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Abstract

Although the whole world is currently observing the global battle against COVID-19,
it should not be underestimated that in the next 30 years, approximately 10million people
per year could be exposed to infections caused by multi-drug resistant bacteria. As new
antibiotics come under pressure from unpredictable resistance patterns and relegation to
last-line therapy, immediate action is needed to establish a radically different approach to
countering resistant microorganisms. Among the most widely explored alternative
methods for combating bacterial infections are metal complexes and nanoparticles, often
in combination with light, but strategies using monoclonal antibodies and bacterio-
phages are increasingly gaining acceptance. Photodynamic inactivation (PDI) uses light

Advances in Inorganic Chemistry, Volume 79 Copyright # 2022 Elsevier Inc.
ISSN 0898-8838 All rights reserved.
https://doi.org/10.1016/bs.adioch.2021.12.003

65

https://doi.org/10.1016/bs.adioch.2021.12.003


and a dye termed a photosensitizer (PS) in the presence of oxygen to generate reactive
oxygen species (ROS) in the field of illumination that eventually kill microorganisms. Over
the past few years, hundreds of photomaterials have been investigated, seeking ideal
strategies based either on single molecules (e.g., tetrapyrroles, metal complexes) or in
combination with various delivery systems. The present work describes some of the most
recent advances of PDI, focusing on the design of suitable photosensitizers, their formu-
lations, and their potential to inactivate bacteria, viruses, and fungi. Particular attention is
focused on the compounds and materials developed in our laboratories that are capable
of killing in the exponential growth phase (up to seven logarithmic units) of bacteria with-
out loss of efficacy or resistance, while being completely safe for human cells.
Prospectively, PDI using these photomaterials could potentially cure infected wounds
and oral infections caused by variousmultidrug-resistant bacteria. It is also possible to treat
the surfaces ofmedical equipment with thematerials described, in order to disinfect them
with light, and reduce the risk of nosocomial infections.

1. Introduction

The global pandemic of COVID-19 has been raging during the last

2 years, but medical experts warn another health crisis is looming—

antibiotic resistance of bacteria and development of “superbugs.” Since

the penicillin discovery, antibiotics have been named the “silver bullets” of

medicine. However, less than a century following, the future impact of anti-

biotics is decreasing at a pace that no one expected, with more microbes

out-smarting and out-evolving these “miracle” medicines. Unfortunately,

bacteria resistance is still in progress and, consequently, if this problem remains

unresolved, it could kill an estimated 10 million people each year by 2050.1–3

Thus, the current situation requires rapid intervention and the main challenge

of modern medicine is to develop a novel, innovative antimicrobial treatment

that will overcome bacterial resistance mechanisms.

Antimicrobial resistance (AMR) of bacteria, driven by antibiotic consump-

tion, is a global problem and a major threat to public health. Globalization and

the spread of long-distance travel have contributed to the spread of pathogens

on an unprecedented scale.4 In parallel, the genes responsible for resistance have

also become widespread. This has led to the emergence of superbugs - micro-

organisms that are very difficult, if not impossible, to eradicate with existing

drugs. These include methicillin-resistant Staphylococcus aureus (MRSA) and

extremely resistant Mycobacterium tuberculosis (TB). Another urgent problem

is the growing hospital infections (nosocomial) associated with medical devices

such as ventilator-associated pneumonia (VAP), central-catheter bloodstream

infection, and catheter-associated urinary tract infection, accounting for

approx. 26% of nosocomial infections, followed by surgical-site infections of
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approximately 22%.5 It is also worth noting that projections of global antibiotic

consumption in the near future, assuming no policy changes, look unlikely to

be optimistic. It has been estimated that global antibiotic consumption will

increase from 42 billion defined daily doses (DDD) in 2015 to as much as

128 billion DDD in 2030.6 This is consistent with the increase in the number

of infections resistant to antibiotics. The demand for antibiotics effective against

multidrug-resistant microorganisms is not reflected in the pipelines of pharma-

ceutical industries. Marketed antibiotics are very inexpensive, so it is difficult to

predict the emergence of antibiotic resistance for a newly approved antibiotic.

The global market increased humanmobility and facilitated access tomedicines

to accelerate the onset of resistance. At least 700,000 people currently die each

year worldwide from untreatable infections. Moreover, it has been estimated

that by 2050 drug-resistant strains of TB, malaria, HIV and several bacterial

infections could claim 10million lives annually. This will come at an economic

cost of $100 trillion from global gross domestic product (GDP) over the next

35 years.7 There is no doubt, therefore, that all these problems discussed

above force both scientists and politicians to urgently investigate and promote

alternative methods of combating bacterial infections. This chapter describes

some state-of-the-art approaches to this problem, particularly the employment

of (light-activated) metal complexes and nanoparticles or monoclonal anti-

bodies and bacteriophages. Our strategy to control infections is to combine

a non-toxic photosensitizer with visible light, which in the presence of oxygen

leads to the formation of reactive oxygen species (ROS) that are cytotoxic but

have a very small (nanometer size) diffusion radius and can overcome

multi-drug resistance. This approach is known as photodynamic inactivation

of microorganisms (PDI) and, as the main topic of this chapter, has been

described most extensively. We have mainly focused on exploring the physi-

cochemical and pharmacological properties of new photosensitizing drugs/

materials and elucidating the unique mechanisms of PDI, which make this

method an alternative to the current treatments of multidrug-resistant patho-

gens. Furthermore, strategies that combine multiple approaches to increase

antimicrobial efficacy will be presented.

2. Resistance of microorganisms to antibiotics

2.1 Antibiotics
Antibiotics are naturally occurring compounds produced by micro-

organisms (and their semi-synthetic and synthetic derivatives) to destroy

(bactericidal effect) or inhibit the growth (bacteriostatic effect) of other

microorganisms. There are several classes of antibiotics according to their
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targets. The most significant among them are: (i) inhibitors of the cell wall

biosynthesis, (ii) proteins, and (iii) nucleic acids.8 The cell wall provides the

shape and appropriate rigidity to bacteria and protects them from adverse

effects of the external environment (Fig. 1).

Its main component is peptidoglycan (PGN), a heteropolymer consisting

of a sugar molecules, composed of N-acetylglucosamine and N-acetyl-

muramic acid and a protein molecule that forms cross-links between the sugar

chains. This unique structure of PGN imparts rigidity andmechanical strength

to the cell wall. Biosynthesis of PGN is a multi-step process involving about

30 different enzymes.Many of these have no counterparts in the human body,

making them attractive targets for antibiotics.8–10 Antibiotics bind covalently

to the enzyme active site, blocking its activity and ultimately reducing the

availability of the PGN precursor.11 A PGN monomer is transported across

the cytoplasmic membrane to the outside of the cell, becoming a target for

glycopeptide antibiotics.12 β-lactam derived antibiotics, including penicillins,

cephalosporins and carbapenems, inhibit transpeptidases activity. Thus, they

contribute to the weakening of the cell wall and, consequently, the inhibition

of bacterial growth and often to bacterial death.9,13 Antibiotics that inhibit

protein biosynthesis act by blocking ribosomes. This class includes amino-

glycosides, tetracyclines, macrolides, and lincosamides.14–16 Antibiotics that

affect nucleic acid biosynthesis are inhibitors of enzymes involved in these

processes. They inhibit the action of DNA gyrase and topoisomerase IV—

enzymes crucial in DNA replication,17 whereas rifamycin binds to bacterial

RNA polymerase, disrupting the transcription process.18 The last class includes

polymyxins-antibiotics that are not directly involved inDNA replication, tran-

scription, translation, and cell wall synthesis. They bind to lipopolysaccharide

(LPS), a component of the outer membrane of Gram-negative bacteria,

Fig. 1 Scheme showing the composition of bacterial cell wall structure: left—
Gram-positive bacteria possessing a thick peptidoglycan layer combined with teichoic
acid molecules and no external lipid membrane; right—Gram-negative bacteria with a
thin peptidoglycan layer and an external lipid membrane that contains porin proteins.
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destabilizing the membrane and increasing its permeability, ultimately leading

to cell death.19 This class also includes gramicidin, which impairs cell mem-

brane function by generating defects within it.20

Antibiotics, as compounds produced by living organisms, have been pre-

sent in the environment long before the appearance of humans, and some of

the defense mechanisms of bacteria against them have evolved as far back as

ancient times.21 These mechanisms allow bacteria to share ecological niches

with organisms that secrete bactericidal substances. The progression of bac-

terial resistance to new antibiotics continues due to increasing environmen-

tal pressures resulting from the careless, unnecessary, and excessive use of

antibiotics.21 There are two main routes by which bacteria acquire resis-

tance: mutations and horizontal gene transfer. In the first case, there are

accidental changes in genes related to the antibiotic uptake from the envi-

ronment or the protein synthesis that is its biological target. In the second

situation, the bacteria acquire resistance through the incorporation of host

DNA by one of the following mechanisms: (i) transformation (uptake of

free DNA present in the environment), (ii) transduction (acquisition of

host DNA via bacteriophage), and (iii) conjugation (exchange of mobile

genetic elements, e.g. plasmids between two cells in direct contact).21

Acquired genes can induce resistance through four main mechanisms:

(i) modification or synthesis of a novel biological target, (ii) enzymatic inac-

tivation of the antibiotic, (iii) decreasing bacterial envelope permeability,

and (iv) increasing active efflux of the antibiotic from the cell by proteins

known as efflux pumps.8

2.2 Mechanisms of resistance
2.2.1 Structural modification of a biological target: synthesis of novel

molecular entities
Modification of the biological target represents a mechanism of resistance to

β-lactam and glycopeptide-type antibiotics. Resistance of some bacterial

strains, including methicillin-resistant S. aureus, to β-lactams, results from

an acquired gene encoding a modified version of the transpeptidase desig-

nated PBP2a. Kinetic studies indicate that the binding rate constant of

PBP2a to β-lactams is reduced by 3–4 orders of magnitude compared to

other transpeptidases.22 This significant decrease is attributed to the structure

of PBP2a, which exhibits significant conformational changes before cova-

lent binding to a β-lactam can occur.23 Glycopeptides inhibit bacterial cell

wall biosynthesis by binding to the D-alanine-D-alanine terminal fragment

of the peptidoglycan precursor. The resistance of most bacteria to antibiotics

in this group may be due to their acquisition of genes encoding enzymes
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whose concerted activity leads to the formation of a peptidoglycan

precursor with a terminal fragment in the form of D-alanine-D-lactate.24

Glycopeptides show a much lower affinity for such a modified peptidogly-

can precursor than for its standard form.12

2.2.2 Enzymatic inactivation of antibiotics
Inactivation of antibiotics usually occurs by enzymatically catalyzed hydro-

lysis, group transfer, or redox reactions. These result either in modification

of the drug molecule or in its complete decomposition.25 Antibiotics con-

taining ester, amide, or epoxy groups in their structure are susceptible to

inactivation by hydrolysis which can easily occur both inside and outside

the bacterial cell if the bacterium releases enzymes into the external environ-

ment, as the only necessary co-substrate for this reaction is a water molecule.26

2.2.3 Reduction in permeability of bacterial membranes
This mechanism is particularly important for Gram-negative bacteria and is

one of the reasons for the increased resistance to many antibiotics of Gram-

negative species compared to Gram-positive ones. This is due to the differ-

ences in the structure of their outer shell: gram-negative bacteria are addi-

tionally surrounded by an outer membrane. It is composed of phospholipids,

ensuring its hydrophobic character, hindering the diffusion of hydrophilic

moieties, LPS, which determines the membrane impermeability for many

hydrophobic compounds, and proteins involved in the transport of mole-

cules.27,28 The general structures of the Gram-positive and Gram-negative

bacteria cell walls are presented in Fig. 1. Although the outer membrane of

Gram-negative bacteria is itself a good barrier to many xenobiotics, in

some resistant strains, an additional reduction of its permeability is observed.

It is achieved by reducing the number of porins, changing their structure,

or modifying LPS. Porins are protein channels in the cell membrane loaded

with water molecules allowing diffusion of hydrophilic substances.

Antibiotics such as β-lactams, chloramphenicol or fluoroquinolones only

penetrate the outer membrane of Gram-negative bacteria. Therefore, a

decrease in the number of porins, a reduction in the diameter of their chan-

nels, or other modifications of their structure can limit the penetration of

specific antibiotics into the cell, leading to a decrease in bacterial suscepti-

bility. LPS is also important for the proper functioning of the outer mem-

brane of Gram-negative bacteria. Its presence in the outer membrane of

Gram-negative bacteria is mainly responsible for its impermeability to

hydrophobic antibiotics. Several characteristic features of the LPS structure
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contribute to this phenomenon. First, there are saturated fatty acid residues

in its structure, which are responsible for its gel-like structure and low

fluidity, making the diffusion of small molecules much more difficult.

Second, O-antigen is endowed with a strong negative charge. Third, there

are numerous cross-links within the central region of LPS. Phosphate groups

and divalent cations are involved, further contributing to reducing bacterial

membrane permeability to hydrophobic substances.28 In addition, LPS can

undergo modifications that contribute to bacterial resistance to specific

groups of antibiotics, such as polymyxins, which are the last line of defense

for infections with strains exhibiting multidrug resistance. LPS is the target of

polymyxins. Its most common modifications are changes in lipid A, which

lead to a reduction of its negative charge. As a result, the positively charged

polymyxins bind more weakly with it decreasing their effectiveness. Other

common changes in LPS structure include deacylation, hydroxylation, and

palmitoylation.29,30

2.2.4 The activity of efflux pumps
Efflux pumps are membrane proteins responsible for transporting substances

across the cell membrane. They are found in almost all prokaryotic and

eukaryotic organisms. They are involved in various processes, such as

maintaining an appropriate potential and pH gradient across the cell mem-

brane, intercellular signaling, processes associated with microbial virulence,

and removal of unwanted metabolites and toxic substances from the cell.

Thus, they contribute to the maintenance of cell homeostasis.31–33 The

activity of efflux pumps is one of the reasons for bacterial resistance to certain

antibiotics and bactericides. This occurs when the substance structurally

resembles the pump’s natural substrate or when the selectivity of the pump

is modest (multidrug resistance, MDR pumps). Chromosomal DNA usually

encodes pumps with a broader spectrum of substrates. In contrast, mobile

genetic elements, such as plasmids, typically contain genes encoding pumps

with greater substrate selectivity.32,33 Efflux pumps contribute to antibiotic

resistance according to three fundamental mechanisms: natural, acquired,

and phenotypic. Natural resistance results from the constitutive expression

of pumps. Inhibition of their expression in bacteria considered sensitive to

a given antibiotic leads to the development of hypersensitivity. Higher

levels of bacteria resistance can be acquired through horizontal gene transfer

and mutations, leading to overexpression of chromosomally encoded

pumps. Phenotypic resistance, on the other hand, is based on transient

overexpression of pump-encoding genes triggered by specific external
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conditions or the presence of an appropriate inducer.33 Various pumps differ

in their selectivity, structure, source of energy used, and occurrence. There are

five basic families of efflux pumps: SMR (SmallMultidrugResistance),MATE

(Multi Antimicrobial Extrusion), MFS (Major Facilitator Superfamily), RND

(Resistance Nodulation and cell Division), and ABC (ATP Binding Cassette).

The ABC family transporters utilize energy derived from ATP hydrolysis. On

the other hand, pumps belonging to the other four families are second-order

transporters—they utilize a proton gradient.31,33 The structure of efflux pumps

is diverse. They can be constructed from one or several subunits. In Gram-

positive bacteria, pumps built from a single polypeptide chain are predomi-

nant. In contrast, in Gram-negative bacteria, the pumps consist of three

subunits: an inner membrane protein, a periplasmic linker protein, and an

outer membrane protein (Fig. 1). Most transporters of the RND family and

representatives of the ABC,MFS, andMATE families contain such a structure.

This type of pump contributes to the increased resistance of Gram-negative

bacteria to antibiotics more than single-subunit transporters (belonging mainly

to the SMR and MFS families).31

2.2.5 Biofilm formation
In addition to the antibiotic resistance mechanisms described above, biofilm

formation is highly important for the survival of bacteria. It is an aggregation

of bacterial cells attached to the substrate and immersed in the matrix they

form. It comprises polysaccharides, proteins, lipids, and DNA collectively

referred to as extracellular polymeric substances (EPS).34 Biofilm is the most

common form of bacteria, found on various biotic and abiotic surfaces,

including pipelines, drinking water distribution systems, and medical

devices. It poses a severe threat to human health and life. It is assumed that

about 65–80% of infections are related to biofilm.35 These include hospital-

acquired pneumonia, infections associated with the insertion of non-sterile

implants, surgical wound and burn infections, chronic urinary tract infections,

sinus infections, middle ear infections, and periodontitis.11,13 Biofilm forma-

tion is a survival strategy for bacteria in adverse conditions. Immersed cells in

the matrix are protected from factors such as: temperature and pH extremes,

high salinity, dehydration, and UV radiation. The matrix also provides them

with a reservoir of oxygen and nutrients.34,36,37 In addition, these unique

physical properties protect it from mechanical removals (Fig. 2).

Bacteria in a biofilm can be up to 1000 times less sensitive to a given anti-

biotic than their counterparts of the same species found in the planktonic

form.38 It is recognized that there are some specific properties of the biofilm
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responsible for antibiotic treatment failures and chronic and recurrent

inflammation. The complete removal of biofilm from its occupied surface

represents a major challenge for modern medicine. Biofilm resistance to

antibiotics is an extremely complex phenomenon. Many factors contribute

to its overall condition: the previously described mechanisms common to

both the biofilm and the planktonic form, specific properties of the matrix

surrounding the cells, the high heterogeneity of the biofilm, and changes in

gene expression profile and metabolism compared to the planktonic

form.39,40 The matrix provides some structure to the biofilm and to a certain

extent, protects the cells within it from antibiotic access.41 It provides a

physical and chemical barrier that impedes the diffusion of drugs deep into

the biofilm, and components of the matrix may even bind some antibiotics.

However, it applies only to a few types of antibiotics (e.g., aminoglycosides),

and its effectiveness depends on several factors such as species and strain of

bacteria, the composition of the matrix, age, and biofilm growth condi-

tions.39,40,42 However, limited matrix permeability is not considered the

leading cause of biofilm resistance.40 Instead, it is worth emphasizing the role

of the interaction of the matrix components with the host immune system.

Staphylococcus bacteria are able to produce some extracellular polymeric

substances (EPS), most notably polysaccharide intercellular adhesin (PIA).

The presence of PIA may protect the biofilm from the host immune

response. Numerous studies suggest that PIA can reduce the susceptibility

Fig. 2 Schematic representation of steps leading to bacterial biofilm growth. Adapted
and modified from Pinto, A. M.; Cerqueira, M. A.; Bañobre-Lópes, M.; Pastrana, L. M.;
Sillankorva, S. Viruses 2020, 12 (2), 235 and Maunders, E.; Welch, M. FEMS Microbiol.
Lett. 2017, 364 (13).
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of the biofilm to phagocytosis by macrophages, reducing granulocyte acti-

vation, and decreasing cytokine secretion.43 It has been reported that

another exopolysaccharide, alginate, produced by P. aeruginosa, may also

provide protection against phagocytosis.39 However, the main reason for

biofilm persistence and resistance lies elsewhere. Its formation is not a simple

combination of matrix and cells. It represents an extremely dynamic and het-

erogeneous structure.41 The key factor of this heterogeneity is the oxygen

and nutrient gradient. As the biofilm becomes deeper, their content

decreases because they are consumed by cells that lie close to the surface

before they can reach the deepest layers of the biofilm. Differences in access

to oxygen and nutrients are the cause of physiological cell heterogeneity in

biofilms.39,40,44 Cells situated near the surface are different from those deep

within the biofilm. This is due to changes in gene expression in response to

stress, such as hypoxia. These changes contribute to a decrease in the met-

abolic activity of the cells and their transition to a stationary-like state. The

so-called persisters, representing up to 1% of all biofilm cells, are most

responsible for recurrent, difficult-to-control infections.45

These are dormant, non-dividing cells in which metabolic processes

have been significantly or completely inhibited. Due to the arrest of certain

metabolic pathways, antibiotics lose their target. For this reason, surviving

cells can persist through antibiotic therapy. However, once the therapy is

completed, they regain metabolic activity and proliferate, leading to popu-

lation recovery and recurrence of the infection.46,47

3. Alternative methods for controlling bacterial
infections

3.1 Small-molecule metal complexes
One common approach to combat bacterial resistance to antibiotics is the

use of small-molecule metal complexes. The antibacterial activity of metals

has been known for a long time and was used long before the discovery of

microbes. Specific metals can bind to biomolecules present in the cell. This

leads to changes in the structure of these molecules and, consequently, to

their dysfunction. Some metals also bind to cell membranes, compromising

their integrity and affecting their membrane potential. In addition,

redox-active metals catalyze the Fenton reaction, which results in the for-

mation of reactive oxygen species (ROS) capable of oxidizing proteins,

lipids, and nucleic acids.25,48,49 Metal complexes can simultaneously exhibit
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several of the mechanisms of actionmentioned above, and additionally com-

bine them with the ligands’ activity.50–52 Due to the synergism of action of

the antibiotic and desired metal ions, complexes obtained in this way often

show enhanced antimicrobial activity compared to the antibiotic alone. This

effect is mainly observed with resistant bacterial strains.25 The second

approach is to synthesize completely new metal complexes and to test their

antimicrobial activity. Silver, copper, ruthenium, and iron complexes are

particularly interesting in this aspect.25

3.2 Antibacterial oligonucleotides
The mode of antibacterial oligonucleotides action is based on inhibiting

the expression of specific bacterial genes. These may be genes essential for

bacterial survival, as well as those related to virulence or antibiotic resistance.

The latter approach may be applicable in combined therapy with an appro-

priate antibiotic.53 Oligonucleotides with antibacterial activity include

antisense nucleotides (ASOs) and short interfering RNA (siRNA). The

sequence of both ASOs and siRNA is complementary to the bacterial

mRNA. Hybridization of the oligonucleotide to the mRNA inhibits the

translation process. This occurs by degrading the mRNA or blocking its

binding to the ribosome.54,55 The most significant challenge to the thera-

peutic success of antibacterial oligonucleotides is their delivery to the site

of action, which is the interior of the bacterial cell.56 To avoid premature

excretion by the kidney and degradation by nucleases present in the blood,

nucleotides must be chemically modified. Additionally, due to their large

size, oligonucleotides are unable to penetrate the bacterial cell wall. This

problem can be solved by combining them with peptides capable of pene-

trating the wall.53 Moreover, the concern may be whether the APOs or

siRNAs used will also interact with the host mRNA. Nevertheless, since

they target specific bacterial genes, the effect on human gene expression

should be minimal.55 Furthermore, the use of bioanalytical screening allows

the identification and elimination of molecules that have a high risk of

unwanted cross-reactivity.57 The development of antimicrobial oligonucleo-

tides is still in its early stages as none of these compounds have yet been

approved for therapeutic use by the Food and Drug Administration (FDA).

Yet there is no doubt that therapies based on silencing bacterial genes have

considerable potential. Blocking gene expression may produce faster and

longer-lasting effects than conventional therapies. However, the development
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of such an approach requires a large initial investment to understand the phar-

macological profile of oligonucleotides and methods to modify them.

Anyhow, costs are likely to decrease significantly as the pharmacological and

toxicological profile of oligonucleotides within a particular class is very similar.

3.3 Monoclonal antibodies
Monoclonal antibody therapy has its origins in the use of serum as the treat-

ment of choice for numerous infections, including tetanus, scarlet fever, and

pneumonia, in the early 20th century. It involved the passive introduction of

animal serum into the patient’s body. Humanized or fully human antibodies

characterized by increased selectivity and reduced toxicity are used.58 The

mechanism of antibacterial activity of antibodies varies depending on the

antibody class, the type of targetedmolecule, and the role it plays in the path-

ogenesis process. The direct action of antibodies is based on their binding to

proteins and polysaccharides present on the surface of the bacterial cell and

inducing a host immune response. On the other hand, the indirect action is

based on binding to virulence factors secreted by bacteria (exotoxins, pro-

teases, and signaling molecules, among others). After binding to antibodies,

these factors are neutralized—they lose their ability to bind to elements of

the host organism. Thus, the pathogenesis process is inhibited, but the

organism itself must fight the infection in parallel.59–61 Currently, all

FDA-approved monoclonal antibodies for antimicrobial therapy have been

shown to neutralize virulence factors. The advantage of this strategy is that

virulence factors are highly conserved and essential to pathogenesis.53 There

are also antibodies that are completely independent of the host immune sys-

tem and exhibit direct bactericidal activity.62

3.4 Nanoparticles
The use of metal nanoparticles and metal oxides is still considered one of the

most promising strategies to combat resistant microbes. The probability of

microbes developing resistance to these types of pharmaceuticals is low since

they exhibit various mechanisms of action simultaneously, such as cell wall

damage, generation of ROS, indirect effects on respiratory chain inhibition,

transcription and translation, and disruption of nutrient uptake from the

environment. The antibacterial and antifungal properties of nanoparticles

are mainly influenced by their size and distribution, shape, and morphology.25

Nanoparticles generally exhibit more favorable morphological, catalytic, opti-

cal, and magnetic properties than their micro-sized counterparts. Moreover,
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their high surface area to volume ratio allows for increased contact with the

pathogen surface. Additionally, the surface of nanoparticles can be easily

functionalized with polymers, peptides, antibodies, etc. Thus, their biocom-

patibility, selectivity, and colloidal stability can be enhanced, and they can

acquire an additional mechanism of antibacterial action.63,64 Nanoparticles

can also serve as carriers for other antibacterial drugs and photosensitizers.25

3.5 Bacteriophages
Bacteriophages are viruses that selectively attack bacteria. They bind to the

surface receptors of bacterial cells and then insert their own genetic material

into the cells. New viruses-copies of the virus that attacked the cell are

assembled from the elements synthesized in this way. The newly formed

virions leave the cell and can attack other cells, starting another infection

cycle. Thus, bacteriophages are self-replicating pharmaceuticals.65 Most

bacteriophages are characterized by their selectivity toward the bacterial

strains attacked. This can be considered as both an advantage and a disadvan-

tage. It may allow selective attack of pathogenic bacteria while not harming

the natural microflora.66 However, there are currently no effective imme-

diate methods to assess the affinity of a bacteriophage for a bacterial strain

isolated from the patient’s body. Thus, it is often necessary to deliver a

mixture of different bacteriophages.65,67

3.6 Photodynamic inactivation of microorganisms (PDI)
Photodynamic inactivation of microorganisms (PDI), also referred to as

antimicrobial photodynamic therapy (aPDT), photodynamic antimicrobial

chemotherapy (PACT) or photodynamic disinfection (PDDI), is a method

of destroying microorganisms by inducing oxidative stress in their cells.68–72

It is used to treat localized infections, as well as disinfection and steriliza-

tion.73 The mechanism of action of PDI is based on the generation of reac-

tive oxygen species (ROS), including singlet oxygen, which trigger a

cascade of oxidation reactions within the microbial cell. Themainmolecules

targeted by ROS are cell membrane proteins and lipids, as well as other cell

wall components.74,75 Such oxidative stress-induced damage is often irre-

versible and then ultimately leads to cell death.73,76,77 The cascade of oxi-

dative reactions can also lead to the inactivation of bacterial enzymes such

as NADH dehydrogenase, lactate dehydrogenase, ATPase, and succinate

dehydrogenase. This results in cell cycle inhibition and the death of the

microorganism (Fig. 3).75
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The diversity of photogenerated ROS and their high reactivity toward

multiple biomolecules therefore makes PDI a multi-target approach with a

non-specific mechanism of action, so that the development of bacterial resis-

tance to this treatment regimen is highly unlikely. However, it should be

recognized that bacterial cells are equipped with scavenger enzymes and var-

ious antioxidantsthat combat oxidative stress. These include, in particular,

superoxide dismutase, catalase, cysteine and glutathione.78 Nevertheless,

bacteria have not yet developed an adequate defense system against singlet

oxygen. An additional advantage is a possibility of modifying the molecular

pathways of bacteria, e.g., by blocking proteins belonging to the efflux

pumps system (Fig. 3). Thus, the effectiveness of PDI is influenced by the

selection of the appropriate structure of the photosensitizer, its dose, as well

as the light dose, so that the required ROS are generated at the right time in

the right place with a sufficiently high efficiency.

3.6.1 Mechanisms of PDI
There are three individually non-toxic elements involved in PDI: a chemical

compound called a photosensitizer, light from the visible or near-infrared

(NIR) range of electromagnetic radiation, and molecular oxygen present

within or around the bacterial cells. When a photon with energy tailored

to this absorption band is absorbed, the PS is excited to one of the excited

electronic states presented in Fig. 4. Among the processes illustrated in a

Fig. 3 Mechanisms of action of photodynamic inactivation (PDI) of resistant microor-
ganism including efflux pump inhibition.

78 Barbara Pucelik and Janusz M. Dąbrowski



Jablonski Diagram, intersystem crossing (ISC) is the most important transi-

tion in PDI, even if it is forbidden according to selection rules.79 The occur-

rence of such a phenomenon is possible due to spin-orbital coupling. It

occurs predominantly in the presence of a heavy atom (the so-called heavy

atom effect).80 The photosensitizer in the triplet excited state can transfer an

electron/hydrogen atom (type I mechanism) or energy (type II mechanism)

to the molecular oxygen in its ground state.73,79 The photosensitizer then

returns to the singlet ground state, while the oxygen molecule undergoes

excitations and transformations to various ROS.80 The transitions and pos-

sible reactions described above are illustrated in Fig. 4.

3.6.1.1 Type I mechanism
This mechanism involves the transfer of an electron (or hydrogen atom) to the

π*2p orbital of an oxygen molecule, resulting in the formation of an oxygen-

centered radical and a cascade of subsequent redox reactions. The electron

transfer to the oxygen molecule can occur directly (Eq. 1) from the excited

photosensitizer or indirectly with the participation of a reducing agent (e.g.,

NADH, Eqs. 2 and 3). In both cases, a superoxide ion is formed.

PS∗+ O2 ! PS•++ O2
•� (1)

2PS∗+ NAD Pð ÞH ! 2PS•�+ NAD Pð Þ++ H+ (2)

PS•�+ O2 ! PS+ O2
•� (3)

Fig. 4 Jablonski Diagram and mechanisms of ROS generation as crucial processes and
reactions in photoinactivation of microorganisms.
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O2
•– can be further converted to a perhydroxyl radical (Eq. 4). Both

ROS undergo a disproportionation reaction, resulting in H2O2 production

(Eqs. 5 and 6). The disproportionation reaction of the superoxide ion is

catalyzed by superoxide dismutase.79

PS•++ O2
•� ! PS•+ HO2

• (4)

2O2
•�+ 2H+ ! O2+ H2O2 (5)

2HO2
• ! O2+ H2O2 (6)

Hydrogen peroxide has a much longer half-life than other ROS and,

unlike others, can cross biological membranes, causing damage to other com-

partments of the cell.81 H2O2 can undergo several reactions (Eqs. 7–9) to
produce highly reactive hydroxyl radicals. The particularly important one is

the so-called Fenton reaction which occurs in the presence of Fe2+ ions

(Eq. 9). In the cellular environment, the Fe3+ ion can be reduced back to

Fe2+ by the hydroxyl anion radical (Eq. 10).79 The combination of these

two reactions is referred to as the Haber-Weiss reaction.82

H2O2+ O2
•� ! HO•+ O2+ OH� (7)

H2O2+ HO2
• ! HO•+ O2+ H2O (8)

H2O2+ Fe2+ ! HO•+ OH�+ Fe3+ (9)

Fe3++ O2
•� ! Fe2++ O2 (10)

The hydroxyl radical formed by the aforementioned reactions readily

oxidizes biologically important molecules, especially proteins, lipids, and

carbohydrates. In addition, it can inactivate naturally occurring antioxidants,

such as tocopherol.79

3.6.1.2 Type II mechanism
According to the following equations, this mechanism is driven by the direct

transfer of energy from the excited photosensitizer in the triplet excited state

to the oxygen molecule.

PS+ hυ ! 1PS∗ (11)

1PS∗ ! 3PS∗ (12)

3PS∗+ 3O2 ! PS+ 1O2 (13)

The presence of an unfilled π*2p orbital in the singlet oxygen molecule

is responsible for its reactivity toward electron-rich compounds. When

exposed to 1O2, lipids and the amino acids (tryptophan, tyrosine, histidine,
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methionine, cysteine, and cystine) are oxidized. These reactions are respon-

sible for the cytotoxic effects of singlet oxygen.79,83 The mechanisms

described above can occur simultaneously, and the contribution of each

depends on several factors such as the type of photosensitizer, its electronic

structure, and photophysical properties, as well as the concentration of oxygen

in the reaction medium.84 Nevertheless, increasing evidence, including our

work, suggests that mechanism II is more relevant for effective PDI because

bacteria have not yet developed resistance to singlet oxygen.

3.6.2 Light excitation
Since ancient times, sun and light have always been associated with health,

wellness, and vitality. The use of sunlight to treat, among others, tuberculosis

was popular already in the 19th century. However, the 20th century brought

the development of various therapeutic lamps, as well as other light sources.

Before the invention of antibiotics, light, especially from ultraviolet radiation,

was widely used to eradicate several types of microorganisms. In clinical prac-

tice, phototherapy refers not only to therapeutic, but also prophylactic and

diagnostic applications of various ranges of electromagnetic radiation—from

ultraviolet (UV) through visible, to near-infrared (NIR) light.85

Light is also a fundamental part of photodynamic therapy whereby it is

most frequently associated with the concept of the “phototherapeutic

window.” It refers to photons of relatively low energy in the visible/

near-infrared range corresponding to wavelengths in the 630–850 nm
range.73,86–88 This energy is high enough for efficient ROS generation

but not as high to be harmful to the body. More importantly, photons in

this range can penetrate much deeper into tissue than those in the blue range.

Moreover, the light of wavelengths below 630 nm is absorbed by several

endogenous chromophores, including hemoglobin and melanins.79 This

is actually more important in the anticancer approach, and the treatment

of localized superficial infections usually does not require high penetration

depth. Therefore, higher energy light such as blue light can be used in some

of the applications discussed.89

Nevertheless, the use of longer wavelengths may be crucial for chronic

infections that, in many cases, involve built-up microbial biofilms.90

Bacterial biofilms are not only more difficult to destroy than planktonic

forms, but also bacteria in a biofilm form are much more prone to become

resistant to antimicrobial agents.91 This reinforced strength of biofilm-

growing bacteria against antimicrobials is related to differences in molecular

mechanisms compared with the planktonic counterparts, e.g., horizontal
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gene transfer, genetic diversity, and alterations in gene expression while

occurring only in a biofilm state. Moreover, drug diffusion is slowed down

by the higher viscosity of the biofilmmatrix due to the EPS network that is a

3D structure surrounding the bacteria within the biofilm and acts as a phys-

ically rugged barrier to protect the biofilm. The presence of the negatively

charged EPS may protect the bacteria from the photodynamic action of pos-

itively charged photosensitizers (no sufficient attachment, no uptake to induce

a photodynamic reaction after light activation). In this regard, the photo-

dynamic inactivation procedure against biofilms generally requires longer

preincubation times (up to 24 h), higher concentrations (up to 25 times),

and light exposure times (up to 30 min) to reach relevant phototoxicity.

As already mentioned, PDT is used to treat localized infections, as well as

disinfection and sterilization.73 The PDI procedure leads to the generation

of high amounts of ROS on the site of infection due to local irradiation. PDI

can be repeated at least 25 times with the same microorganism (under sub-

therapeutic conditions to allow the survivors to grow back again) without

significant loss of phototoxicity.92 There are several potential milieus, in

which PDI can replace or complement conventional antibacterial therapies

for bacterial and fungal, viral, and parasitic infections. The easiest targets are:

skin, oral and periodontal infections. Further development will allow for the

treatment of infections where endoluminal illumination is possible, includ-

ing nasal, ear, throat, lung and urinary tract infections (Fig. 5). It has been

employed to treat acne vulgaris, biofilms associated with chronic periodon-

titis, burn infections, nasal decolonization of MRSA, surgical wound infec-

tions or infected wounds (e.g., venous, pressure, or diabetic ulcers).72 PDI

has proven to be an effective therapeutic strategy in the treatment of fungal

(Candida albicans), viral (Condylomata acuminata, Molluscum contagiosum) and

protozoan (Leishmania) diseases. 93

The light sources employed in PDI should be suitably adapted to the areas

to be illuminated. Nowadays there are more andmore solutions in the form of

flexible fiber optics that can adapt to different anatomical structures of the

body, allowing uniform illumination of large areas. The cost of light sources,

recently considered a limitation, is becoming lower due to the availability of

LEDs characterized by relatively narrow emission bands and fluence rates of

tens ofmW/cm2. Inmost preclinical protocols, this is sufficient to deliver light

doses up to ca. 10 J/cm2 within a few minutes of illumination.

3.6.3 Photosensitizers for PDI
The effectiveness of PDI depends, among others, on the selection of a suit-

able photosensitizer. A promising photosensitizer (PS) is characterized by
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high purity, stability, low toxicity in the dark, and high molar absorption

coefficient in the visible or near-infrared light range.79 Another important

aspect to be considered when selecting a PS for PDI is to ensure the appro-

priate interaction of the PS with the bacterial cell. The PS can: (i) bind/

interact with the bacterial cell membrane, (ii) penetrate the bacterial cell,

and (iii) affect the bacterial cell without direct contact if 1O2 is generated

with high efficiency.94

The mechanism of PS binding to the bacterial cell membrane differs for

Gram-positive and Gram-negative bacteria. This is due to the differences in

cell wall structure described before. The cell wall of Gram-positive bacteria,

made up of a thick layer of porous peptidoglycan, is relatively easy for PSs to

cross, making it easy for them to reach the cell membrane, which is their site

of action. The situation is quite different in the case of Gram-negative bac-

teria (Fig. 1). Gram-negative bacteria are equipped with an additional mem-

brane, a physical and functional barrier for PSs, making it difficult to reach

the cell membrane. Thus, many PSs show greater efficacy in inactivating

Gram-positive than Gram-negative bacteria. Positively charged PSs gener-

ally lead to the more effective inactivation of Gram-negative bacteria.89,94

Fig. 5 Schematic illustration of sites of infection that are or could potentially be treated
with PDI along with the characteristic types of microorganisms.
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They bind to the negatively-charged phosphate groups of the outer mem-

brane and, when excited, contribute to damage tomembrane-building lipids

and proteins, including membrane-associated enzymes.95 Negatively

charged and neutral PSs also bind to the outer membrane of Gram-negative

bacteria but do not inactivate them effectively. Gram-positive bacteria are

susceptible to both negatively and positively charged PSs. Neutral com-

pounds may also show particularly good results.89,94,96 Photosensitizers

can also penetrate bacterial cells. The hydrophilicity of the PS often deter-

mines the ability to penetrate the bacterial cells. The cell wall of

Gram-positive bacteria is hydrophilic due to its carbohydrate and amino acid

content. Thus, it impedes the penetration of hydrophobic compounds into

the cell.94 There are also reports of successful microbial inactivation when

the PS has not penetrated the cell or is bound to the cell surface. This is pos-

sible if the PS generates sufficiently large amounts of singlet oxygen. Its life-

time in biological systems averages 0.04 μs97, roughly corresponding to an

action radius of 0.02 μm. Thus, if PS is located at or near this distance from

a bacterial cell, there is the opportunity to damage its external, essential

structures.94 In recent years, many new photosensitizers with promising

properties have been studied.88,98–104 Synthetic macrocyclic compounds

such as porphyrins, chlorins, bacteriochlorins, and phthalocyanines are of

greatest interest.73,86 Fig. 6.

Porphyrins are a class of heterocyclic aromatic compounds constituted by

four subunits of pyrrole type linked by methynic bridges. Synthetic meso-

aryl-substituted porphyrins are particularly versatile starting materials to

design new PSs as either ionic or nonionic moieties can be equally posi-

tioned on the periphery of the tetrapyrrole ring, thus modulating the

photosensitizer polar character.73,101,103,105 In order to obtain PSs with sig-

nificantly longer absorption wavelength for optimal penetration in tissue,

reduction of a single pyrrole double bond on the porphyrin periphery affords

the chlorin core, and further reduction of a second pyrrole double bond on

the chlorin periphery gives the bacteriochlorin derivative (Fig. 6).

Therefore, both classes of molecules possess electronic absorption at longer

wavelengths (λmax¼650–670 nm for chlorins and λmax¼730–800 nm for

bacteriochlorins) than porphyrins and yet remain efficient ROS genera-

tors.79,86,106–108 Phthalocyanines also exhibit several features making them

potentially good photosensitizers for PDI.109,110 They are characterized

by high molar absorption coefficients within the phototherapeutic window,

low toxicity in the dark, high photo- and thermal stability, and the ability to

generate singlet oxygen efficiently due to the high quantum yield of the trip-

let state and its relatively long lifetime. The properties of phthalocyanine
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derivatives depend largely on the nature of the coordinated metal ion.111

Moreover, the introduction of specific functional groups into their structure

at the axial and peripheral positions allows control of their solubility in bio-

logical media.112 Unsubstituted phthalocyanines are characterized by very

high hydrophobicity, resulting in poor solubility in the physiological envi-

ronment and the tendency to form aggregates. The introduction of hydro-

philic groups into their structure, e.g., carboxylic or tertbutoxysulfonyl

groups, reduces this phenomenon, at least partially.113–115 However, this

approach is sometimes insufficient. Then it becomes necessary to use drug

delivery systems, such as liposomes, micelles, microemulsions or nanocrys-

talline TiO2, because aggregation of photosensitizer adversely affects the

efficiency of ROS generation (Fig. 7).114,116,117

3.6.4 Tetrapyrrolic derivatives as antibacterial photoagents—a proof
of concept examples

The scientific interests of our research group are broadly focused on the use

of modified halogenated (metallo)tetrapyrroles for both photodynamic

Fig. 6 The general structures of porphyrins, chlorins, bacteriochlorins, and phthalocy-
anines—the macrocyclic photosensitizers that are promising candidates for PDI, and
their electronic absorption spectra.
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therapy of cancer (PDT) and PDI. Recently, we have developed the library

of synthetic halogenated porphyrins and their derivatives.118,119 The prepara-

tion of these compounds consists of several steps: (i) the synthesis of appro-

priate porphyrins by a modified nitrobenzene method that involves the

condensation of pyrrole with the desired aromatic aldehyde in the presence

of acetic acid and nitrobenzene; (ii) chlorosulfonation to the corresponding

chlorosulfophenylporphyrins; (iii) hydrolysis or nucleophilic attack with

amines to yield either hydrophilic sulfonated or amphiphilic sulfonamide

halogenated porphyrins.99,119–121 The key advantages are: efficiency, simplic-

ity, low environmental impact and the ability to provide a library of multi-

gram pure, stable and versatile UV–Vis/NIR absorbing dyes with favorable

physicochemical properties.118,120–125 In addition to the effect on the photo-

physical properties of these porphyrin derivatives, the introduction of

halogen atoms into the structure also plays an important role in pharmacolog-

ical properties. The following possible modification of the new halogenated

tetrapyrroles involves functionalizing with various peripheral groups and

Fig. 7 Types of drug delivery systems and materials that can be used to improve pho-
tosensitizer’ pharmacological optical and photosensitizing properties.
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coordinating with certain metal ions (i.e., Zn2+, Pd2+).73,103 Substitution of

polarity-tunable groups with higher electron-receptor properties allows con-

trol of the hydrophobicity of molecules and increases their stability by the

effect of steric protection. It affects its interaction with biological membranes

and biologically important molecules, leading to a remarkable increase in the

photodynamic efficacy of such photosensitizers.98,100,106,126–128

The unprecedented success of our collaboration with the group of

Professor Arnaut and Professsor Mariette M. Pereira from the University

of Coimbra (Portugal) resulted in the development of Redaporfin

(NCT02070432).87,129–133 During the last decade, we have also concen-

trated our scientific efforts on the design of effective tetrapyrrolic-based

photosensitizers for antimicrobial PDT.Wemainly focus on antibiotic resis-

tance, which contributes to one of the leading healthcare problems in a

clinically vicious cycle related to the overuse of antibiotics and the develop-

ment of multidrug resistant microbes. The use of higher doses of antibiotics

to fight infections also leads to their increased toxicity to the human body.

A consequence of this is that emerging superbugs could develop the ability

to resist commonly prescribed medications. As a further consequence, new

antibiotic development is not as successful. Therefore, developing novel

alternative antibacterial strategies such as photodynamic inactivation still

remains a top challenge for scientists worldwide.

The photosensitizers commonly used in antimicrobial therapy are phe-

nothiazine dyes (toluidine blue O, methylene blue) that absorb radiation

in the 600–700 nm range. In an aqueous solution, phenothiazines have a

positive charge that provides the desired affinity for bacterial cell walls.

The FDA has approved them for the therapy of periodontal diseases (at a

concentration of 0.01% (0.1 mg/mL).95,134,135 A group of our tetrapyrrolic

photosensitizers for PDI, appropriately modified, could also be targeted

against G(+), G(�) bacteria (groups with a positive or negative charge),

and fungi (sulfonamide substituents) and to show selectivity toward micro-

organisms cells in comparison to normal skin cells.73,86 For instance, by

investigating a series of modified tetraphenylporphyrin derivatives in the

context of PDI, we have shown that the substitution of halogen atoms

(dF or dCl) into the peripheral phenyl rings increases the ISC leading

to enhanced photophysical properties. Moreover, the further introduction

of sulfonic or sulfonamide groups provides water solubility that moderates

their possible interactions with biological membranes. All of these substitu-

ents also prevent PS from aggregation and increase their photostability.
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It was reported that the sulfonated porphyrin derivatives (e.g., 5,10,15,20-

tetrakis(2,6-difluorosulfonylophenyl)porphyrin [F2POH] and 5,10,15,

20-tetrakis(2,6-dichlorosulfonylophenyl)porphyrin [Cl2POH]) as well as

sulfonamide derivatives (e.g., 5,10,15,20-tetrakis(2,6-dichloro-3-N-ethyl-

sulfamoylphenyl)porphyrin [Cl2PEt]) combine properties mentioned above

with low dark cytotoxicity and efficient accumulation in both cancer and

microbial cells. However, the photobiological properties in vitro (i.e., cel-

lular uptake, ROS generation, and photodynamic efficacy) of hydrophilic

F2POH were significantly increased after its encapsulation in Pluronic

L121 micelles.89 PDI experiments showed that halogenated porphyrins

investigated by us indicate various antimicrobial activity after a short incu-

bation time and 10 J/cm2 blue light irradiation. As expected, due to the

differences in the microbial cell wall structure, the complete eradication

of Gram-negative E. coli was more difficult to achieve than that for the

Gram-positive species. The PDI susceptibility of C. albicans was intermedi-

ate between both types of microorganisms. Sulfonic acid derivatives were

shown to inactivate effectively planktonic S. aureus related to the negative

molecular charge of these PS derived from the peripheral sulfonic groups

(–SO3H). On the other hand, only the sulfonamide conjugate (Cl2PEt) indi-

cated the synergistic effect of chemo- and photodynamic inactivation and

was toxic to fungal yeast in the dark (ca. one order of magnitude extra killing).

Thus, these results clearly show that the molecular design of porphyrin-based

PSs, including their substitution patterns and formulation, may improve PDI

efficacy toward each species of microorganisms.89

In recent years, PDI with porphyrin derivatives has been proposed as an

alternative treatment for localized infections in response to the ever-growing

problem of antibiotic resistance.25 Among the various molecular and bio-

chemical mechanisms of antibiotic resistance, active efflux of antibiotics

in bacteria plays an important role in both intrinsic and acquired multidrug

resistance of clinical relevance. It also interplays with other resistance mech-

anisms, such as the membrane permeability barrier, enzymatic inactivation/

modification of drugs, and/or antibiotic target changes/protection, in

significantly increasing the levels and profiles of resistance. Thus, in our

work, we also reported that PDI could be more effective by combining

the PS with an efflux pump inhibition (EPI).28,31,136

The current efforts to make the “ideal photosensitizer” focus on binding

and permeability through the bacterial membrane, its accumulation at the

cytoplasmic membrane, and possessing high quantum efficiency for gener-

ating singlet oxygen or other ROS. Therefore, PSs used in PDI may include
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cationic, neutral, and anionic meso-tetraphenylporphyrins with targeted

antimicrobial properties. The presence of a negatively or positively charged

group alters the physicochemical properties of PSs, making them more

amphiphilic and interfering with the balance between hydrophilic and

hydrophobic moieties with modulation of cell membranes permeability

and, overall, the PDI effect. Our recent work demonstrated that negatively

charged sulfonyl porphyrins (TPPS and Cl2TPPS) had increased cellular

uptake in Gram-positive bacteria. In contrast, positively charged TMPyP

is required for proper electrostatic adhesion to, or penetration of Gram-

negative bacterial cell walls.137 (Fig. 8A and B). Moreover, the introduction

of halogen atoms stabilizes the porphyrin macrocycle and increases activity

due to the high singlet oxygen quantum yield (Φ△¼0.95). This study

shows that the most appropriate PDI photosensitizers should be charged,

water-soluble, and photostable. Nevertheless, an affinity for the microbial

cell wall is an essential factor affecting PDI performance. Low diffusion of

the PS limits the efficacy of PDI against the fungal yeast into the cytoplasm

due to their cell walls, which also contain β-glucan. Thus, the positively

charged PS or the addition of substances that can significantly increase the

permeability of the outer membrane and may enhance the inactivation

efficiency.

The other challenge for effective PDI is the ability to overcome antibi-

otic resistance. Many studies have revealed that a PDI+EPI combination

may result in (i) increase in the PS cellular uptake that often is excreted

by the efflux system; (ii) reduced antibiotic/PS resistance; (iii) diminish

the resistance mechanism derived from efflux pumps overexpression and

(iv) decrease the development of more resistant superbugs. Therefore, we

combined porphyrin-based PDI with verapamil (a well-known efflux pump

inhibitor) (Fig. 8).

We indicated that the combination of PDI with verapamil reduced the

Gram-negative bacteria survival—for E. coli, by even three orders of mag-

nitude of extra killing. For S. aureus, the verapamil addition did not influence

the PDI efficacy, and the bactericidal effect (six orders of magnitude reduc-

tion, >99.9999% killed bacteria) was achieved after each PDI mode.

Nevertheless, the investigated PSs did not yield significant activity against

E. coli after PDI with low light doses (up to 20 J/cm2). Thus, KI was used,

leading to strong potentiation of TPPS-, Cl2TPPS-, and TMPyP-mediated

PDI (three to four orders of magnitude of extra killing), suggesting the con-

tribution of hypoiodite and other reactive iodine species to the PDI mech-

anism. Due to the high stability of halogenated PS, the PDI might also be
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Fig. 8 Porphyrin-mediated PDI—the effect of charge and lipophilicity on their biological activity in vitro: (A) the chemical structures of
tetraphenylporphyrin derivatives with various charge; (B) electronic density maps of the photosensitizers from the total self-consistent
field density mapped with the electrostatic potential; (C) the effect of the efflux pump inhibition on high-dose porphyrin-mediated PDI with
and without verapamil (Ver) addition; (D) the antibacterial effect of PDI confirmed by confocal microscopy images of the non-treated
PDI-treated E. coli.130



performed in higher light doses (up to 120 J/cm2), but satisfactory results

were obtained after using 60 J/cm2. Thus, these data suggest that for high

light-dose-PDI, its combination with EPI may enhance the inactivation.

However, for low light-dose-PDI, the KI addition with the generation of

reactive iodide species gives more promising results.137

Keeping in mind the importance of the molecular charge of a PS, we also

described the synthesis of a family of cationic tetra-imidazolyl phthalocyanine-

based photosensitizers with varying structural features including the size of the

cationized alkylic chain, degree of cationization, and the type of central coor-

dinating metal (Fig. 9).109

The influence of these structural modifications on their biological per-

formance was assessed based upon their spectroscopic and photophysical

properties, as well as ROS generation. The antimicrobial activity tests

(PDI with white light) reveal the remarkable differences in efficacy between

tested metallophthalocyanines. Some examples were highly active, espe-

cially in killing Gram-negative bacteria (E. coli, P. aeruginosa) and fungi

(C. albicans). Among others, the Zn(II) tetra-ethyl cationic phthalocyanine

derivative showed PDI activity against tested Gram-negative bacteria and

fungi, with six orders of magnitude reduction in viability of those species

at PS concentrations as low as 100 nM and 1 μM, respectively.109 The cat-

ionic PS evaluated in this study showed low toxicity toward human

keratinocytes cells (HaCaT) at concentrations effective in killing

Gram-negative bacteria, which raises the potential for in vivo utility for

developing treatments of localized infections.

3.6.5 Porphyrin-based hybrid materials
The next-generation of nanomaterials that can be activated with visible light

represent an exciting new step in progress toward PDI. Furthermore, the

surface chemistry of the nanomaterials also plays a crucial role in PS uptake,

which can be modulated through the addition of different targeted substit-

uents.While there is significant research on PSs accumulation in mammalian

cells, the cellular uptake pathways in bacteria and fungi are less well studied.

Cellular uptake of metal nanomaterials can occur when the materials are suf-

ficiently small to cross the cellular membrane. In the case of mammalian

cells, it has been suggested that particles below 100 nm are most efficient

for cellular uptake. Moreover, some metal oxides and semiconductors

(e.g., ZnO, TiO2) may be functionalized with tetrapyrroles toward better

antimicrobial activity. This group of hybrid materials was found to be very

stable in the biological environment and active in the PDI against a broad
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spectrum of microbes. Especially, the physicochemical properties of

TiO2 ensure the effective interaction between its surface and porphyrin

derivatives. It results in a suitable absorption profile and the possibility of

using visible light to photoinactivate the bacteria more efficiently than

employing the corresponding porphyrin alone.25,73,138,139 TiO2 has been

successfully used in heterogeneous photocatalysis. It owes its popularity

Fig. 9 Metallophthalocyanines as promising antimicrobial agents for PDI: (A) the struc-
tures of modified imidazolium metallophthalocyanines and their biological activity:
(B) cellular accumulation in bacteria investigated by confocal microscopy imaging
and (C) bacteria survival curves and Petri dishes images before and after PDI.102
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mainly to high photocatalytic activity, high chemical and photochemical

stability, low toxicity, and low cost.140 The possibility of using TiO2 for

photocatalytic water and air purification is being intensively studied.

Photocatalysis, based on the oxidation of pollutants by ROS generated by

excited TiO2, is classified as one of the so-called advanced oxidation tech-

nologies (AOTs), which are an alternative to the commonly used water

treatment methods.115 The properties of TiO2 mentioned above, its bio-

compatibility and unique surface properties as well as effective ROS gener-

ation, make it attractive as a nanomaterial also for biomedical applications,

including PDI.116 However, a factor that significantly limits the clinical

application of TiO2 is its large energy gap (3.2 eV). Its absorption, therefore,

does not fall within the phototherapeutic window. One strategy to cope

with this problem is to impregnate TiO2 with organic dyes, including

porphyrins and phthalocyanines.141 Due to their redox properties, phthalo-

cyanines are very well suited for sensitizing broadband semiconductors.115

The process of excitation of TiO2 modified with organic dyes proceeds

as follows: upon irradiation, the dye (e.g., porphyrin) is first excited and

e�/dye+ pairs are generated, followed by electron transfer from the dye

to the conduction band of TiO2.
117 The excited semiconductor reacts with

molecular oxygen, water, and hydroxyl ions in the immediate environment,

resulting in ROS generation and eventually leading to oxidative stress in

cells.115 The fabrication of a dye-TiO2 hybrid material also carries other ben-

efits. It may help overcome the limitations that diminish the widespread use of

phthalocyanines in clinical practice: their high hydrophobicity, low solubility

in biological media, and low penetration into cells.141 The synergistic action

of dyes and TiO2 may also help to enhance the photodynamic effect and pro-

duce more effective photomaterials than the compound alone.142 In addition,

the fluorescent properties of porphyrins and phthalocyanines may allow the

use of such hybrid materials in bioimaging.126,140,143,144

Unfortunately, the bandgap of bulky TiO2 lies in the UV range (3.2 eV

for anatase and 3.0 eV for rutile, respectively), which may be intrinsically

harmful and carcinogenic. Among the various dyes, particular attention

should be paid to transition metal complexes with macrocyclic ligands

(mainly metallophthalocyanines and metalloporphyrins) that are capable

of injecting electrons from their elctronic excited states into the conduction

band of titanium dioxide.142 Such hybrid TiO2-based materials may be

obtained via impregnation of the semiconductor surface with the sulfonic

porphyrins due to the presence of -SO3H groups, which interact directly

with the surface of TiO2 (P25), Fig. 10.138 The photophysical properties
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(derived from, e.g., spectroscopic data and photocurrents measurements)

confirmed the electron transfer from the excited PS molecule to the valence

band (VB) of TiO2. It has been shown that the modification of TiO2 with

halogenated (metallo)porphyrins—difluorinated sulfonic derivative F2POH

and its complex ZnF2POH moved the absorption to the visible part of

the electromagnetic radiation (>400 nm) and consequently improved the

photoproperties and photoactivity mediated by these hybrid materials.

They indicated high antimicrobial activity, which can be further potentiated

by KI addition. The most important feature of their increased PDI efficacy

toward bacteria derived from their ability to generate various ROS (singlet

oxygen and oxygen-centered radicals) and generation of reactive iodide

Fig. 10 Antimicrobial activity of (metallo)porphyrin@TiO2 hybrid materials: (A) diffuse
reflectance spectra in the representation of the Kubelka-Munk function of bare P25 and
surface modified TiO2 materials; (B) photocurrent generation of TiO2 and TiO2 with
adsorbed (metallo)porphyrins and their cyclic voltammograms; (C) SEM images of por-
phyrin modified TiO2 surface; (D) petri dishes before and after PDI; (E) photodynamic
inactivation of E.coli and S. aureus mediated by TiO2-based hybrid materials under
visible light irradiation and (F) the potentiation effect of KI on the phototoxicity of
TiO2-based hybrid materials against E. coli.131
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species upon visible light irradiation, because only materials able to act via

multiple mechanisms prove the best efficiency against drug-resistant

microorganisms.138,139

Porphyrins and metalloporphyrins, mainly with sulfonyl groups that can

act as anchors, thus improving the interaction between the semiconducting

support and the sensitizer, were also successfully used to sensitize nanostruc-

tured qTiO2. Well designed nanomaterials can provide better affinity toward

microbial cells over host cells, enhance ROS formation, and overcome

antibiotic-resistance mechanisms. Highly active surface-modified nanoparticles

were synthesized and fully characterized in our laboratories. The morphology

and crystal structure of the (metallo)porphyrin@qTiO2 materials obtained

were examined by several techniques, including absorption and fluorescence

spectroscopies as well as scanning electron microscopy (SEM) imaging

(Fig. 11).139

These 20–70 nm-sized, modified TiO2 nanoparticles were found to be

effective ROS generators under blue light irradiation (420�20 nm). Their

PDI potency against Gram-negative and Gram-positive bacteria was also

investigated and revealed that the PDI with porphyrin@qTiO2 nanoparticles

(1 g/L) and irradiation with a light dose of 10 J/cm2 led to reduced bacteria

survival up to three logarithmic units for E. coli and up to four logarithmic

units for S. aureus, respectively. A more pronounced antibacterial effect was

observed when PDI was potentiated with H2O2 or KI, leading to complete

eradication of tested species, even with lower concentrations of nanomaterials

(starting from 0.1 g/L). Imaging of bacteria morphology after PDI suggested

distinct mechanisms of cell destruction, which depends on the type of gener-

ated ROS and/or reactive iodine species. These data indicate that TiO2-based

materials modified with sulfonated porphyrins are promising photoagents

that may be useful in several biomedical strategies, especially in PDI.

Taken together, all of the studies we performed clearly show that hybrid

porphyrin-based nanomaterials represent bioinorganic photoactive agents

with proven biological activity. Notably, the in vitro antibacterial efficacy

makes them worth further investigation in vivo for the treatment of localized

infections and wound-healing therapy.

4. Summary and future perspectives

The era of antibiotics is inevitably coming to an end and even mild

infections can be potentially deadly in the future. According to the WHO

report, results obtained for E. coli, Klebsiella pneumoniae and S. aureus showed
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that the proportion resistance to commonly used antibacterial drugs exceeded

50% in many settings.65,145,146 The most common cause of surgical wound

infections is S. aureus a Gram-positive bacterium that can be a part of the nor-

mal flora on the skin. Strains of S. aureus resistant to penicillins, including

ampicillin and amoxicillin, have acquired a gene (mecA) that codes for a novel

penicillin-binding protein with low affinity for β-lactams and thus, leads to the

resistance. These strains are termedmethicillin-resistant S. aureus (MRSA) and

are resistant to all penicillins. The future perspectives are rather daunting,

due to the low chances of developing new antibacterial drugs as a result of

the difficulty of finding alternative mechanisms of action for the antibiotics.

The number of infections by multidrug-resistant bacteria in Europe was

400,000 in 2007, and there were 25,000 attributable deaths.147 Unless proper

action is taken, this number can reach 10 million by 2050. Antibiotic resis-

tance is exacerbated in bacteria biofilms where gene mutation frequency is

Fig. 11 The antibacterial activity of porphyrin@qTiO2 nanomaterials: (A) Proposed
mechanism of the TiO2 photosensitization, and possible pathway of ROS generation
after excitation of porphyrin@qTiO2 nanomaterials with their antimicrobial activity.
(B) Photodynamic inactivation of E. coli and S. aureus mediated by qTiO2-based hybrid
materials (porphyrin@qTiO2) and KI and H2O2 PDI potentiation after 2 h incubation and
irradiated by 420�20 nm LED light.132

96 Barbara Pucelik and Janusz M. Dąbrowski



significantly increased compared to planktonically growing isogenic bacteria.

However, antibiotic resistance mechanisms are not sufficient to explain most

cases of antibiotic-resistant biofilm infection. The same bacteria can become

up to 1000 times more resistant to antibiotics when grown in biofilm.39 The

biofilm matrix reduces the bioavailability of antibiotics by physical and

chemical processes. The penetration of the antibiotics is impaired, leading

to diffusion coefficients that are a factor of 2–3 lower than in pure water,

and the chemistry of the biofilm microenvironment alters the growth of

the bacteria and the antibiotic potency. The reduced bioavailability of the

antibiotics and the diversity of themicroenvironment enable a timely adaptive

response of some biofilm cells to an antimicrobial challenge. Finally, biofilms

favor the occurrence of subpopulations of cells that entered a highly protected,

spore-like state—the persisters.148 Thus, there is an urgent need to find alter-

natives to deal with microbial infections. Ideally, such alternatives should

minimize the risk of developing new resistance mechanisms, spare healthy

tissue, and stimulate the host immune system to deal with the infection.

The conventional treatment consists in the administration of topical and

systemic antibiotics for long periods of time and may be responsible for the

increased microbial strains resistant to available drugs. Therefore, it is impor-

tant to develop a treatment regimen specifically targeting pathogens without

causing any side effects on the host tissue.

The compounds that are used in PDT are characterized by strong absorp-

tion in the phototherapeutic window, long triplet state lifetime, high ROS

generation quantum yields, no toxicity in the dark, and favorable pharma-

cokinetics.70,149–152 The most frequently studied photosensitizers for PDT

are porphyrins, chlorins, bacteriochlorins or phthalocyanines—organic

compounds generally characterized by a high molecular weight. The ideal

photosensitizer/material for PDI of microorganisms should rather have a

low molecular weight/small size, a strong light absorption in the visible

and appropriate lipophilicity to facilitate the diffusion of non-aggregated

molecules in the biofilms. Additionally, the ideal PS for PDI may require

the presence of positive charges to inactivate Gram-negative bacteria.

Biofilms may reduce the amount of oxygen available for PDI, but this

can be compensated with PSs with long triplet lifetimes and high rates of

triplet-state quenching by molecular oxygen. Finally, the photostability of

the PS is critical to the success of efficient photodynamic treatment. It is

therefore important to find the appropriate balance between the potential

toxicity of the material itself, photostability and efficiency of ROS genera-

tion when developing photosensitizers/materials for PDI application.
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This brings up another difference between anticancer and antitumor pho-

todynamic treatments. Our ongoing studies have revealed that in order to

achieve adequate therapeutic success manifested not only by the destruction

of the primary tumor but also by controlling distant metastases, Mechanism I

seems to be more efficient, because such photogenerated oxygen-centered

radicals are well-known inflammatory mediators and guarantee an adequate

immune response. Whereas the opposite is true for PDI andMechanism II is

more preferred, for the simple reason that bacteria have not yet developed

resistance to the main product of photoinduced energy transfer—singlet

oxygen. Looking ahead, it may be possible in the near future to apply

PDI using the compounds and materials described in this paper to treat

infections of Gram-positive and Gram-negative multidrug-resistant bacteria

in relevant animal models of infected burns and ulcers. Compared to other

strategies mentioned in this paper, PDI is safe, cheap, and can be repeated

hundreds of times without significant loss of efficacy. We believe that with

the current development of nanotechnology and the availability of light

sources, PDI can become the first line of treatment for localized infections.

Moreover, PDI can reduce antibiotic use and make hospital infections more

manageable through the disinfection of surface-modified medical devices.
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79. Dąbrowski, J. M. Adv. Inorg. Chem. 2017, 70, 343–394.
80. Whittaker, A.; Mount, A.; Heal, M.; Galus, M.Wydawnictwo Naukowe PWN, 2012.
81. Oszajca, M.; Brindell, M.; Orzeł, Ł.; Dąbrowski, J. M.; Śpiewak, K.; Łabuz, P.;
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PLoS One 2017, 12 (10), e0185984.
90. Vinagreiro, C. S.; Zangirolami, A.; Schaberle, F. A.; Nunes, S. C.; Blanco, K. C.;

Inada, N. M.; da Silva, G. J.; Pais, A. A.; Bagnato, V. S.; Arnaut, L. G. ACS Infect.
Dis. 2020, 6 (6), 1517–1526.

91. Davies, D. Nat. Rev. Drug Discov. 2003, 2 (2), 114–122.
92. Pedigo, L. A.; Gibbs, A. J.; Scott, R. J.; Street, C. N. Proc. SPIE 2009, 7380, 73803H.
93. Biel, M. A. Adv. Exp. Med. Biol. 2015, 831, 119–136.
94. Nagata, J. Y.; Hioka, N.; Kimura, E.; Batistela, V. R.; Terada, R. S. S.;

Graciano, A. X.; Baesso, M. L.; Hayacibara, M. F. Photodiagn. Photodyn. Ther. 2012,
9 (2), 122–131.

95. Usacheva, M. N.; Teichert, M. C.; Biel, M. A. Lasers Surg. Med. Official J. Am. Soc.
Laser Med. Surg. 2001, 29 (2), 165–173.

96. Wood, S.; Metcalf, D.; Devine, D.; Robinson, C. J. Antimicrob. Chemother. 2006, 57
(4), 680–684.

97. Ochsner, M. J. Photochem. Photobiol. B Biol. 1997, 39 (1), 1–18.
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103. Dąbrowski, J. M.; Pucelik, B.; Pereira, M. M.; Arnaut, L. G.; Stochel, G. J. Coord.
Chem. 2015, 68 (17–18), 3116–3134.

104. Luz, A. F.; Pucelik, B.; Pereira, M. M.; Dąbrowski, J. M.; Arnaut, L. G. Lasers Surg.
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Biotech. Histochem. 2021, 96 (4), 311–314.
111. Lo, P.-C.; Rodrı́guez-Morgade, M. S.; Pandey, R. K.; Ng, D. K.; Torres, T.;

Dumoulin, F. Chem. Soc. Rev. 2020, 49 (4), 1041–1056.
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2020, 21 (22), 8716.

138. Sułek, A.; Pucelik, B.; Kuncewicz, J.; Dubin, G.; Dąbrowski, J. M. Catal. Today 2019,
335, 538–549.

139. Sułek, A.; Pucelik, B.; Kobielusz, M.; Łabuz, P.; Dubin, G.; Dąbrowski, J. M.Catalysts
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