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Abstract

The alarming worldwide increase in antibiotic resistance amongst microbial pathogens
necessitates a search for new antimicrobial techniques, which will not be affected by, or indeed
cause resistance themselves. Light-mediated photoinactivation is one such technique that takes
advantage of the whole spectrum of light to destroy a broad spectrum of pathogens. Many of these
photoinactivation techniques rely on the participation of a diverse range of nanoparticles and
nanostructures that have dimensions very similar to the wavelength of light. Photodynamic
inactivation relies on the photochemical production of singlet oxygen from photosensitizing dyes
(type Il pathway) that can benefit remarkably from formulation in nanoparticle-based drug
delivery vehicles. Fullerenes are a closed-cage carbon allotrope nanoparticle with a high
absorption coefficient and triplet yield. Their photochemistry is highly dependent on
microenvironment, and can be type Il in organic solvents and type | (hydroxyl radicals) in a
biological milieu. Titanium dioxide nanoparticles act as a large band-gap semiconductor that can
carry out photo-induced electron transfer under ultraviolet A light and can also produce reactive
oxygen species that kill microbial cells. We discuss some recent studies in which quite remarkable
potentiation of microbial killing (up to six logs) can be obtained by the addition of simple
inorganic salts such as the non-toxic sodium/potassium iodide, bromide, nitrite, and even the toxic
sodium azide. Interesting mechanistic insights were obtained to explain this increased killing.
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1 Introduction and basics

The discovery of antibiotics in the 1950s was hailed as a medical miracle that transformed
the treatment of infectious disease. However, since then bacteria have progressively
developed resistance to each new agent that comes along [1]. In 2015, the O’Neill report
garnered much international attention when it delivered the alarming forecast that by 2050
(if nothing were done to stem the growth of multi drug resistant bacteria) there would have
been 300 million premature deaths that would have cost the world economy $100 trillion [2].

The current worldwide increase in drug-resistant bacteria and the simultaneous decline in
efforts by both academic laboratories and pharmaceutical companies toward the discovery of
new antibacterial agents to combat-resistant strains pose a serious threat to the treatment of
life-threatening infections. Therefore, it is necessary to develop novel non-invasive and non-
toxic antimicrobial strategies that act more efficiently and faster than the current antibiotics,
and to which pathogens will not easily develop resistance [3]. One promising alternative to
current antibiotics is antimicrobial photodynamic inactivation (aPDI).

aPDl is defined as the application of a non-toxic dye known as a photosensitizer (PS), which
can be photo-activated with light of an appropriate wavelength in the presence of oxygen to
generate cytotoxic reactive oxygen species (ROS) (singlet oxygen and/or free radicals) [4-
6].

The aPDI process is characterized by high selectivity, rapid microbial killing, minimal
invasiveness, low occurrence of side effects, and allows repetitive application. The process
(schematically illustrated in the Jablonsky diagram shown in Figure 1) is initiated when a
ground state PS (Sg) absorbs light of an appropriate wavelength and is converted into an
electronic excited singlet state (S1). Many PS molecules in this short-lived state can decay
back to the ground state with the emission of light (fluorescence) or heat (internal
conversion) [7], but some can also be transformed into a much longer-lived excited triplet
state (T4, Tg). The excited triplet state PS can do one of two things; it can react with
molecular oxygen by energy transfer generating singlet oxygen (a process that is termed a
type Il reaction) or else it can undergo an electron transfer reaction to form PS radical ions
that in turn react with oxygen to produce cytotoxic species such as superoxide, hydrogen
peroxide, and/or hydroxyl radicals (which is termed a type | reaction). The singlet oxygen or
other ROS can cause damage to bacterial cells or other microbes through several
mechanisms. These include oxidation of membrane lipids and amino acids in proteins,
cross-linking of proteins and oxidative damage to nucleic acids with the subsequent
disturbance of the normal functioning of the pathogen [8, 9].
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The use of these photochemical reactions to accomplish a therapeutic benefit is called
photodynamic therapy (PDT), and its history goes back to the ancient Indians and Egyptians
who used light in combination with naturally occurring plant psoralens to treat skin diseases
(e.g. vitiligo, leucoderma). In 1900, Oscar Raab, a medical student working with Professor
Herman von Tappeiner in Munich, discovered the lethal effect of the combination of light
and acridine red dye on paramecia (a type of single-celled microorganism) by chance. He
correlated the killing of the paramecia with the strength of light coming through the nearby
window. He noted that the type of dyes that could accomplish this feat were all fluorescent
[10, 11]. Shortly afterward, von Tappeiner and Jodlbauer discovered the importance of
oxygen in these photosensitization reactions; as a result in 1904 the PDT field was
established when they introduced the term “photodynamic action” to describe this
phenomenon [12].

It has been proposed that the ROS generated by light-activated PS can trigger microbial
killing and cell damage via three mechanisms: (a) damage to the cell membrane (or virus
envelope); (b) inactivation of essential enzymes and proteins; and/or (c) damage to DNA [5].

The aPDI-induced photo-damage can result in considerable morphological and functional
changes in the microbial cells. Functional damage results from loss of enzymatic activities,
protein oxidation and formation of protein-protein cross-links, and inhibition of metabolic
processes (e.g. DNA synthesis, glucose transport). Morphological alterations include
alteration of the mesosome structure. Direct damage to the cell membrane leads to leakage
of cellular contents and following inactivation of the membrane transport system [13].

There is a very wide variation in the cellular structure and organization among different
classes of microbes. These variations influence the interaction of exogenous PS with
different cellular components, and these can affect the effectiveness and the course of action
of the aPDI of different pathogens. Differences in the cell walls of Gram-positive and
Gramnegative bacteria play an important role in the susceptibility of bacteria to aPDI. Gram-
positive bacteria have a thick and porous peptidoglycan layers that surround a cytoplasmic
membrane, while Gram-negative bacteria possess an outer membrane, surrounding a thinner
peptidoglycan layer, inside which is the cytoplasmic membrane [14, 15]. To perform aPDlI,
the PS needs to penetrate (or at least bind to) the cell wall of the bacteria and end up in the
plasma membrane or in the cytoplasm; however, the membrane barriers of the bacterial cell
limit the simple diffusion of PS into the bacterial cytosol [16, 17]. Therefore, aPDI of Gram-
positive bacteria is definitely much easier to accomplish than that of Gram-negative bacteria.
The cell walls of fungal cells have a structure that is intermediate in permeability between
Gram-positive and Gram-negative bacteria. The outer part is a moderately porous layer of p-
glucan and mannan polysaccharides. Figure 2 shows a schematic illustration of the three
different cell wall structures.

In many environments bacteria exist as a complex, multispecies surface-associated
community termed a biofilm. Organisms within biofilms are embedded in a self-produced
matrix of extracellular polymeric substance composed of polysaccharides, proteins, lipids,
and extracellular DNA. Bacteria that live in a biofilm community possess several
advantages, including structural stability, firm adherence to biotic or abiotic surfaces,
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increased virulence, and resistance to both antimicrobial therapy and the host immune
response [17-19]. See Figure 3 for a schematic representation of the progress of biofilm
formation.

It has been shown that bacteria growing as biofilms are more resistant to aPDI compared
with their equivalent planktonic forms. The dye concentration and the light dose used for the
photoinactivation of biofilms are considerably higher than those required to inactivate
planktonic bacterial suspensions [20-22]. In fact, cells growing in biofilms differ from their
planktonic counterparts in a number of aspects, such as the cell wall composition, rate of
growth, and presence of polysaccharide intercellular adhesin (PI1A), which may block both
the uptake of the PS and the penetration of light, and thereby reduce the photosensitizing
efficiency [23, 24]. Gad et al. [25] suggested that an abundant production of PIA could
obstruct the diffusion of the PS through the extracellular matrix, thus reducing the
susceptibility of biofilms to photosensitization.

aPDl is also effective against viruses. The structure of the virus plays an important role in
effective aPDI. In general, viruses are categorized according to whether the particle is
surrounded by a protein sheath or envelope. The viral envelope is a main target for the aPDI
process [26]. Lipids and proteins in the envelope are assumed to act as PS binding sites, and
protein damage may be the mechanism underlying virus inactivation [27].

Yeasts and fungal pathogens are also variable in their cell envelopes, and their outer cell
walls containing mixtures of glucan, mannan, and chitin carbohydrate polymers. This
feature makes them inherently more permeable to external substances compared to Gram-
negative bacteria, but still less permeable than Gram-positive bacteria [28].

Fungi (and yeasts) are much less susceptible to aPDI killing than bacteria because of the
larger size of the fungal (yeast) cell compared to the small bacterial cell. The amount of ROS
needed to kill a yeast cell is much greater than that necessary to kill a bacterial cell [21]. A
number of studies have investigated the target site in fungi and yeasts during the aPDI
process [29-31].

2 Light sources, optics, and dosimetry

2.1 Light sources

It is a fundamental principle of PDT that the wavelength of the light source should in general
be tuned to the absorption maximum of the PS. Longer wavelengths are strongly preferred
over shorter wavelengths for /n7 vivo applications (see below). Wavelengths that have been
used for PDT include ultraviolet A (UVA) (330-400 nm), blue (400-490 nm), green (490-
550 nm), yellow (550-600 nm), red (600-700 nm), and near infrared (NIR) (700-810 nm).

For instance, it can be seen from Figure 4 that porphyrins (in particular) have relatively large
Soret bands (around 400 nm) and a progressively diminishing set of Q bands, until the last
Q-band is reached in the 630 nm region that is extremely weak. If one was employing a
porphyrin to carry out aPDI (as is very common in fact), would it make more sense to excite
the porphyrin with blue light (400 nm) or with red light (630 nm) or indeed with white light?
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However, other tetrapyrrole backbones have been developed with red-shifted absorption
maxima such as chlorins (650 nm), phthalocyanines (700 nm), and bacteriochlorins (780
nm). These long wavelengths display much better tissue penetration than shorter
wavelengths. All these different backbones have been modified to produce highly active
antimicrobial PS. Moreover, many /n vitro studies have used relatively simple broadband
white light (400-700 nm) from an incandescent lamp. All the wavelengths mentioned above
are based on one-photon absorption by the PS. However, in recent years non-linear
processes, such as two-photon absorption, have been studied to mediate PDT [32, 33]. The
idea here is that if two long wavelength photons 750-1000 nm arrive at the PS molecule at
virtually the same time (within 1 ps), they will both be absorbed and it will be as if a single
photon with half the wavelength was absorbed instead. The advantage is that the long
wavelength photons pass much better through tissue than the equivalent (1/2 A) photons
with shorter wavelength. Recently, two-photon PDT with graphene quantum dots (QDs) was
used to kill both Gram-positive and Gram-negative bacteria [34].

When PDT became a clinically employed modality (in the 1970s), it was common to use a
laser as the light source. The monochromatic nature of the light and the focused and
collimated beam made coupling the light into fiber-optic cables relatively easy. More
recently, light-emitting diodes (LEDs) have become popular due to their advantages of being
safe, inexpensive, and easy to operate. Organic LEDs are yet another more recent advance
with advantages of flexibility [35]. In a similar vein, we have the recent introduction of
light-emitting fabrics, which can be made into wearable light-emitting clothing, and is
currently being used clinically for PDT of actinic keratoses on the scalp [36]. The
advantages of these wearable light sources are as follows. They allow the total light source
to be delivered over a much longer time span, and at a much lower power density (mW/
cm?). This means that one of the main limitations of PDT (exhaustion of the available
oxygen supply) can be overcome by reducing the rate of consumption of oxygen and
allowing its resupply to occur by natural diffusion [37, 38]. Another advantage of using low
power densities for longer times is that the pain of treatment is markedly lower (pain can be
a limiting factor in dermatologic PDT) [39].

2.2 Light delivery and dosimetry

It is well known that living tissue both absorbs and scatters incident visible light. Both
absorption and scattering decrease as the wavelength of the light increases. Moreover,
different tissue types (arising from different organ systems) can have very different optical
properties. The standard optical properties that govern light penetration into tissue are
categorized as follows: the reduced absorption coefficient; the reduced scattering coefficient;
and the anisotropy factor (the degree to which light is forward scattered) [40].

The difficulties that light has in penetrating into tissue have led to a range of technologies
being developed to deliver light deep within the body. Many organ systems that develop
malignant or infectious lesions are connected to the outside by hollow tubes such as
esophagus, trachea/bronchus, intestine, or urethra. Sophisticated endoscopes have been
developed to transport light deep within the body [41].
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Recently, the ability to introduce fiber-optic diffusers through the skin (transdermally) and
allow direct light delivery to lesions deep within the body via interstitial fibers has been
developed [42]. This technology has built upon groundwork that was originally developed
for introduction of radioactive brachytherapy seeds into cancers such as prostate cancer.
There are template grids with needles that can accept optical fibers introduced into the
tissue, combined with imaging and software designed to ensure predictable and even
coverage of light intensity over a defined three-dimensional volume of internal tissue [43].
The third novel advance in light delivery inside the body is the idea of wirelessly powered
implantable LED light sources [44]. These were originally developed for optogenetic
applications, which require long-term delivery of blue light into the brains of mice and rats
[45]. Nevertheless, these devices would be equally applicable for PDT with red or NIR light.

2.3 Photosensizer delivery and dosimetry

There is a big difference between PDT for cancers and for infections when it comes to the
route of PS delivery [46]. By far the best way to deliver the PS to cancers is to inject the
compounds intravenously. For water-insoluble compounds, this route is likely to require a
delivery vehicle such as liposomes or micelles [47]. However, for infections, the best way to
deliver the PS is locally, either by topical application or by instillation. The reason for this
difference is that the binding of the PS to microbial cells is rapid and mediated mainly by
charge-charge interactions, while the uptake of the PS by cancer cells is slower and is more
likely to be mediated by hydrophobic interactions. Therefore, one important method of
encouraging high selectivity of aPDI for microbial cells over surrounding host mammalian
cells is to employ local delivery and a short-drug light interval. Since the majority of PSs are
very fluorescent, it is common to carry out quantitative fluorescent imaging to confirm that
there is a sufficient accumulation of PS in the target lesion [48].

When light is delivered to the PS and ROS are generated, one phenomenon that is frequently
observed is that the ROS attack the very molecule responsible for their photogeneration, i.e.
the PS itself. This process is known as photobleaching, and is often used as a surrogate
marker for PDT effectiveness. Photobleaching is usually measured by monitoring the
fluorescence of the PS with increasing doses of activating light [49]. However, it is
sometimes the case that when treating an infection in an experimental animal with PDT, it
becomes necessary to add an additional amount of PS, in order to replace the PS that has
been destroyed by photobleaching [50].

3 Photodynamic inactivation and nanotechnology

An ideal PS designed for aPDI should possess a wide range of properties including a high
quantum yield of singlet oxygen or other photochemical reaction product, be a pure
compound with a stable composition, soluble in water, selective to the target tissue (or cells),
safe, and non-toxic for normal healthy cells [51]. However, many PS, such as porphyrins,
chlorins, and phthalocyanines, are highly lipophilic and tend to aggregate in the aqueous
environment in physiological conditions, resulting in the loss of photosensitizing activity
[52]. So, one of the most important problems in PDI is optimizing drug delivery of the PS.
Several studies have reported suitable PS carriers that can improve PS delivery, e.g.
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liposomes [53, 54], micelles [55], and nanoparticles (NPs) [56-58] (schematically illustrated
in Figure 5).

NPs, with dimensions generally in the 1-200 nm range, are able to pass through many
biological barriers, enabling their cargos to gain access to critical molecules and biological
systems, thus improving drug availability at the target area to provide the maximum
therapeutic benefit. In the field of nanomedicine, nano-sized materials are used that can be
engineered as delivery vehicles to carry various therapeutic or diagnostic agents and can be
potentially useful for medical applications [59]. NPs can be divided into composition that
are either naturally occurring or synthetic in origin, and then sub-divided into organic
(carbon containing) or inorganic. Subsequent classification is generally based on
morphology (spherical, tube, etc.) or structure (vesicle, hollow, solid) and components such
as metals, metal oxides, lipids, proteins, and nucleic acids that are important to their function
[60].

The use of nanotechnology for enhancing delivery of PS is an attractive approach to
improving aPDI. This goal may be achieved in different ways, for instance by enhancing the
delivery of the PS to microorganisms (encapsulating the PS in NPs) or by increasing the 10,
yield of the PS (by covalently binding the PS to the surface of the NPs, or simply by mixing
the NPs and PS together). In some cases, the NPs themselves (for instance, TiO», fullerenes,
or QDs) have been shown to act as PS themselves and are capable of photodynamically
inactivating microorganisms.

3.1 PSs contained inside self-assembled NPs (liposomes or micelles)

Liposomes are spherical nano-sized vesicles made from a self-assembled lipid bilayer
formed from natural phospholipids and cholesterol. Liposomes are the most widely studied
colloidal carrier system that can be loaded with PSs with the goal to solubilize, deliver, and
transport them to a specific target, thus preventing the drug from degradation as well as
limiting adverse effects from non-targeted drug [61]. Liposomes are mainly made of one or
more concentric phospholipid bilayers each unit of which consists of an inner hydrophilic
head and outer hydrophobic tail. The hydrophobic center of these bilayers can accommodate
hydrophobic PSs, while the hydrophilic central region or core can accommodate water-
soluble PSs [62, 63]. In this manner PSs can be encapsulated into liposomes due to the
lipophilicity and water solubility of the PS itself.

Liposomes are most commonly employed to encapsulate lipophilic PSs and have been
proved to improve the aPDI of various PSs, not only because liposomes enhance the
solubility and stability of PSs, but also because they can facilitate the penetration of PSs into
bacteria by means of fusion processes or disturbing the cell walls [53, 54, 64].

The use of polymeric micelles as vehicles of PSs is another promising approach for aPDI
[55, 65]. The polymeric micelle delivery system may improve drug solubility and prevent
the formation of aggregates in the aqueous medium. Compared to the use of liposomes,
preparation of polymeric micelles can be much less expensive and simpler.
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3.2 PS embedded in NPs (polymeric or mesoporous silica)

NPs loaded with a PS have been used as carriers to deliver the PS into microorganisms and
improve antimicrobial performance; particular attention has been placed on biocompatible
and biodegradable matrices such as silica because the application of aPDlI is likely to be in
the medical arena (wounds, or localized infections) or environmental situations (food
industry, water purification).

Many different functional groups can be added to the surface of silica nanoparticles (SiNPs).
These SiNPs serve as a potential carrier for aPDI applications [66]. SiNPs can be prepared
with well-controlled particle size, shape, porosity, and monodisperse distribution. In
addition, several different PSs can be encapsulated, SiNPs are stable to pH changes, and are
not subject to microbial attack. Due to the permeability of the porous matrix to molecular
oxygen, singlet oxygen that is generated inside can come out, so the photo-destructive effect
can be maintained in an encapsulated form [67].

3.3 PS bound to the surface of NPs (metals such as gold or silver)

PSs have been covalently bound to the surface of NPs to prepare a new PS with better
properties than the original PS; this is the main difference of this approach compared to the
previous PS encapsulation, which is an improved delivery method. In order to bind the PS to
the NP surface, both the PS and the NP surface have to display some reactive groups where
the linking can occur. The second step is the reaction between the functionalized group on
the NP surface and the PS [68].

Gold nanoparticles (AuNPs) have been used in two ways in PDT: first, as drug-delivery
platforms in a similar manner to other inorganic NPs [69]; second, as surface plasmon-
enhanced agents taking account of the non-linear optical fields associated with very close
distances to metal NPs [70] (Figure 6). The AuNPs have good biocompatibility, versatile
surfaces, and unique optical properties [71]. Figure 6A shows a PS attached to the outer
surface of AuNPs. Figure 6B shows how the local optical field can be dramatically enhanced
by the surface-plasmon resonance especially in certain geometries such as ring shaped [72]
(or nanostars) [73]. In Figure 6C the PDT effect of AuNP-bound PS can be enhanced by
plasmon resonance.

AuNPs, in combination with PSs, have been employed to achieve greater microbial killing
through aPDI [74-76]. Sherwani et al. [74] investigated the photodynamic effect of AUNP-
conjugated methylene blue (MB) (Figure 7A) or toluidine blue (Figure 7B) against Candida
albicans biofilm. They also examined the photodynamic efficacy of PS-conjugated AuNPs to
treat skin and oral C. albicans infection in BALB/c mice. Their results showed that the
AUNPs-PS conjugate-based aPDI was found to effectively kill both C. albicans planktonic
cells and biofilm populating hyphal forms. The mixture of AuNPs conjugated to two
different PSs significantly depleted the hyphal C. albicans burden against superficial skin
and oral C. albicans infection in mice.

Tawfik et al. [75] also evaluated the photodynamic effect of MB-AuNPs conjugate on
Staphylococcus aureus, which were isolated from impetigo lesions. The highest significant
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inhibitory effect on S. aureus was obtained with MB-AuNPs conjugate when irradiated by a
diode laser 660 nm. The percentage of viable bacteria was 3%.

Silver is known to be an antimicrobial agent due to the high affinity of Ag toward the sulfur
and phosphorus atoms in biomolecules [77]. AgNPs can react with sulfur containing amino
acids in the cell membrane that will affect cell viability, and can also react with sulfur
containing moieties inhibiting enzyme function involved in DNA replication [78-80]
causing cell death [81]. The antimicrobial effects of AgNPs against both Gram-positive and
Gram-negative bacteria have been shown to be dependent on the dose [82, 83], particle size
[84, 85], total surface area [86, 87], and the particle shape [88]. The antimicrobial effect of
silver is dependent on superficial contact [89].

Most of the scientific literature on the toxicology of AgNPs toward both microbial cells and
mammalian cells has only been published in the past decade [90-92]. Many of these studies
have revealed AgNPs to have noticeable toxicity against several cell lines as well as a
number of aquatic organisms, but the mechanistic basis of these toxic effects is now an area
of active research. In particular, the bioavailability of silver ions (Ag*) from AgNPs,
considered by many as a major factor in Ag-mediated toxicity, remains poorly understood
[93, 94]. For example, certain algal species are more sensitive to AgNPs than to free Ag*,
but the addition of cysteine (known to form complexes with Ag*) reduces the toxic effects of
both Ag sources [95].

Ivask et al. [96] for the first time investigated the size-dependent toxic effects of a well-
characterized library of AgNPs against several microbial species, protozoans, algae,
crustaceans, and mammalian cells /n vitro.

In spite of the antimicrobial properties of AgNPs, microbial synthesis of these NPs has been
proposed as one of the alternative eco-friendly green methods to chemical and physical
procedures that are full of problems including the use of toxic solvents, generation of
hazardous by-products, and high energy consumption [97]. Many microorganisms have been
used for intra- or extra-cellular biosynthesis of AgNPs [98-102].

Silver-containing environmental surfaces and textiles in health care settings are increasingly
promoted as products that may help reduce health-care associated infections (HAIS) by
reducing microbial loads as demonstrated in laboratory studies or environmental
microbiological testing [103]. There have been some innovative attempts to prepare
antibacterial paints by incorporating silver NPs using various composite materials [104—
106]. However, no evidence as yet demonstrates that these products actually help reduce
HAIs.

Misba et al. [107] evaluated the anti-biofilm efficacy of aPDI by conjugating toluidine blue
O (TBO) with silver AgNPs. Streptococcus mutans was exposed to laser light in the
presence of TBO-AgNPs conjugate. The results showed a reduction in the viability of
bacterial cells by 4 logyg. The crystal violet assay, confocal laser scanning microscopy, and
scanning electron microscopy revealed that the TBO-AgNPs conjugates inhibited biofilm
formation, increased the uptake of propidium iodide, and leakage of the cellular constituents,
respectively.
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3.4 NPs themselves act as the PS

There are some instances when the NPs themselves act as the PS in the absence of
preformed PS [67]. In this case, the NPs themselves have to be able to absorb light by virtue
of possessing an extinction coefficient of appreciable size in an appropriate region of the
electromagnetic spectrum and to form an excited state that can lead to some photochemical
generation of ROS. Examples of these classes of NPs include fullerenes, titanium dioxide
(TiOy), QDs, and even upconversion nanoparticles (UCNPS).

3.4.1 Fullerenes—The fullerene molecules have a unique structure entirely composed of
sp2 hybridized carbon atoms arranged in a soccer ball structure [108]. Their molecular
diameter is at the lower end of the NP scale, but they have very high photo-stability and are
able to act as PS in aPDlI, as the triplet state of the fullerene molecule has a very high triplet
yield and a long triplet lifetime that can interact with molecular oxygen [109]. Their
disadvantage is their absorption spectrum, which is disposed toward the blue and green
visible wavelengths rather than the red/far-red wavelengths that have good tissue
penetration. Huang et al. [110] showed that cationic fullerenes have a good selectivity for
binding to microbial cells compared with mammalian cells and can be studied in
antimicrobial applications. Other reports have also studied the role of fullerenes as PS in
aPDI [111-114].

In the field of nanomedicine, the medical applications of fullerenes are gathering more
attention in both the therapeutic and diagnostic fields. Fullerenes are a unique class of pure
carbon allotropes characterized by symmetric closed cages of sp2 hybridized carbon atoms
forming a combination of either five-member or six-member rings on the cage surface. For
example, fullerene C60 possesses a geometrical shape in which 60 carbon atoms are
arranged as a truncated icosahedron with 32 faces (12 pentagonal and 20 hexagonal) and 60
vertices [115]. C60 is the most abundant component in commonly prepared mixtures of
fullerenes, and has been the most studied over the last few decades compared to other
fullerenes, such as C70 and C84 [116].

Due to their extended system of rt-conjugation, fullerenes have large absorption coefficients
in the visible and UV spectral regions. Moreover, they have a high triplet quantum yield
allowing them to catalyze photodynamic reactions. It has been observed that fullerenes,
either in their pristine form or in their functionalized form, can catalyze the formation of
ROS after illumination. Just like the classic tetrapyrrole PS used for PDT, the illumination of
fullerenes (dissolved in organic solvents and in the presence of molecular oxygen) leads to
the generation of highly reactive singlet oxygen, due to an energy transfer from the excited
triplet state of the fullerene. Nevertheless, many studies show that the illumination of
fullerenes in polar solvents (especially in water), and in the presence of reducing agents such
as a reduced form of nicotinamide adenine dinucleotide (NADH), will generate type Il ROS,
such as superoxide anions and hydroxyl radicals [109].

Fullerenes can offer some advantages as photosensitizing agents over conventional PS with a
typical tetrapyrrole structure, including their higher photostability (less photo-bleaching),
their possibility to be modified by chemical functionalization (to obtain the desired degree of
hydrophilicity), the possibility of attaching light-harvesting antennae onto the fullerenes (to
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increase the quantum yield of reactive species). Moreover, fullerenes can self-assemble into
nano-vesicles called fullerosomes, which can act as drug delivery vehicles with different
targeting properties. In contrast, a major disadvantage of fullerenes is their relatively poor
absorption in the red or far-red regions of the visible spectrum, because their main
absorption bands occur in the UV, blue, and green regions. But this drawback could be
overcome in many ways, such as the attachment of light-harvesting antennae, which absorb
in the red wavelengths [117] or the use of two-photon excitation [118, 119].

Fullerenes can efficiently photo-inactivate pathogenic microbial cells, especially when
suitable functional groups have been introduced into the fullerene cage structure. It seems
that the mechanism involved in destroying the bacteria and other pathogens involves
attacking biomolecules in the pathogen structure with superoxide anions, singlet oxygen,
and free radicals.

As mentioned above, functionalization of fullerenes can influence on aPDI effectiveness.
Tegos et al. [120] reported functionalized C60 with hydrophilic and cationic groups, and
tested these derivatives for aPDI. The fullerene derivatives with polar diserinol and
quaternary pyrrolidinium groups were the most efficient in killing micro-organisms on light
irradiation. Huang et al. [117] showed that increasing the number of positive charges on
fullerenes could improve their efficiency. They used water-soluble decacationic fullerenes
aiming to eradicate Gram-positive and Gram-negative bacteria. These researchers confirmed
that PSs with greater numbers of cationic charges are more efficient for aPDI, and concluded
that for the elimination of Gram-positive bacteria, singlet oxygen is necessary, while reactive
hydroxyl radicals are needed for significant damage to Gram-negative bacteria.

Mizuno et al. [112] also investigated the importance of the number of cationic charges on the
photodynamic efficiency of fullerene derivatives in aPDI. These researchers used a series of
functionalized cationic fullerenes as PSs, comparing the aPDI efficacy of synthetic fullerene
derivatives that presented either basic or quaternary amino groups against S. aureus,
Escherichia coli, and C. albicans. Their results showed that the most effective fullerene
derivatives on aPDI were tetracationic derivatives (BF21, see Figure 7E), in particular
against S. aureus. The E. coliresults were intermediate and C. albicans was the most aPDI-
resistant species tested.

A unique class of water-soluble fullerene adducts, decacationic methano-fullerene
decaiodides C60 [>M(C3Ng + C3)2]-(17)10[1-(17)10] was reported by Wang et al. [121, 122].
These compounds when excited with both UVA light and white light were capable of
generating 1O, (type 1) and also highly reactive hydroxyl radicals formed from superoxide,
via a type | photochemical reaction. The authors designed the 10 quaternary ammonium
cationic charges per C60 cage to boost the ability of the fullerene to target Gram-positive
(>6 logs of killing) and Gram-negative bacteria (2.5 logs of killing) using white light.

Aoshima et al. [123] also studied the antimicrobial photodynamic activities of fullerene C60
and its derivatives against both bacteria and fungi. They used water-soluble fullerenes
encapsulated into carriers (polyvinylpyrrolidone/C60, gammacyclodextrin (gamma-CD)/
C60, and nano-C60) and three types of fullerenols (C60 (OH)1,, C60 (OH)358H,0, and
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C60 (OH)44+8H,0). The fullerenols displayed good antimicrobial activity against
Propionibacterium acnes, Staphylococcus epidermidis, C. albicans, and Malassezia furfur. In
addition, the results showed that the activity of fullerenols against fungi was stronger than
against bacteria. The authors indicated that fullerenols are more water-soluble and could
interact more with components such as -glucan and chitin in fungus cell wall than with
peptidoglycan in the bacterial cell membrane.

Huang et al. [124] investigated the aPDI of pathogenic bacteria by novel water-soluble
decacationic fullerene monoadducts, C60[ > M(C3N6(+)C3)2], and C70[ >
M(C3N6(+)C3)2]. In the presence of a high number of electron-donating iodide anions as
parts of quaternary ammonium salts in the arm region, they found that C70[ >
M(C3N6(+)C3)2] produced more highly reactive hydroxyl radical than C60[ >
M(C3N6(+)C3)2], in addition to singlet oxygen. They suggested to kill Gram-positive and
Gram-negative bacteria by C60[ > M(C3N6(+)C3)2] and C70[ > M(C3N6(+)C3)2],
respectively. The hypothesis is that singlet oxygen can diffuse more easily into porous cell
walls of Gram-positive bacteria to reach sensitive sites, while the less permeable Gram-
negative bacterial cell wall needs the more reactive hydroxyl to cause real damage.

In another study, the photodynamic mechanism of action induced by N,N-dimethyl-2-(4’-
N,N,N-trimethylaminophenyl)fulleropyrrolidinium iodide (DTC60 (2+)) was investigated on
C. albicans and E. coli cells [125]. Photogeneration of superoxide anion radical by DTC60
(2+) in the presence of NADH was detected using nitro blue tetrazolium method in reverse
micelles. In C. albicans suspensions, 10 uM DTC60 (2+) was an effective PS, producing an
~5 log decrease of cell survival when the cultures were irradiated for 30 min with visible
light. Also, C. albicans cell growth was not detected in the presence of 10 pM DTC60 (2+)
and irradiation. Photodynamic mechanism investigations were compared in both C. albicans
and £. coli cells. Studies under anoxic conditions indicated that oxygen was required for the
PDI of these microorganisms. The photocytotoxicity induced by DTC60 (2+) was similar in
D,0 than in water cell suspensions. Furthermore, photo-inactivation of microbial cells was
negligible in the presence of azide ion, while the addition of mannitol produced a photo-
protective effect on the cellular survival. These results indicated that DTC60 (2+) has
potential as an agent to the PDI of microbial cells. Also, the photo-cytotoxicity activity
induced by this cationic fullerene derivative can involve the intermediacy of both superoxide
anion radical and singlet molecular oxygen.

It is well known that enveloped viruses can be efficiently eliminated by singlet oxygen-
generating compounds, such as photodynamic agents. A wide variety of PSs have
demonstrated good potential for viral inactivation, i.e. phthalocyanines, merocyanines,
porphyrin derivatives, hypericin (HY) (Figure 7D), Rose Bengal (RB) (Figure 7C), and MB.

At present, there is one method using PSs for the inactivation of viruses that is allowed to be
used in the production of blood plasma components for pathogen reduction. This procedure
consists of the treatment of fresh-frozen blood plasma with MB and visible light, reducing
the viral activity without damaging plasma proteins [126]. However, this method is not
indicated for labile blood products such as packed erythrocytes or thrombocytes, and MB
has the disadvantage of remaining in the plasma after the treatment. Therefore, fullerenes
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could be an alternative to classical PSs for blood product decontamination. Kasermann and
Kempf [127] used the singlet-oxygen-generating agent C60 because it can be quickly
removed from aqueous solutions and suspensions such as blood plasma. The authors used
viruses from two different families: Togaviridae (Semliki Forest Virus) and Rhabdoviridae
(Vesicular Stomatitis Virus). The viral particles were suspended in buffered solutions
containing C60, and this suspension was then illuminated with visible light for up to 5 h,
resulting in a loss of infectivity of more than 7 logs in viral titers. This viral inactivation was
demonstrated to be oxygen dependent and equally efficient in solutions containing proteins
as found in plasma. Two additional advantages can be noted concerning the use of fullerenes
for viral inactivation: their insolubility in aqueous solutions, and their extreme stability.
Thus, heterogeneous C60 can be easily removed from the incubation medium by simple
procedures such as centrifugation, filtration, or by the introduction of special properties (e.g.
magnetism) into the fullerenes cages. The removal of C60 from the solutions is desirable in
order to help to reduce any toxic effects or undesirable consequences that may arise from the
use of this PS in biological fluids. In addition, its high stability makes it possible for C60 to
be recycled (an economic advantage).

3.4.2 TiO,—TiO; is capable of mediating photo-oxidation, and can produce ROS on light
absorption by electron transfer reactions involving oxygen and water. It seems that the active
species is mainly hydroxyl radical (HO-), but superoxide anion and 10, are also produced
[128-130] (see Figure 8).

The main problem to the use of TiO,-NPs for medical applications is that their absorption is
basically in the UV region of the electromagnetic spectrum. Researchers have focused on
shifting the absorbance spectrum of TiO, toward the visible region through doping with
other elements [131, 132]

TiO, has been widely studied as a PS in a process termed “photocatalysis”, which has been
proposed as an antimicrobial strategy for disinfecting wastewater [133]. Photocatalysis is the
acceleration of a light-mediated reaction in the presence of a catalyst (usually an inorganic
semi-conductor). The advantage of photocatalysis is having sunlight or UV radiation to
trigger the disinfection process using a catalyst (TiO,) [134].

Photocatalysis, the acceleration of a light-mediated reaction in the presence of a catalyst
(usually an inorganic semiconductor) [135], is a rapidly growing technology that is being
investigated for applications in solar energy conversion [136] and for environmental
remediation and disinfection [137, 138]. Antimicrobial photocatalysis describes a process in
which semiconductor NPs such as TiO, are irradiated with sunlight or UVA to generate ROS
in order to kill various types of microorganisms [135, 139-143]. The procedure of
antimicrobial photocatalysis has most often been suggested to be used in water purification
[143].

TiO, is a wide band-gap, n-type semiconductor, with the characteristics of low toxicity,
strong optical absorption, low cost, and high chemical stability. The active form of TiO is
the NP form and it has allowed it to be incorporated into paints, films, and a host of different
materials that can be made “self-sterilizing”. A variety of medical applications of TiO,
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photocatalysis have been suggested, among which are self-sterilizing urinary catheters [144],
self-sterilizing lancet for blood glucose determination [145], antibacterial food packaging
film [146], antibacterial dental implants [147], and antibacterial surgical implants [148].

The advantages of antimicrobial photocatalysis (as compared to other kinds of
photodynamic inactivation) are as follows:

1 It is a heterogeneous system so the solid TiO, could be removed from the
reaction after use.

2. The TiO;, is not easily photo-bleached in the same way as organic PSs are photo-
bleached by light delivery.

3. TiO, can be activated by UVA wavelengths present in natural sunlight making
the process suitable for remediation of contaminated wastes in outdoor settings.

Nevertheless, there is a need to improve the efficiency of TiO, antimicrobial catalysis.
Researchers are trying to dope the TiO, with platinum or nitrogen or other materials in order
to shift the activation wavelength away from the UV to the visible range [149] and to
fabricate different types of titania nanostructures such as TiO, nanotubes [150]. A
commonly employed form of TiO, NPs is called P25 Degussa (Evonik) that is commercially
available and has been reported to be composed of about 75% of the anatase crystalline
isoform [151].

3.4.3 QDs—QDs are semiconductor NPs, which have several characteristics that make
them a potentially new class of PS. These small NPs (size range of 1-6 nm) have high
quantum yields, a constant composition, high photo-stability, and fluorescent emission
properties that can be tunable by size. They are relatively simple and inexpensive to
synthesize, are non-cytotoxic in the absence of light, but have the potential to induce
cytotoxicity under UV irradiation [152]. They can be targeted to specific pathological areas
and made water soluble. QDs can transfer energy to surrounding oxygen, in a similar
manner to traditional PS. Recent papers have explored their potential to act as a PS in their
own right [153, 154].

QDs have also been examined as enhancers of the efficacy of TBO-aPDI. Enhanced killing
was shown to be due to a non-Forster resonance energy transfer mechanism, whereby the
QD converted part of the incident light closer to the absorption maximum for TBO; hence
more light energy was harvested, resulting in increased concentrations of bactericidal
radicals [155].

3.4.4 UCNPs—Lanthanide-doped UCNPs are dilute guest-host systems where trivalent
lanthanide ions are dispersed as a guest in an appropriate dielectric host lattice with a
dimension of less than 100 nm. The dopants of rare-earth metals exhibit luminescent
behavior, and produce emission when excited. Through selection of lanthanide dopants,
UCNPs can display wavelength (color) selective upcon-version, such as NIR to shorter NIR,
visible (blue, green, red), or UV [156]. The mechanism involves the sequential absorption of
two photons via a “virtual intermediate excited state” leading to the emission of light at
shorter wavelength than the excitation wavelength (Figure 9).
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PDT has been used for therapy in prostate, lung, head and neck, or skin cancers. However,
conventional PDT is limited by the penetration depth of visible light needed for its activation
[157]. NIR light in the “window of optical transparency” (750-1100 nm) of tissue can
penetrate significantly deeper into tissues than the visible light, because absorbance and light
scattering for most body constituents are minimal in this range [158]. Importantly, UCNPs
can efficiently convert the deeply penetrating NIR light to visible wavelengths that can
excite PS to produce cytotoxic 105, promising their use in PDT treatment of deeply tumors.

Although the aPDI effect has been demonstrated against viruses, it has been slow in gaining
acceptance mainly because of several limitations such as the hydrophobicity of PSs, poor
target specificity, and limited tissue penetration ability. Most PSs are hydrophobic and
aggregate easily in aqueous solutions, affecting their photochemical and photobiological
properties [159]. Many PSs also suffer from poor target specificity, which leads to collateral
damage to the healthy cells and tissues. Moreover, current light source used is either UV or
short wavelength visible light as most of the PSs absorb at relatively short wavelengths that
possess limited tissue penetration ability that restricted the amount of light to be delivered to
the target sites.

Lim et al. [160] reported a UCNP-based PDI strategy that could potentially overcome the
limitations faced by the current approaches. They designed and synthesized NIR-to-visible
UCNPs that consist of sodium yttrium fluoride (NaYF,) nanocrystals co-doped with
ytterbium (Yb3p) and erbium (Er3p) ions. The UCNPs synthesized were coated with a layer
of high molecular weight polyethyleneimine (PEI). The chosen PS molecules, zinc
phthalocyanine (ZnPc), were attached onto the surface of NIR-to-visible UCNPs. On
exposure to NIR light at 980 nm, the ZnPc-attached UCNPs (ZnPc-UCNPs) emit visible
light that is being absorbed by the PSs. The excited PSs then convert nearby molecular
oxygen to ROS, resulting in viral inactivation. Using these NPs, they examined the
feasibility of this inactivation strategy by inactivating viruses photodynamically in
suspension and a murine model. The UCNPs effectively reduced the infectious virus titers /n
vitro with no clear pathogenicity in the murine model and increased target specificity to
virus-infected cells.

The findings from this work demonstrated the possibility of UCNP-based PDI to
photodynamically inactivate viruses with advantages over the current aPDI technique. By
carrying the PS, the ZnPc-UCNPs “solubilize” the highly nonpolar ZnPc. These NPs also
mediate the conversion from lower energy radiation to higher energy emission essential to
excite the ZnPc. Also, increased target specificity is achievable as the surface of the NPs can
be modified with the established protocol for bioconjugation of targeting moieties such as
antibodies or proteins.

3.5 Microneedles as an emerging drug delivery technology

In the treatment of chronic wounds, the delivery of photosensitizing agents is often hindered
by the presence of a thick hyperkeratotic or a necratic tissue layer, thus reducing their
therapeutic efficacy. Microneedles (MNs) are an emerging drug delivery technology using
short sharp projections that can penetrate the outer layers of the skin, without causing any
noticeable pain or tissue damage, whilst minimizing damage to the skin barrier function
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[161]. MNs are 25-2000 um in length and are arranged in arrays that can contain up to 2000
needles per square centimeter [162]. Delivering photosensitizing drugs using this platform
has been demonstrated to have several advantages over conventional PDT, such as painless
application, reduced erythema, enhanced cosmetic results, and improved intra-dermal
delivery [163]. For instance, dissolving MNs (Gantrez(R) AN-139 co-polymer) were loaded
with MB for carrying out aPDI of S. aureus, E. coli, and C. albicans biofilms [164].

4 Methods of potentiating aPDI

4.1 Potentiation by inhibition of efflux pumps

Multi-drug efflux pumps (MEPS) are now broadly recognized as the major components of
microbial resistance to many classes of antibiotics [165]. Some MEPs selectively expel
specific antibiotics, while others, referred to as multidrug resistance pumps, can mediate
efflux of a variety of structurally diverse compounds with differing modes of action. Figure
10 shows the five major families of MEPs that occur in bacteria and fungi.

Phenothiazinium-based PSs such as TBO, MB, and azure dyes have been employed in aPDI
research for nearly 80 years [166]. Phenothiazinium salts are amphipathic planar molecules
that possess one intrinsic quaternary nitrogen atom and have phototoxic efficiency against a
broad range of microorganisms, such as £. coli, S. aureus, streptococci, Listeria
monocytogenes, and Vibrio vulnificus [167-171].

MB has been used as an intrinsic antimicrobial compound in conventional (non-light-
mediated) antimicrobial therapy research for over a 100 years [166]. It has been reported that
photodynamic activity of MB occurs mostly, via the type | mechanism [172]. Several studies
have reported its /n vitro activity and in animal models of infection, and MB has received
regulatory approval to mediate PDT of dental infectious diseases, such as periodontitis and
caries [173-175]; however, it seems that MB is not the optimum member of the class of
phenothiazinium derivatives for antimicrobial photo-inactivation. Wainwright et al. [176]
compared five different phenothiazinium dyes as antibacterial PSs against methicillin-
resistant S. aureus (MRSA). They found that dimethyl methylene blue (DMMB) and new
methylene blue (NMB) were the most active compounds but they had dark toxicity.

In 2006, Tegos and Hamblin showed for the first time that phenothiazinium salts were
substrates of MEPs [177]. The MEPs in Gram-positive bacterial species are primarily
classified as the major facilitator-type (characterized by NorA in S. aureus), while Gram-
negative species tend to have three-component MEPs, known as resistance nodulation
division (RND) and characterized by MexAB-OprM in Pseudomonas aeruginosa [165].

In 2008, Tegos et al. [178] reported that four different inhibitors of the NorA pump (the
diphenyl urea INF271, reserpine, 5-methoxyhydnocarpin, and the polyacylated
neohesperidoside) significantly potentiated aPDI of S. aureus mediated by MB, TBO, and
1,9-DMMB and an inhibitor of Gram-negative RND pumps (phenylalanine-arginine beta-
naphthylamide) also potentiated light-mediated killing of 2 aeruginosaby TBO. The
discovery that these efflux pump inhibitors (EPI) had a dramatic effect in potentiating the
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killing effect of aPDI with phenothiazinium dyes suggested that EPI may have some clinical
application in this field.

Kishen et al. [179] evaluated the ability of MB and RB to inactivate biofilms of
Enterococcus faecalis. The role of a specific microbial EPI, verapamil hydrochloride, in the
MB-mediated aPDI of £. faecalis biofilms was also investigated. The results showed that £.
faecalis biofilms exhibited significantly higher resistance to aPDI when compared with £.
faecalis in suspension. aPDI with cationic MB produced superior inactivation of £. faecalis
strains in a biofilm along with significant destruction of biofilm structure when compared
with anionic RB. The ability to inactivate biofilm bacteria was further enhanced when the
EPI was used with MB. These experiments demonstrated the advantage of MB combined
with an EPI to inactivate biofilm bacteria and disrupt biofilm structure.

In another study, Prates et al. [180] investigated whether the major fungal multidrug efflux
systems (MESs) affected the efficiency of MB-mediated aPDI in C. albicans and tested
specific inhibitors of these efflux systems to potentiate aPDI. C. albicans wild-type and
mutants that over-expressed two classes of MESs [ATP-binding cassette (ABC) and major
facilitator superfamily (MFS)] were tested for aPDI using MB as the PS with and without
the addition of MES inhibitors. The uptake and cytoplasm localization of PS were achieved
using laser confocal microscopy. Their results showed that ABC MES over-expression
reduced MB accumulation and aPDI killing more than MFS MES over-expression.
Furthermore, by combining MB-aPDI with the ABC inhibitor verapamil, fungal killing and
MB uptake were potentiated, while by combining MB-aPDI with the MFS inhibitor INF271,
fungal killing and MB uptake were inhibited.

4.2 Potentiation by the addition of inorganic salts

4.2.1 Azide—Huang et al. [181] showed that the addition of sodium azide (NaN3z)
paradoxically potentiated aPDI of Gram-negative and Gram-positive bacteria using MB as
the PS. In that study, they used two different PS: MB (type | mechanism) and
polyethylenimine-chlorin (e6) (PEI-ce6) conjugate (type Il mechanism) expecting to see
quenching of killing by NaNs3. NaNs is well known as a physical quencher of 10, [182] and
has been widely employed to quench singlet oxygen during aPDI [183]. They observed that
addition of NaN3 (100 pm or 10 mm) to Gram-negative £. colfand Gram-positive S. aureus
incubated with MB and illuminated with red light gave significantly increased bacterial
killing (1-3 logs), rather than the expected protection from killing. The other antibacterial
PS, PEI-ce6 conjugate, showed reduced aPDI killing (1-2 logs) after the addition of 10 mm
NaNs3. Azide (0.5 mm) potentiated bacterial killing by Fenton reagent (hydrogen peroxide
and ferrous sulfate) by up to 3 logs, but protected against killing mediated by sodium
hypochlorite and hydrogen peroxide (considered to be a chemical source of singlet oxygen).
The intermediacy of N3® radical was confirmed by spin-trapping and electron spin
resonance studies in both MB-photosensitized reactions and Fenton reagent with the
addition of NaN3. They found that N3 radical was formed and bacteria were killed even in
the absence of oxygen, suggesting the direct one-electron oxidation of azide anion by photo-
excited MB. Although azidyl radicals are less reactive than hydroxyl radicals (HO®) or 10,,
they may be more selective and effective bactericidal agents, because they live longer than
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HO® radicals. This longer lifetime may be responsible for enhanced aPDI as N3® radicals
may diffuse deeper into the cells and then cause more lethal destruction, while the more
reactive HO® or 10, is rapidly consumed at the cell wall or in solution [184].

Kasimova et al. [184] attempted to gain deeper understanding of this interesting observation
of the potentiation of aPDI by azide. They used six phenothiazinium dyes: MB, TBO, NMB,
DMMB, azure A, and azure B. These compounds have varying lipophilicities as measured
by the log p value (octanol-water partition coefficient). They also compared the Gram-
negative bacterial species £. coli with a Gram-positive counterpart S. aureus, and studied the
effect of washing unbound dye out of the bacterial suspension. They found both significant
potentiation (up to 2 logs) and also significant inhibition (>3 logs) of killing by adding 10
mm azide depending on Gram classification, washing the dye from the cells, and dye
structure. Killing of £. coliwas potentiated with all six PSs after a wash, while S. aureus
killing was only potentiated by MB and TBO with a wash and DMMB with no wash. More
lipophilic dyes (higher log pvalue, such as DMMB) were more likely to show potentiation.
They concluded that potentiation of aPDI by azide (Type | photochemical mechanism)
depends on the microenvironment of the PS. The dye is likely to be more tightly bound to
the bacterial cells: (a) for more negatively charged Gram-negative bacteria, (b) after a wash
to remove unbound dye, and (c) in the case of more lipophilic dyes. When the dye is
strongly bound it may be more probable to receive an electron transfer from azide to its
triplet-excited state thereby producing a radical pair (PS radical anion and azidyl radical). A
complementary hypothesis is that firmly bound dyes can transfer the electron from the PS
radical anion into the bacterial cell with its metabolic electron transport chains, thus
regenerating the ground state uncharged PS and allowing the process to repeat indefinitely.
As non-firmly bound PSs are not adjacent to the bacterial cells, they cannot carry out this
secondary electron transfer.

Further research is necessary to see whether azide anion can potentiate microbial killing of
other classes of antimicrobial PSs. It should be noted that azide is toxic to both mammalian
cells and to microorganisms including bacteria (all Gram-negative but not many Gram-
positive species) [185]. Azide inhibits the activity of cytochrome c oxidase in a similar
manner to cyanide. Thus, it is clear that the potentiation of aPDI by addition of azide could
never be used clinically, but has value as a mechanistic tool to understand the basic
photochemistry [184].

Yin et al. [186] investigated the relative abilities of C60[ > M(C3N6(+)C3)2]-(1(-))10
(LC14), C60[ > CPAF-(MN6(+)C3)2]-(I1(-))10 (LC15), and C60[ > M(C3N6(+)C3)2] [ >
M(C3N6C3)2]-(1(-))10 (LC16) to generate singlet oxygen 105, hydroxyl radicals (HO),
and hydrogen peroxide (H,0,) after excitation by UVA or by white light. They used three
different classes of pathogenic microbial cells (MRSA, E. coli, and C. albicans). LC15 was
the most powerful broad spectrum antimicrobial fullerenyl photosensitizer followed by
LC16, and LC14 was least powerful. Killing depended on both fullerene monoadduct
concentration and light fluence. Bacterial killing was not much inhibited by addition of
azide anions and in some cases was potentiated. In the absence of oxygen, microbial
photokilling was highly potentiated (up to 5 logs) by the addition of azide anions. They
concluded that molecular functional addends that encouraged a type | electron-transfer
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mechanism increased the ability of photoactivated fullerene monoadducts to kill microbial
cells. Oxygen-independent photokilling was possible with fullerene monoadducts in the
presence of azide anions, probably mediated by azidy! radicals.

4.2.2 Thiocyanate (SCN™)—Pseudohalides besides N3, such as thiocyanate (SCN™),
also function as @OH scavengers [187]. Due to the known reactivity of SCN™ with ®@OH
and sulfur with 10,, St Denis et al. [188] wanted to investigate whether SCN~ could
potentiate the MB and light-mediated killing of the Gram-positive S. aureus and the Gram-
negative £. coli. SCN™ enhanced aPDI (10 pm MB, 5 J/cm? 660 nm hv) killing in a
concentration-dependent manner of S. aureusby 2.5 logyg to a maximum of 4.2 logyg at 10
mm (p < 0.001) and increased killing of £. coliby 3.6 logyg to a maximum of 5.0 logg at 10
mm (p<0.01). They determined that SCN™ rapidly depleted O, from an irradiated MB
system, reacting exclusively with 10,, without quenching the MB excited triplet state. SCN™
reacted with 105, producing a sulfur trioxide radical anion. Their results showed that MB-
PDI of SCN™ in solution produced both sulfite and cyanide anions, and that addition of each
of these salts separately enhanced MB-PDI killing of bacteria.

4.2.3 lodide—As sodium azide cannot be used in clinical applications due to its toxicity,
Vecchio et al. [189] investigated the effect of the inorganic salt potassium iodide (KI) in
combination with aPDI using MB. The safe and effective use of KI was reported in 2001 by
the Food and Drug Administration (FDA) [190] and it is commonly used as a clinical
antifungal agent [191]. In this study, bacterial killing was tested /n vitro against S. aureus
and E. coliusing MB with KI. They also wanted to confirm that it was possible to increase
the efficacy of aPDI by adding KI to MB in an /in7 vivo model of localized infection
consisting of mouse burn wounds. By adding KI, they observed a reliable increase of red
light-mediated bacterial killing of Gram-positive and Gram-negative species /n vitro. The
addition of Kl increased in bacterial killing by 4 and 2 logs for S. aureus and E. coli,
respectively. /n vivo, they also detected less bacterial recurrence in wounds in the days after
treatment. On the basis of their results, it seems that the mechanism of the synergistic effect
of KI with MB-aPDI producing an increase of bacterial killing involves the generation of
short-lived reactive iodine reactive species (1® or 1,®).

Huang et al. [192] wanted to know whether antimicrobial photocatalysis mediated by TiO,
could be potentiated by addition of KI and whether the mechanism was via photocatalytic
production of iodine/tri-iodide or hypoiodite. Their results showed that addition of the
nontoxic inorganic salt Kl to TiO, (P25) excited by UVA potentiated the killing of Gram-
positive bacteria (MRSA), Gram-negative bacteria (£. coli), and fungi (C. albicans) by up to
6 logs. The microbial killing depended on the concentration of TiO,, the fluence of UVA
light, and the concentration of KI (the best effect was at 100 mm). There was formation of
long-lived antimicrobial species (probably hypoiodite and iodine) in the reaction mixture
(detected by adding bacteria after light), but short-lived antibacterial reactive species
(bacteria present during light) produced more killing. Fluorescent probes for ROS (hydroxyl
radical and singlet oxygen) were quenched by iodide. Tri-iodide (which has a peak at 350
nm and a blue product with starch) was produced by TiO,-UVA-KI but was much reduced
when MRSA cells were also present. The model tyrosine substrate N-acetyl tyrosine ethyl
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ester was iodinated in a light dose-dependent manner. They concluded that UVA-excited
TiO, in the presence of iodide produced reactive iodine intermediates during illumination
that killed microbial cells and long-lived oxidized iodine products that killed after light has
ended.

Zhang et al. [114] synthesized C60-fullerene (LC16) bearing decaquaternary chain and
deca-tertiary-amino groups that facilitates electron-transfer reactions via the photoexcited
fullerene. Addition of the harmless salt, KI (10 mm) potentiated the UVA or white light-
mediated killing of Gram-negative bacteria Acinetobacter baumannii, Gram-positive MRSA
and fungal yeast C. albicansby 1-2 + logs. The mouse model infected with bioluminescent
A. baumannii gave increased loss of bioluminescence when iodide (10 mm) was combined
with LC16 and UVA/white light. They concluded that the mechanism may involve photo-
induced electron reduction of (1)(C60 >)* or (3)(C60 >)* by iodide producing | - or 12
followed by subsequent intermolecular electron-transfer events of (C60 >)- to produce
reactive radicals.

Freire et al. [193] studied the effects of aPDI on C. albicans as biofilms grown /in vitro and
also in an immunosuppressed mouse model of oral candidiasis infection. They used a
luciferase-expressing strain that allowed non-invasive monitoring of the infection by
bioluminescence imaging. MB and NMB were used as PSs, combined or not with KI, and
red laser (660 nm) at four different light doses (10J, 20J, 40J, and 60J). The best /n vitrolog
reduction of CFU/mI on biofilm grown cells was: MB plus KI with 40J (2.31 log); and NMB
without KI with 60J (1.77 log). These conditions were chosen for treating the /77 vivo model
of oral Candida infection. After 5 days of treatment, the disease was practically eradicated,
especially using MB plus K1 with 40J. Their study suggested that KI can potentiate aPDI of
fungal infection using MB (but not NMB) and could be a promising new approach for the
treatment of oral candidiasis.

4.2.4 Bromide—TFor the first time, Wu et al. [194] reported that the addition of sodium
bromide to photo-activated TiO, potentiated the killing of Gram-negative, Gram-positive
bacteria, and fungi by up to 3 logs. The potentiation increased with increasing bromide
concentration in the range of 0-10 mm. According to their result, the mechanism of
potentiation was probably due to generation of both short- and long-lived oxidized bromine
species including hypobromite. There was some antimicrobial activity remaining in solution
after switching off the light, that lasted for 30 min but not 2 h, and oxidized 3,3",5,5"-
tetramethylbenzidine. N-Acetyl tyrosine ethyl ester was brominated in a light dose-
dependent manner; however, no bromine or tribromide ion could be detected by
spectrophotometry or liquid chromatography—mass spectrometry. The mechanism appears to
have elements in common with the antimicrobial system (myeloperoxidase + hydrogen
peroxide + bromide).

5 aPDlI for treating localized infections

5.1 Laboratory animal models of infections

Laboratory experiments conducted with small animals such as rats or mice that have been
deliberately infected by various pathogens are the commonest way of testing whether any
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aPDI protocol can treat a localized infection. In general, the PS is introduced into the
infected lesion, and followed after a relatively short time by light delivery to the infected
area [6, 195]. However, if these experiments involve killing of animals at various time points
in order to quantify the number of CFUs present in the infected tissues, this tend to be rather
laborious and time consuming in order to obtain enough data points to reach statistical
significance. This problem was overcome by the Hamblin laboratory, who devised a system
of using bioluminescent bacteria and a low-light imaging camera to longitudinally monitor
the progress of the infection in real time in a non-invasive manner [196]. This methodology
was used in a number of studies that investigated various aspects of aPDI in localized
infections in mouse models [197-199].

Tawfik et al. [200] assessed the effect of combining a composite NP composed of MB and
AUNPs for aPDI of cutaneous fungal infection in rabbits caused by one of the commonest
organisms in onychomycosis that is 7richophyton mentagrophytes. PDT was initiated at day
3 to 5 after inoculation, for four sessions 48 h apart. All groups were investigated
macroscopically and microscopically (histopathology and scanning electron microscope).
Flow cytometry assessment for cell death and X-ray analysis for AuNPs accumulation in
brain and liver tissues were also determined. Their results showed that recovery from
infection approaching 96% in AuNPs + light group, around 40% in MB-PDT, and 34% in
composite PDT. The observed findings confirmed by an apparent decrease of apoptosis;
however, small amounts of AuNPs detected in the brain and liver. The animals included in
this study showed no behavioral changes, weight loss, or mortality.

One interesting question that is sometimes raised is: why is MB a fairly efficient PS in in
vitro studies, but /n vivo its performance can be disappointing. The answer comprises several
considerations. First, phenothizinium dyes such as MB can be tricky antimicrobial PS to
optimize probably due to a tendency to dimerize and aggregate. Secondly, MB can bind to
mammalian cells and tissues. Thirdly, MB can be reduced to the colorless leuko-form by
enzymes present in living tissue.

Sherwani et al. [74] also examined the photodynamic efficacy of PS-conjugated AuNPs
(AuNPs-PS) to treat skin and oral C. albicans infection in BALB/c mice. The biomimetically
synthesized AUNPs were conjugated to MB or TBO. The conjugation of PSs with AuNPs
was characterized by spectroscopic and microscopic techniques. The therapeutic efficacy of
the combination of the AuNP conjugates against cutaneous C. albicans infection was
examined in a mouse model by enumerating residual fungal burden and histopathological
studies. The mixture of AuNPs conjugated to two different PSs significantly depleted the
hyphal C. albicans burden against superficial skin and oral C. albicans infection in mice.

Zhang et al. [114] synthesized C60-fullerene (LC16) bearing decaquaternary chain and
decatertiary-amino groups that facilitate electron-transfer reactions via the photo-excited
fullerene. They evaluated the effect of LC16 in aPDI of A. baumanniiinfection in mice. The
mouse model infected with bioluminescent A. baumannii gave increased loss of
bioluminescence when K1 (10 mm) was combined with LC16 and UVA/white light.
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Huang et al. [201] also synthesized a highly water-soluble [70] fullerene monoadduct,

C70[ > M(C3N6(+) C3)2]-(1(-))10 (LC17), and bisadduct, C70[ > M(C3N6(+) C3)2][ >
M(C3N6C3)2] (LC18), both with a well-defined decacationic quaternary ammonium iodide
moiety with 10 positive charges per C70 to give water solubility and bacterial binding. A
mouse model of third-degree burn infection with bioluminescent Gram-negative bacteria
was used to test the /in vivo effectiveness of the therapeutic approach using the more
effective UVA excitation. Both compounds were effective determined by bioluminescence
imaging.

Grinholc et al. [202] examined /n vitro efficacy of a C60 fullerene functionalized with one
methylpyrrolidinium group to kill upon irradiation with white light Gram-negative and
Gram-positive bacteria, as well as fungal cells. Using /7 vivo studies, a 2 log10 reduction in
the average bioluminescent radiance between treated and non-treated mice was
demonstrated. One day after aPDI treatment, moist and abundant growth of bacteria could be
observed on wounds of light alone and dark control mice, while aPDI-treated wounds stayed
visibly clear up to the third day.

HY is a naturally occurring, potent PS. However, its lipophilicity limits its therapeutic
applications. Nafee et al. [203] developed a biodegradable nanocarrier for HY capable of
preserving its antibacterial photoactivity. Amphiphilic block copolymers were synthesized to
prepare hypericin-laden nanoparticles (HY-NPs). The antimicrobial photoactivity of HY-NPs
was assessed /n vivo on infected wounds in rats. Wound healing studies in rats revealed
faster healing, better epithelialization, keratinization, and development of collagen fibers
when HY-NPs were applied. Determination of growth factors and inflammatory mediators in
the wound area confirmed superior healing potential of nanoencapsu-lated HY.

Lu et al. [111] studied the aPDI activity of a C60 fullerene functionalized with three
dimethylpyrrolidinium groups (BF6) /in vivo on two potentially lethal mouse models of
infected wounds. They used stable bioluminescent bacteria and a low-light imaging system
to follow the progress of the infection noninvasively in real time. An excisional wound on
the mouse back was contaminated with one of two bioluminescent Gram-negative species,
Proteus mirabilis (2.5 x 107 cells) and 2. aeruginosa (5 x 108 cells). A solution of BF6 was
placed into the wound followed by delivery of up to 180 J/cm? of broadband white light
(400-700 nm). In both cases there was a light dose-dependent reduction of bioluminescence
from the wound not observed in control groups (light alone or BF6 alone). Fullerene-
mediated PDT of mice infected with 2 mirabilis led to 82% survival compared with 8%
survival without treatment (p< 0.001). PDT of mice infected with highly virulent 2
aeruginosa did not lead to survival, but when PDT was combined with a suboptimal dose of
the antibiotic tobramycin (6 mg/kg for 1 day), there was a synergistic therapeutic effect with
a survival of 60% compared with a survival of 20% with tobramycin alone (p< 0.01).

5.2 Naturally occurring animal infections

As an intermediate step between experimental studies in laboratory animals, the testing of
aPDI on naturally occurring infections is an attractive option [204]. The first study was
conducted by Hawkins et al. [205]. These authors investigated the effect of erythrosin B and
visible light on third-stage larvae of gastrointestinal nematodes of naturally infected cattle.
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Cattle were treated orally with erythrosin B at dosages of 30 and 40 mg/kg/day for as many
as 17 days. Feces from treated and untreated animals were collected and prepared for
culture. Third-stage larvae were then collected by Baermannization and exposed to light.
Both sunlight and artificial fluorescent light were shown to be toxic to third-stage larvae
after treatment with erythrosin B. This toxic reaction was significant after only two
consecutive daily treatments.

There are other reports indicating the effect of aPDI on the inactivation of pathogens
associated with animal infections [206, 207].

Bovine mastitis is considered the most important disease of worldwide dairy industry.
Treatment of this disease is based on the application intra-mammary antibiotic, which favors
an increase in the number of resistant bacteria in the last decade. Sellera et al. [208]
investigated the efficacy of MB-aPDI in the inactivation of pathogens associated with bovine
mastitis (S. aureus, Streptococcus agalactiae, Streptococcus dysgalactiae, Corynebacterium
bovis, and the alga Profotheca zopfii). S. dysgalactiae, S. aureus, and C. bovis were
inactivated after 30 s of irradiation, whereas S. agalactiae was inactivated after 120 s and £
zopfii at 180 s of irradiation. These results showed that aPDI could be an interesting tool for
inactivating pathogens for bovine mastitis.

Peri-implantitis is a progressive peri-implant bone loss, which is accompanied by
inflammatory lesions in the soft tissues. Hayek et al. [209] compared the effects of aPDI and
conventional technique on microbial reduction in ligature-induced peri-implantitis in dogs.
Eighteen third premolars from nine Labrador retriever dogs were extracted and the implants
were submerged. After osseointegration, peri-implantitis was induced. After 4 months,
ligature was removed and natural bacterial plaque was allowed to form for another 4 months.
The animals were then randomly divided into two groups. In the conventional group, they
were treated using mucoperiosteal flaps for scaling the implant surface and chlorexidine
(conventional) irrigation. In the aPDI group, only mucoperiosteal scaling was carried out
before PDT. Inside the peri-implant pocket, a paste-based azulene PS was placed and then a
GaAlAs low-power laser (A =660 nm, p=40 mW, £=7.2 J for 3 min) was used.
Microbiological samples were obtained before and immediately after treatment. Before
treatment, one implant was removed and analyzed by scanning electron microscopy to
validate the contamination. The results of this study showed that Prevotella sp.,
Fusobacterium sp., and S. Beta-haemolyticus were significantly reduced for both groups.
After treatment, no significant differences were observed between the groups.

Bumblefoot, referring to “bed-sore-like” lesions on the feet, is one of the most important
clinical complications in captive birds and has a multi-factorial etiology. Nascimento et al.
[210] aimed to compare outcomes in a group of captive penguins, Spheniscus magellanicus
with bumblefoot lesions treated with aPDI or antibiotics. Ten captive Magellanic penguins
with preexisting stage 111 bumblefoot lesions were selected and randomly divided into one
aPDI and one antibiotic group, each including 11 pelvic-limb lesions. In the antibiotic
group, antibiotic ointment was applied topically three times a week, and systemic antibiotic
and anti-inflammatory drugs were administered daily. In the aPDI group, PDT was applied
three times a week without the use of topical or systemic medication. Lesion areas were
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photographed, and swabs were collected for culture and sensitivity, on the first day and
every 14 days for a total of 84 days. The four species of bacteria showing the most resistance
to the antibiotics screened on the antibiogram were used to determine resistance to aPDI
with an /n vitro test. There were significant differences in healing rate and average healing
time between the aPDI and antibiotic groups (63.62% vs. 9.09% and 42 vs. 70 days,
respectively).

Also, in another study by Sellera et al. [211], five Magellanic penguins with previous
pododermatitis lesions on their footpad were treated with PDT. MB (aqueous solution at a
concentration of 300 mm) was applied, and after 5 min of incubation in dark to allow
microbial uptake the lesion was irradiated using a diode laser, emitting 100 mW at 660 nm
of wavelength, distributed in five equidistant points of 0.02 cm? that received 140 J/cm?
each. All PDT-treated lesions successfully regressed and no recurrence was observed during
the 6-month follow-up period.

5.3 Clinical infections

aPDI has been successfully applied for elimination of pathogens. The dual selectivity of
aPDI (i.e. the selective PS and the localized selective illumination) is an advantage in the
treatment of infectious diseases [212]. aPDI was tested as a novel antimicrobial treatment in
bacterially colonized chronic leg ulcers and chronic diabetic foot ulcers [213]. Cationic 3,7-
bis(di-n-butylamino) phenothiazin-5-ium bromide (PPA904) was used as the PS. The trial
included 16 patients with chronic leg ulcers and 16 patients with diabetic foot ulcers (each
eight active treatment/eight placebo) in a blinded, randomized, placebo-controlled, single
treatment, phase lla trial. All patients had an ulcer duration of >3 months, bacterially
colonized with >10% CFU/mI. After quantitatively assessing pre-treatment bacterial load via
swabbing, PPA904 or placebo was applied topically to wounds for 15 min, followed
immediately by 50 J/cm? of red light and the wound was again sampled for quantitative
microbiology. Wound area was measured for up to 3 months after treatment. The treatment
was well tolerated with no reports of pain or other safety issues. In contrast to placebo,
patients on active treatment showed a reduction in bacterial load immediately post-treatment
(p<0.001). After 3 months, 50% (four out of eight) of actively treated chronic leg ulcer
patients showed complete healing compared with 12.5% (one out of eight) placebo patients.

aPDI has been effectively applied for the treatment of cutaneous leishmaniasis (CL), which
is caused by parasites of the species Leishmania. Asilian and Davami [214] studied the
parasitological and clinical efficacy of aPDI vs. topical paromomycin in patients with Old
World CL caused by Leishmania majorin Iran. Topical paromomycin is one of the many
drugs that have been suggested for the treatment of CL caused by Leishmania major. In this
clinical trial, 60 patients with the clinical and parasitological diagnosis of CL were recruited
and were randomly divided into three treatment groups (weekly topical aPDI, twice-daily
topical paromomycin, and placebo, respectively). At the end of the study, complete
improvement was seen in 29 of 31 (93.5%), 14 of 34 (41.2%), and 4 of 30 lesions (13.3%) in
groups 1, 2, and 3, respectively (p< 0.001). At the same time point, 100%, 64.7%, and 20%
of the lesions had parasitological cure in groups 1, 2, and 3, respectively (0< 0.001).
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Periodontal diseases have also been treated successfully by aPDI mediated by conventional
PS [215-217]. However, de Freitas et al. [218] investigated the effect of aPDI using MB-
loaded poly(lactic-co-glycolic) (PLGA) NPs (MB-NP) in a clinical pilot study with 10 adult
human subjects with chronic periodontitis. Patients were treated either with ultrasonic
scaling and scaling and root planing (US + SRP) or ultrasonic scaling + SRP + aPDI with
MB-NP (25 pg/ml and 20 J/cm?) in a split-mouth design. The clinical study demonstrated
the safety of aPDI. Both groups showed similar improvements of clinical parameters 1
month after treatments. However, at 3 months ultrasonic SRP + aPDT showed a greater
effect (28.82%) on gingival bleeding index compared to ultrasonic SRP. The author
suggested that the utilization of PLGA NPs encapsulated with MB may be a promising
adjunct in antimicrobial periodontal treatment.

6 Conclusions

aPDI can be an alternative or adjunctive treatment modality for infectious diseases. The use
of nanotechnology for enhancing delivery of PSs is an attractive approach to improving
aPDI. NPs can enhance the PS delivery component, by enabling optimum PS encapsulation,
and enhanced uptake within the microbial cells.

In spite of the economic opportunities, nanomedicine faces some serious problems. For
instance, their successful commercialization is primarily dependent on their reputation with
the general public. Unfortunately, governments, industry, and citizens are poorly informed
and prepared for the new health practices [219]. Moreover, there is no coordinated strategy
among researchers that addresses the potential risks for human health and the environment
[73, 220, 221]. This may endanger the future of a new and promising technology.

The biological activity and biokinetics depend on size, shape, chemistry, and surface
properties of the nanomaterials. These variables are likely to modify responses and cell
interactions, and could induce toxicity [222]. Toxicity issues are of particular concern but are
often ignored. Therefore, it is essential that fundamental research be carried out to address
these issues if successful efficient application of these technologies is going to be achieved.
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Figure 1. Jablonski diagram
Ground state photosensitizer (°PS) absorbs light to form first excited singlet state (:PS) that

(in addition to losing energy by fluorescence or conversion to heat) undergoes intersystem
crossing to form the long lived first excited triplet state (3PS). The triplet state can undergo
type | (electron transfer) photochemical reaction to form superoxide and hydroxyl radical,
and/or type Il (energy transfer) photochemical reaction to form singlet oxygen. These ROS
can oxidatively damage and kill all known forms of microorganism.
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Figure 2. Cell wall structures of Gram-positive and Gram-negative bacteria and fungi
(A) Gram-positive bacteria have a single lipid bilayer surrounded by a thick but porous layer

of peptidoglycan, with teichuronic and lipoteichoic acids providing a negative charge. (B)
Gram-negative bacteria have a double lipid bilayer (inner and outer membrane) separated by
periplasm and peptidoglycan. The outer membrane contains porins and lipoproteins and is
decorated with lipopolysaccharide chains with a negative charge. (C) Fungi have an outer
cell wall composed of polysaccharides such as mannan, p-glucan, and chitin. The cells do
not have a pronounced negative charge and more closely resemble eukaryotic mammalian
cells.
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Biofilm formation:

Figure 3. Progression stages of growth of a bacterial biofilm
Initially free-floating planktonic cells settle down onto a surface that can either be inanimate

or living tissue. Next secretion of extracellular matrix allows the cells to grow in place.
Finally, a mature biofilm is formed complete with water channels to allow oxygen and
nutrients to penetrate.
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Figure 4. Tetrapyrrole absorption spectra showing porphyrins, chlorins, bacteriochlorins, and
phthalocyanines
As pyrrole-ring double bonds are successively reduced starting in porphyrins and going to

chlorins and bacteriochlorins, the Q-band moves to longer wavelengths and increases in size.
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Micelle Nanocapsule Nanosphere Liposome

Figure 5. Nanovehiclesthat have been used to encapsulate PS
Polymeric nanoparticles are sub-pm colloidal particles designed to solubilize hydrophobic

PS. (A) Nanomicelles in which amphiphilic co-polymers with hydrophobic and hydrophilic
blocks self-assemble to entrap the cargo; (B) nanocapsules, in which the cargo is in solution
and surrounded by a shell-like wall; (C) nanospheres, in which the cargo is dissolved,
adsorbed, or dispersed throughout the matrix, attached to the surface or attached to the
polymer matrix; and (D) liposomes in which an amphiphlic polymer self-assembles into a
lipid bilayer that forms a unilamellar vesicle that encapsulates the cargo.
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Figure 6. Gold nanoparticle-conjugated PS
(A) Gold nanoparticles with attached PS. (B) Plasmonic gold nanoparticles and nanorings.

The local electric field caused by conductance electrons potentiates the optical field close to
the surface especially in nanorings. (C) Potentiation of PDT by surface plasmonic
enhancement of the photoactivity of an attached PS.
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Figure 7. Chemical structures of some PSthat have been tested for antimicrobial applications
(A) Methylene blue — a blue phenothiazinium dye. (B) Toluidine blue O —a blue

phenothiazinium dye. (C) Rose Bengal — a pink halogenated xanthene dye. (D) Hypericin —
a yellow naturally occurring perylenequinone from St John’s Wort. (E) BF21 — a brown/
black fullerene with six cationic charges.
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UVA light

H* + HO"

Figure 8. Titania photocatalysis
Schematic illustration of main processes in the photocatalytic reaction of TiO,.

Nanoparticles have a sufficiently large surface area to allow this process to be efficient.
Electrons are excited by UVA light from the semiconductor valence band to the conductance
band. The electrons in the conductance band undergo electron transfer to oxygen to form
superoxide, and the holes in the valence band react with water to form hydroxyl radicals.
The ROS produced (02~ and HO:) can kill microorganisms.
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Rare-earth upconversion nanoparticles

#pgs ® NaYF,

Figure 9. Upconversion nanoparticle-mediated PDT
Nanoparticles made of rare earth salts such as NaYF, absorb CW 980-nm light and emit

short wavelength 400- to 500-nm light that can excite a conjugated PS. Nine hundred and
eighty-nanometer light has good tissue penetration but too low energy to excite PS.
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Figure 10. Multi-drug efflux pumps found in various microbial cells
(A) Multidrug and toxic-compound extrusion (MATE) found in both Gram-positive and

Gram-negative bacteria. (B) Major facilitator superfam-ily (MFS) found in both Gram-
positive and Gram-negative bacteria. (C) Small multidrug resistance (SMR) found in both
Gram-positive and Gram-negative bacteria. (D) Resistance nodulation division (RND) found
in Gram-negative bacteria. (E) ATP-binding cassette (ABC) transporter found in fungal
cells.
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