their states of aggregation and the influences of the parameters used in
the nanoparticles preparation on the nanoparticulate properties. For example,
the aggregation state of free InPc decreases the photodynamic efficiency of this
photosensitizer, so that the viability of tumor cells is not altered by increasing the
concentration and laser power [7].

We have observed that each nanoparticulate formulation should be treated in
a particular way, taking care to do generalizations about certain conclusions as
susceptible to be applied to all formations. An example was the result observed
with InTBPPc, the encapsulation process did not increase its efficiency in the
photooxidation process of Trp due to the photobleaching process suffered by the
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photosensitizer [29]. In general, the encapsulation process of photosensitizers has
not created barriers for the singlet oxygen generation, and has increased the uptake
of photosensitizer into the cancer cells, improving the efficiency of the phthalocya-
nines and porphyrins to reduce the viability of cancer cells [7, 8, 16].

It was also shown that the photocytotoxic activity of nanoparticles loaded with
porphyrins did not depend on the different amphiphilic characteristics of the
compounds, probably due to the encapsulation process [16]. Even the similarities in
photodynamic efficacy are related to the degree of similarity in the internalization
of each encapsulated photosensitizer inside tumor cells [16].

5. Future perspectives and challenges

The greatest challenge when it comes to oncology is prepared drugs with high
specificity to promote the death of malignant cells without harming healthy ones.
PDT has been used with successful to treat several cases of cancer with a lesser
side effects than those treated by conventional chemotherapy. New photosensitiz-
ers have been synthesized to increase the photodynamic efficiency on the disease
tissues and to facilitate the photosensitizer administration during the treatment.
However, the hydrophobicity of new compounds should not limit their use in PDT.
The use of nanoparticles as carrier has motivated the research in PDT since results
had showed very promising advances in reducing the viability of the cancer cells
due to the specificity achieved by the targeted or magnetic drug delivery system
and due to the increase of the bioavailability of the nanoparticle. But the synthetic
control is a very challenger for preparing a targeted polymeric nanoparticle in
order to maintain the reproducibility of the nanoparticulate properties and its
efficiency in the cancer treatment. Thus, there is much to be studied about the
synthetic particularities of the polymeric nanoparticulate formulation for greater
clinical application in the cancer treatment by PDT. In this sense, the development
of nanoparticulate systems consistently involves a lot of work to study the several
variables and its synergistic or antagonistic combinations that influence the prop-
erties of nanoparticulate formulations. Besides, the decrease of the entrapment
efficiency of the photosensitizer associated to decrease of the nanoparticle size,
the influence of combinatory effect of the photobleaching of encapsulated pho-
tosensitizer and the aggregation state of the compound into the nanoparticle, the
establishment of adequate loading of photosensitizer into the nanoparticle and the
uptake of the polymeric nanoparticle into the disease cells should be considered to
development nanoparticulate formulation with high photodynamic efficiency to
reduce the viability of the cancer cells.

6. Conclusions

In this chapter we demonstrate the most significant parameters in decreasing the
nanoparticles size were the increase in stirring rate and PVA concentration. Other
factors that also reduced the particles size were the increase in the ethanol percent-
age in the aqueous phase and in the organic phase, and the increase in the photo-
sensitizer mass/polymer mass ratio. Nanoparticles prepared by the EDM showed
smaller sizes than the nanoparticles prepared by the EEM but are less stable. The
aqueous phase temperature showed double behavior in relation to the nanoparticles
size, increasing or decreasing the size depending on the method used to prepare the
nanoparticle. The other properties evaluated, such as zeta potential, entrapment
and recovery efficiencies, residual PVA and residual chloroform, are dependent on

223



Photodynamic Therapy - From Basic Science to Clinical Research

the size of the nanoparticle. Therefore, parameters that are significant in relation

to size will also influence these properties. Properties as zeta potential, residual
PVA and entrapment efficiency presented an inversely proportional relation with
nanoparticle size while the recovery efficiency and residual chloroform were
directly proportional. In most of the properties some significant binary effects were
observed, but their influence was not predominant in the results.

Besides the parameters used in the nanoparticle preparation, the physicochemi-
cal properties of the photosensitizer can interfere on the entrapment efficiency,
as well as the washing step of the nanoparticulate formulation can influence the
residual PVA and the recovery efficiency. The short storage period of the nanopar-
ticulate formulation can affect the characteristics of the particle, favoring the
nanoparticle aggregation in different temperature.

We have shown that the encapsulation of photosensitizers reduces the photo-
bleaching effect due to light scattering caused by the polymeric matrix, however
more soluble photosensitizers even encapsulated can suffer photobleaching
according to the laser power and irradiation dose used in the experiment, limit-
ing their ability to be used in PDT. The aggregation of the photosensitizer also
causes a reduction in its photodynamic efficiency because it reduces the singlet
oxygen generation, but the encapsulation improves the photosensitizer efficiency
since the entrapment can reduce the aggregation of the lipophilic compounds in
aqueous medium.

The photocytotoxicity of encapsulated photosensitizers depends on the
incubation time, the photosensitizer concentration and the laser power, as well
as the uptake of photosensitizer into the cancer cells. Drug delivery systems have
improving the efficiency of the phthalocyanines and porphyrins to reduce the
cell viability. However, the generalization of the conclusions about preparation of
nanoparticulate formulations and photooxidation conditions should be done care-
fully, each nanoparticulate formulation behaves in a characteristic way and should
be treated singularly.
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