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Abstract

Photodynamic therapy (PDT) represents a promising non-antibiotic strategy for address-
ing bacterial and fungal infections, particularly in the context of increasing antimicrobial
resistance and biofilm-associated disease. PDT is based on the light-induced activation
of photosensitizers, leading to the generation of reactive oxygen species (ROS), includ-
ing singlet oxygen (1O,), which induce oxidative damage to multiple microbial targets.
Unlike conventional antimicrobial drugs that often act through specific molecular path-
ways, antimicrobial PDT produces simultaneous damage to membranes, proteins, nucleic
acids, and extracellular biofilm components, thereby reducing the probability of resistance
development. This review critically analyzes the cellular, biochemical, and biophysical de-
terminants that govern PDT selectivity toward bacterial and fungal cells in comparison with
mammalian host tissues. Particular attention is given to photosensitizer localization, mem-
brane interactions, photobleaching, oxygen dependence, light penetration, and the balance
between Type I and Type II photochemical mechanisms. The review provides a comparative
overview of major molecular photosensitizer classes, including phenothiazines, porphyrins,
chlorins, phthalocyanines, xanthene dyes, natural polyphenols, endogenous compounds,
and advanced targeted photosensitizers. In addition, this review distinguishes molecular
photosensitizers from nanotechnology-based platforms and delivery systems. Nanopar-
ticles, polymeric carriers, hydrogels, and light-activated coatings are discussed not only
as photosensitizer delivery tools, but also as systems that modulate aggregation, improve
localization, enhance biofilm penetration, and enable surface-confined ROS generation.
ROS are capable of causing phototoxic effects wherever they are located. Unless selectively
accumulated by target organisms, there can be systemic phototoxicity. Overall, PDT should
be regarded as a modular antimicrobial platform in which photosensitizer chemistry, for-
mulation, light delivery, oxygen availability, and infection biology must be co-optimized.
Although further studies are required to address clinical translation, regulatory complexity,
material safety, and standardized treatment protocols, PDT offers a scientifically robust and
clinically relevant approach that may complement conventional antibacterial and antifungal
therapies, especially in localized, biofilm-associated, and device-related infections.
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1. Introduction

The rapidly growing resistance of microbial and fungal strains to conventional antimi-
crobials represents one of the most dangerous challenges facing modern medicine. The
therapeutic efficiency of standard antibiotic and antifungal drugs has drastically decreased
due to the continuous accumulation of genetic mutations, the upregulation of molecular
resistance mechanisms, the formation of complex biofilms, metabolic cooperation among
pathogens, and the capability of microorganisms to proliferate intracellularly [1-3]. These
strict therapeutic limitations have urgently stimulated the development of alternative,
non-antibiotic approaches capable of bypassing traditional drug-resistance pathways.

In this critical landscape, photodynamic therapy (PDT) has demonstrated a powerful,
independent mechanism of action compared to classical antibiotic-based regimens, offering
a radically different strategy to control bacterial and fungal populations during infectious
processes. In contrast to conventional chemotherapeutic agents, PDT relies on fundamental
photophysical and photochemical processes that generate short-lived, highly reactive
oxygen species (ROS), which induce aggressive, multi-target oxidation across various
cellular structures [4,5]. This multi-site mechanism of action guarantees a significantly
lower probability of pathogens developing resistance compared to traditional drugs, which
typically rely on a single, gene-dependent target.

The fundamental execution of PDT is highly sensitive to the local availability of three
indispensable components: a photo-sensitizer (PS) molecule, light of an appropriate wave-
length, and ambient molecular oxygen. Upon absorbing a photon, the ground-state singlet
photosensitizer (Sy) is promoted to a short-lived excited singlet state (S;). This excited state
can undergo intersystem crossing to convert into a longer-lived excited triplet state (T1),
which ultimately drives the downstream therapeutic photochemical reactions [6,7].

The excited triplet photosensitizer can then participate in two distinct photochemical
pathways. Type I reactions involve direct electron or hydrogen transfer processes with
neighboring substrates, generating localized reactive oxygen species such as superoxide
anions, hydroxyl radicals, and hydrogen peroxide. Type Il reactions involve direct energy
transfer to ground-state molecular oxygen, resulting in the highly efficient generation of
cytotoxic singlet oxygen (1Oy).

Crucially, both singlet oxygen and Type I ROS possess extremely short lifespans and
highly limited diffusion distances. These strict physical parameters restrict oxidative dam-
age to the immediate microenvironment of the photosensitizer. Consequently, the primary
determinants of antimicrobial PDT (aPDT) efficacy and selectivity are the intracellular
localization, cellular uptake, structural retention, lifespan, and diffusion coefficient of the
specific photosensitizer employed [8].

While PDT was initially pioneered for oncological applications [9], its successful
translation into antimicrobial and antifungal fields relies entirely on fundamental bio-
chemical, structural, and biophysical differences between mammalian host cells and par-
asitic microbial or fungal targets [10,11]. These unique cellular differences are critical
for photosensitizer—cell interactions, determining membrane vulnerability, tolerance to
oxidative stress, biofilm formation dynamics, and the ultimate cellular response to light
activation [12].

Going beyond these fundamental interactions between ROS and cells—a topic that
has already been discussed extensively in the literature—the modern state-of-the-art in this
field focuses heavily on the engineering of functional translational biomaterials to combat
nosocomial infections. In intensive care units (ICUs) and high-risk hospital departments,
medical devices such as catheters, endotracheal tubes, and surgical implants serve as critical
vectors for persistent bacterial and fungal biofilms.
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To address this major clinical challenge, recent advancements have shifted toward the
development of light-triggered polymer coatings permanently loaded with photosensitiz-
ers. Because these polymer coatings are permanently loaded with photosensitizers, they do
not release free molecules into the surrounding tissue. Therefore, the specific targets of this
PDT system are strictly the localized microorganisms that come into direct contact with the
modified polymer surface (contact-killing mechanism). By restricting the photodynamic
action exclusively to the device surface, this technology circumvents the depth-penetration
limits of systemic PDT, offering a highly targeted, localized defense that prevents initial
microbial colonization and biofilm formation on medical devices without systemic toxi-
city. These advanced anti-infective surfaces remain completely dormant under ambient
conditions but undergo localized, on-demand photodynamic activation when exposed
to specific wavelengths of light. By generating a continuous flux of surface-bound ROS,
these smart polymeric matrices actively prevent microbial attachment, disrupt early-stage
biofilm architectures, and prevent microbial colonization and biofilm formation on medical
equipment in real-time without leaching toxic chemicals into the patient.

Ultimately, this review bridges the gap between fundamental cellular photochemistry
and these cutting-edge medical device applications. By critically evaluating preclinical
breakthroughs and the latest clinical data, this review explicitly demonstrates that in clinical
settings, PDT serves as a unique, highly adaptive solution for antibacterial and antifungal
treatment. Whether deployed as a targeted therapeutic modality or as light-activated poly-
mer coatings, PDT represents a promising alternative to conventional antimicrobial therapy.
Since the reactive oxygen species (ROS) generated during PDT are highly non-specific and
can potentially affect any cell type, achieving selectivity is a critical clinical challenge.

1.1. Cellular Determinants of Differential Sensitivity to PDT

The main question of antimicrobial and antifungal PDT is why do pathogenic microor-
ganisms demonstrate higher sensitivity to PDT in comparison to mammalian host cells?
The answer to this question lies in the comparative structural and biochemical differences
between these cell types [13].

Human and animal cells are eukaryotic. This means that they are enclosed by a single
plasma membrane, built from a phospholipid bilayer enriched in cholesterol. In comparison
with mammalian cells, bacteria and fungi have an additional external structure, known
as the cell wall, which does not exist in mammalian cells. Bacterial and fungal cell walls
are constructed from components such as peptidoglycan, lipopolysaccharides, chitin, and
[-glucans, which influence photosensitizer binding, uptake, and sensitivity to PDT [14].

Negatively charged components are typical for bacterial cell walls. This fact facilitates
electrostatic interactions with cationic photosensitizers. Gram-positive bacteria, which are
usually covered with thick and relatively porous peptidoglycan layers, are more sensitive
to PDT [14,15]. There is also an additional outer membrane in Gram-negative bacteria,
which works as a permeability barrier. However, appropriately designed amphiphilic or
cationic photosensitizers can penetrate the outer membrane [16].

Fungal cells are eukaryotic, although they exhibit different structural features than
mammalian cells. They cover a rigid cell wall composed mostly of chitin and 3-glucans.
Their plasma membrane is enriched in ergosterol rather than cholesterol. These differences
provide selective biochemical and biophysical targets, which can be useful as antifungal
PDT [17].

1.2. Membrane Composition, Sterol Biology, and Oxidative Vulnerability

The presence of a cell wall is important for the effectivity of PDT, but the composition
and organization of the cellular membrane are also crucial to determining PDT sensitivity.
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The critical biochemical difference between mammalian, fungi, and bacterial membranes
on touch to PDT is the type of sterol included in the membrane. Cholesterol is typical for
mammalian membranes—it enhances bilayer stability and provides partial resistance to
oxidative lipid peroxidation. In contrast to mammalian, fungal membranes contain ergos-
terol. This differs structurally from cholesterol and is more easily subjected to oxidative
damage induced by singlet oxygen and ROS [18]. Cholesterol or ergosterol are not typical
for most bacteria; instead, many of them contain hopanoids or other lipids for membrane
stabilization [19].

Highly specialized antioxidant and enzyme systems protect eukaryotic cellular mem-
branes from oxidation. Within these systems, there is the glutathione peroxidase (GPx)
family, which plays the central role. GPx4 (phospholipid hydroperoxide glutathione perox-
idase) is a critical ‘gatekeeper’ enzyme that protects cells from lipid peroxidation within
cellular membranes [20-22].

There are many polyunsaturated fatty acids (PUFAs) in cell membranes. PUFAs can
undergo ROS-mediated oxidation. Lipid peroxidation is a chain reaction, which means that
if it has started, it proceeds. During this process, toxic lipid hydroperoxides (LOOHs) are
generated and destabilize the membrane architecture [23]. Without any control, this process
culminates in ferroptosis, a regulated form of cell death that is provided by iron-dependent
lipid peroxidation. Thus, redox homeostasis and oxidative stress defense systems maintain
membrane integrity and architecture [24].

There are many highly evolved and redundant antioxidant network systems in mam-
malian cells. Some of them are superoxide dismutase, catalase, glutathione peroxidases,
peroxiredoxins, and abundant low-molecular weight antioxidants [25]. These systems
can reduce moderate ROS levels and partially mitigate PDT-induced oxidative stress in
mammalian cells [26].

Compared to mammalian cells, bacteria and fungi demonstrate more limited or less
redundant antioxidant defense systems [27,28]. As a result, when PDT generates an intense
oxidative burst, which rapidly overwhelms the antioxidant defense systems of bacterial
and fungi, this leads to irreversible damage to membranes, enzymes, and nucleic acids.
This differential redox buffering capacity represents a central mechanistic determinant of
the selectivity of PDT [28].

1.3. The Mechanistic Basis of Antimicrobial and Antifungal PDT

Taken together, the described structural, biochemical, and redox differences define the
mechanistic basis of antimicrobial and antifungal PDT [29-31]. In case of aPDT, oxidative
damage is multitarget and non-specific, simultaneously affecting everything simultane-
ously: from cell walls and membranes to proteins and nucleic acids [29-31].

In addition, singlet oxygen has a short lifespan and usually diffuses only tens of
nanometers (~125 nm in pure water, ~10-20 nm, depending on microenvironment), so the
damage occurs in the closest area of the photosensitizer [32-34]. From this point of view,
PDT efficiency depends on the environment and the distance between the photosensitizer
and the essential cellular structures.

Bacterial and fungal cell walls demonstrate a rigid yet porous architecture, which
facilitates localized ROS generation at lethal concentrations. At the same time, the absence
of robust antioxidant buffering in the case of fungi and bacteria amplifies damage. Due
to total and multipurpose damage, PDT-induced cytotoxicity does not depend on specific
metabolic pathways, enzymatic targets, or active cell division stage [35-37]. Consequently,
PDT remains effective against different types of pathogenic cells: dormant cells, persisting
populations, and biofilms. Furthermore, the absence of a specific enzymatic purpose could
reduce the probability of resistance development (Table 1) [38].
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Table 1. Comparison of mammalian, microbial, and fungal cells in the context of photodynamic

therapy.

Feature Ié/izﬁr;malian (Human) Ié/{ezﬁrg)malian (Animal ?];[;iaccl;z?ii:)l Cells Fungal Cells

Cell type Eukariotic [39] Eukaryotic [39] Prokaryotic [39] Eukaryotic [39]

Cell wall Ab Present [41] . . Present (chitin, 3-glucans,
ell wa sent (glycocalyx) [40] ~ Absent (glycocalyx) [40] (éafapr;clld_c))%%(]:an, LPSin mannoproteins) [43]

Plasma membrane
sterol

Cholesterol. High
density regulates,
membrane fluidity and

Cholesterol. High
density regulates,
membrane fluidity and

Hopanoids; easily
oxidized [19]

Ergosterol. Essential for
membrane integrity;
serves as a specific target

PS diffusion [44] PS diffusion [44] for oxidative damage [45]

Moderately negative Moderately negative Strongly negative

(zwitterionic outer (zwitterionic outer . (anionic mannoproteins
Net surface charge leaflet but strongly leaflet but strongly Strongly negative [47] and phosphorylated wall

anionic glycocalyx) [46]

anionic glycocalyx) [46]

components) [48]

Photosensitizer
uptake

Limited, regulated [49]

Limited, regulated [49]

High (electrostatic +
passive) [50]

High (cell wall binding +
membrane affinity) [51]

Antioxidant capacity

High, redundant. GSH,
SOD, GPX, thioredoxin,
nrf2-pathway [52]

High, redundant. GSH,
SOD, GPX, thioredoxin,
nrf2-pathway [52]

Low to moderate.
Catalase, SOD, carotin
pigments. OxyR and
SoxRS Systems-stress
sensors [53]

Moderate. Melanin,
trehalose accumulation,
vacuolar buffering,
thiol-based defense:
glutaredoxins and
thioredoxins [54]

Primary PDT targets
(host): Plasma

membrane (at higher
doses: mitochondria,

Primary PDT targets
(host): Plasma

membrane (at higher
doses: mitochondria,

Cell wall, membrane,

Cell wall, membrane,

Primary PDT targets lysosomes, other lysosomes, other enzymes, DNA [53] mitochondria [54]
organelles depending organelles depending
on photosensitizer and  on photosensitizer and
localization) [52] localization) [52]
. . Rapid oxidative Apoptosis-like death,
Apoptosis/regulated Apoptosis/regulated . L
Dominant PDT effect deP;lﬂl’Dl, autophgagy, dgtﬁ, autoph%gy, g(;f;(;sls’ cdell tmertr}branfe 0X1dabt"1ve C(;ll.a{pse,b
necrosis [52] necrosis [52] ge, destruction o membrane failure by
DNA/RNA [53] ergosterol oxidation [54]
High. Gram-positive
bacteria are inherently
highly susceptible due
to their porous
peptidoglycan layer,
Susceptibility to PDT Low-moderate Low-moderate Gram-negative bacteria  High. Depends on the cell
(dose-dependent) [52] (dose-dependent) [52] require cationic wall and ergosterol [54]
(positively charged) PS
to overcome the
protective
lipid-polysaccharide
(LPS) barrier [53]
gossiblfi (dose limited) ,I;(;S;gilf dgcrllc;se—hmlted). Unlikely. Can produce Ee{rrlrlllé(ci}l]i.n(;ltl)i‘ggﬂn
Resistance ntioxidant : more antioxidants, but Y :
development upregulation heat shock Eggte-gsﬁi)actltonéo teins not tolerance to fc;rlrjrlljeiric}on, sequestration
proteins autophagy [52] p ’ 10, [53] 0 agent to
autophagy [52] vacuoles [54]

1.4. Scope of the Review

The primary objective of this review was to conduct a systematic analysis of pho-

todynamic therapy as an antimicrobial and antifungal approach. The main focus lies in

integrating the principles of photophysics, photochemistry, cell biology, and biophysics.

The main emphasis is placed on how fundamental cellular differences between mammalian,

bacterial, and fungal cells contribute to the selectivity and efficacy. Special attention is

directed toward the design of the photosensitizer, singlet oxygen, and ROS generation

mechanisms. Also, the future perspectives of PDT as a resistance-free therapeutic strategy
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in antimicrobial and antifungal medicine are noted. Therefore, we start by examining
classes of photosensitizers from phenothiazine photosensitizers, which include methylene
blue, toluidine blue O, and new methylene blue.

2. Molecular Photosensitizers for Antibacterial and Antifungal PDT

2.1. Phenothiazine Photosensitizers
2.1.1. Phenothiazinium Dyes: Methylene Blue as a Translational Model

The first photosensitizer examined in this review is methylene blue (MB), a representa-
tive compound from the phenothiazinium family. Methylene blue (MB, Figure 1a) is one of
the most widely investigated phenothiazinium photosensitizers and is commonly regarded
as a reference compound in antimicrobial photodynamic therapy (aPDT).

| |+ |+ \ (
OO T e
= N _
N N
a - b ) N,
Cl Cl ¢ Cl

Figure 1. (a) Methylene blue ([7-(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium chlo-
ride), (b) Toluidine blue O ((7-amino-8-methylphenothiazin-3-ylidene)-dimethylazanium chlo-
ride), (c) New methylene blue (ethyl-[7-(ethylamino)-2,8-dimethylphenothiazin-3-ylidene]azanium
chloride).  For images preparation, we used MarvinSketch v.25.3.6 (Academic License
1k_e7c0fd378763445c9f9c645d30eb721e).

From a biophysical perspective, MB is characterized by strong absorption in the
red spectral region, with A_max around 660-670 nm. This enables its efficient excitation
using clinically accessible light sources. Importantly, red light penetrates biological tissues
more effectively than blue light; therefore, MB is particularly suitable for the treatment of
localized infections located beneath superficial tissue layers or within partially covered
anatomical sites [55].

Upon photoexcitation, MB undergoes efficient intersystem crossing to the triplet
excited state (T), enabling both Type I and Type Il photochemical pathways. As a result,
MB can generate singlet oxygen (O,) as well as superoxide-derived reactive oxygen species
(ROS), which together contribute to its antimicrobial phototoxicity [5].

From a biochemical point of view, MB shows a high affinity for nucleic acids and
negatively charged cellular structures. Gram-positive bacteria possess a strongly anionic
surface due to the presence of teichoic acids in their thick peptidoglycan cell wall. These
negatively charged components promote electrostatic interactions with the cationic MB
molecule and favor its accumulation within the bacterial envelope [56].

In contrast, mammalian cells are surrounded by zwitterionic lipid membranes and a
glycocalyx, which limit the nonspecific uptake of cationic dyes and reduce the risk of host
tissue phototoxicity. In Gram-negative bacteria, MB uptake is more restricted because the
outer membrane acts as an additional permeability barrier.

The primary targets of MB-mediated aPDT include membrane lipids, proteins, and
nucleic acids. Oxidative damage to membrane lipids increases membrane permeability
and disrupts the transmembrane potential. At the same time, intracellular ROS can oxidize
essential metabolic proteins and damage nucleic acids. This multi-target mode of action
explains the low probability of resistance development, even after repeated sublethal
photodynamic exposure.

Accordingly, MB demonstrates high antimicrobial efficacy against clinically relevant
and antibiotic-resistant strains, including methicillin-resistant Staphylococcus aureus (MRSA),
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Enterococcus spp., and multidrug-resistant Pseudomonas aeruginosa [57-59]. MB-mediated
aPDT also shows significant antifungal activity, particularly against Candida albicans and
non-albicans Candida species [60-62].

This antifungal effect is associated with electrostatic interactions between the cationic
dye and negatively charged components of the fungal cell wall, including chitin and
-glucans. Subsequent light activation leads to oxidative damage of the ergosterol-rich
plasma membrane, which causes the loss of membrane integrity and fungal cell death [63].
A comparative evaluation of antioxidant defenses indicates the following general hierarchy:
mammalian cells > fungal cells > bacterial cells. This gradient helps explain why microbial
cells are highly vulnerable to photodynamic inactivation, whereas mammalian cells are
relatively less susceptible under controlled treatment conditions [4,64].

From the perspective of clinical translation, MB has several important advantages. It is
inexpensive, widely available, pharmacologically well-characterized, and associated with
relatively low dark toxicity. Moreover, it has already been approved for selected medical
applications, which facilitates its consideration for translational aPDT approaches.

However, free molecular MB also has several limitations. These include photobleach-
ing under prolonged irradiation, limited penetration into thick and mature biofilms, possi-
ble aggregation at higher concentrations, and dependence on local oxygen availability [65].
These limitations are particularly relevant in infected tissues and biofilm-associated in-
fections, where oxygen gradients, extracellular polymeric substances, and heterogeneous
photosensitizer distribution may reduce therapeutic efficacy.

To overcome these limitations, recent research has increasingly shifted from free pho-
tosensitizer solutions toward immobilized or carrier-associated MB systems. In particular,
light-triggered polymer coatings and macromolecular networks loaded with MB have been
developed to prevent or eradicate biofilms on medical devices used in intensive care units
(ICUs) and other high-risk hospital settings.

For example, MB has been incorporated into acrylamide-based diblock copolymers,
producing polymeric MB systems with improved mammalian biocompatibility while
preserving red-light-activated antimicrobial activity against Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus [66]. In another strategy, “swell-encapsulation—shrink”
methods have been used to incorporate MB, alone or together with gold nanoparticles, into
commercial polyvinyl chloride (PVC) and silicone urinary catheters [67,68].

These photoactive polymer matrices are designed to retain the photosensitizer within
the material and minimize leaching into the surrounding aqueous environment. Upon
local red-light irradiation, including irradiation delivered through internal optical fibers,
such systems generate surface-confined singlet oxygen and other ROS [69]. This localized
oxidative activity can damage the extracellular polymeric substance (EPS) matrix, inhibit
microbial adhesion, reduce early biofilm formation, and contribute to the self-disinfection
of the device surface [70].

Thus, MB-mediated aPDT has evolved from a conventional soluble photosensitizer
approach into a broader platform that includes surface-anchored and polymer-integrated
photodynamic biomaterials. This transition is particularly important for the prevention of
hospital-acquired device-associated infections, where local, light-controlled antimicrobial
activity may offer advantages over conventional systemic antimicrobial therapy.

The second phenothiazinium compound discussed in this review is toluidine blue O,
which contains structural features that influence hydrophobicity, membrane interaction,
and antimicrobial photodynamic performance.
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2.1.2. Toluidine Blue O: Lipophilicity, Membrane Binding, and Surface Engineering

Another phenothiazinium dye widely used in antimicrobial and antifungal photody-
namic therapy (aPDT) is toluidine blue O (TBO, Figure 1b). TBO is structurally related to
methylene blue, but it differs in substituent pattern and physicochemical behavior. It ex-
hibits an absorption maximum in the red spectral region, with A_max around 630-635 nm,
which enables excitation with clinically accessible red light and supports its use in superfi-
cial and moderately deep localized infections [71].

Upon irradiation, TBO efficiently generates singlet oxygen (O,), which is considered
one of the main reactive species responsible for its antimicrobial activity [71]. Compared
with MB, TBO shows a slightly different balance between hydrophilicity and lipophilicity.
The presence of alkyl substituents increases its interaction with lipid-rich structures and
influences cellular binding, membrane partitioning, and antimicrobial selectivity [72].

From a biophysical perspective, the high efficacy of TBO against Gram-positive bacte-
ria is strongly associated with its cationic and amphiphilic character. Gram-positive bacteria
possess a thick, porous peptidoglycan layer enriched with anionic teichoic acids. These
negatively charged structures promote the electrostatic attraction of TBO and facilitate its
accumulation within the bacterial cell envelope.

This localization is particularly important for PDT efficacy because singlet oxygen
and other ROS have very short lifetimes and limited diffusion distances. When TBO is
positioned close to the cytoplasmic membrane, light activation results in localized oxidative
damage to membrane lipids, membrane-associated proteins, and cell-wall-associated en-
zymes. Consequently, TBO-mediated aPDT can compromise membrane integrity, disturb
essential metabolic functions, and ultimately lead to bacterial cell death [71].

In antifungal PDT, TBO demonstrates relevant activity against pathogenic Candida
species and dermatophytes [73,74]. The fungal cell wall, composed mainly of chitin, 3-
glucans, and mannoproteins, can act as a binding scaffold for cationic photosensitizers.
This facilitates the retention of TBO near the plasma membrane, where illumination induces
oxidative lipid peroxidation and damage to ergosterol-rich membrane domains.

At comparable irradiation conditions, TBO may show stronger antifungal phototoxic-
ity than MB in selected experimental models. This effect is usually attributed to its favorable
membrane interaction, amphiphilic character, and efficient localization close to lipid-rich
fungal structures [75]. These properties explain why TBO has been widely investigated in
dental disinfection, periodontal therapy, and endodontic canal sterilization [16].

Despite its advantages, TBO shares several limitations with other free molecular phe-
nothiazinium photosensitizers. These include susceptibility to photobleaching, dependence
on local oxygen availability, and limited passive diffusion into dense or mature biofilm
architectures [76]. In biofilms, the extracellular polymeric substance (EPS) matrix can
restrict photosensitizer penetration, reduce homogeneous distribution, and limit contact
between the photosensitizer and microbial membranes.

To overcome these barriers, recent research has increasingly focused on immobilized
and material-integrated TBO systems. In this approach, TBO is no longer used only
as a freely diffusing topical dye, but also as a photoactive component of polymer coat-
ings, cross-linked matrices, and antimicrobial surfaces intended for infection control in
medical environments.

This strategy is particularly relevant for intensive care units (ICUs), surgical settings,
and implant-associated applications, where medical devices can be rapidly colonized by
bacterial and fungal biofilms. TBO has therefore been incorporated into or immobilized on
polymeric materials such as polyurethane, silicone elastomers, and acrylic resins [77]. Such
systems are designed to retain the photosensitizer within the material while preserving its
ability to generate ROS upon illumination.

https:/ /doi.org/10.3390 /micro6020045


https://doi.org/10.3390/micro6020045

Micro 2026, 6, 45

9 of 67

For example, TBO-functionalized polymer coatings have been developed using swell-
encapsulation or related loading strategies for potential application on endotracheal tubes,
catheters, and other medical device surfaces [78]. In these systems, the polymer ma-
trix limits photosensitizer leaching while maintaining local photodynamic activity at the
material-microorganism interface.

When activated by red light, including external irradiation or light delivered through
optical fibers or waveguides, immobilized TBO can generate singlet oxygen directly at
the device surface [79]. This localized ROS production can inhibit microbial adhesion,
damage early EPS formation, and reduce the development of surface-associated biofilms.
Importantly, because the oxidative stress is generated locally and only after irradiation,
such coatings may reduce the need for the continuous release of antimicrobial drugs.

Thus, TBO-mediated aPDT is not limited to conventional liquid formulations used
in oral or dental applications. Its integration into light-activated polymeric biomaterials
expands its potential toward the prevention of hospital-acquired, device-associated in-
fections. In this context, TBO represents both a classical molecular photosensitizer and a
useful photoactive component for the design of self-disinfecting antimicrobial surfaces.

Another strategy for increasing membrane interaction is the structural modification
of phenothiazinium dyes to enhance lipophilicity. This approach is represented by new
methylene blue, which is discussed in the following section.

2.1.3. New Methylene Blue: Enhanced Lipophilicity and Biofilm Penetration

New methylene blue (NMB, Figure 1c) is a structurally modified phenothiazinium
photosensitizer developed to improve lipophilicity and membrane partitioning compared
with conventional methylene blue. This chemical modification significantly influences its
biophysical behavior, increasing its ability to interact with lipid-rich cellular structures and
penetrate microbial biofilms [72].

Like other phenothiazinium derivatives, NMB absorbs strongly in the red spectral
region, with A_max around 629-632 nm. This wavelength range allows effective exci-
tation with red light, which penetrates biological tissues more efficiently than blue or
green light. After photoexcitation, NMB undergoes intersystem crossing to the triplet
excited state (Ty), enabling the efficient generation of singlet oxygen (O,), mainly through
Type II photochemistry.

From a biochemical perspective, the increased hydrophobic character of NMB helps
overcome one of the major limitations of antimicrobial therapy: the diffusion barrier created
by the extracellular polymeric substance (EPS) matrix of mature biofilms [73,74]. Highly
hydrophilic photosensitizers and many conventional antimicrobial agents may be retained
or inactivated in the outer layers of the EPS matrix, resulting in incomplete pathogen
eradication and the survival of tolerant persister cells.

Due to its balanced cationic charge and enhanced lipophilicity, NMB can diffuse more
effectively into dense microbial aggregates than more hydrophilic phenothiazinium dyes.
In vitro and in vivo studies have demonstrated strong NMB-mediated photodynamic ac-
tivity against biofilm-forming pathogens, including Staphylococcus aureus and Pseudomonas
aeruginosa [75].

After accumulation within biofilm structures and bacterial membranes, red-light
irradiation activates NMB and induces localized oxidative damage. This process affects
membrane lipids, membrane-associated proteins, and other essential cellular components,
leading to loss of membrane integrity, biofilm disruption, and microbial cell death.

NMB has also shown promising activity against fungal biofilms, including Candida
biofilms, which are often more resistant to conventional antifungal therapy than planktonic
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fungal cells [76]. In this context, NMB-mediated PDT may be particularly valuable because
ROS can damage both fungal cells and the protective biofilm matrix.

From a translational perspective, NMB represents a useful compromise between
high photodynamic efficacy, improved biofilm penetration, and favorable amphiphilic
properties. Its molecular structure supports strong antimicrobial and antifungal effects
while maintaining relatively low toxicity toward mammalian host cells under controlled
irradiation conditions.

To address the limitations of free molecular photosensitizers, recent research has also
explored the incorporation of NMB into light-triggered polymer coatings and hydrogel-
based delivery systems [80]. This approach is particularly relevant for medical devices used
in intensive care units (ICUs), operating rooms, and other high-risk clinical environments,
where catheters, endotracheal tubes, and central venous lines are frequently colonized by
bacterial and fungal biofilms.

NMB can be incorporated into polymeric matrices, including polyurethane- and
silicone-based materials, using loading or swell-encapsulation strategies [81,82]. These
systems are designed to retain the photosensitizer within the material, reduce uncontrolled
leaching, and preserve local photodynamic activity at the device surface.

Upon stimulation with red light, including external irradiation or light delivered
through optical fibers, NMB-containing polymer surfaces can generate singlet oxygen
and other ROS at the device—fluid interface [83]. This localized oxidative activity may
inhibit microbial adhesion, damage early EPS formation, and reduce the viability of cells
embedded in developing biofilms.

Because of its improved biofilm penetration, NMB may offer advantages over more
hydrophilic dyes in surface-associated infections. However, its efficacy depends on several
parameters, including photosensitizer loading, polymer composition, irradiation dose,
oxygen availability, and the maturity and composition of the biofilm [84]. Therefore, NMB-
based coatings should be regarded as promising light-activated antimicrobial platforms
rather than universal replacements for conventional antimicrobial materials.

Overall, NMB extends the phenothiazinium class from conventional soluble aPDT
toward more advanced biofilm-oriented and surface-integrated photodynamic systems.
This ability to combine membrane affinity, red-light activation, and biofilm penetration
makes NMB an important representative of advanced phenothiazinium photosensitizers.

A similar principle of efficient photodynamic activity combined with selective mi-
crobial damage is also observed in macrocyclic porphyrins, which are discussed in the
following section.

2.2. Porphyrin Photosensitizers
2.2.1. TMPyP: A Tetracationic Porphyrin Model for Antimicrobial PDT

Another important class of photosensitizers used in antimicrobial photodynamic
therapy (aPDT) is represented by cationic porphyrins. Among them, 5,10,15,20-tetrakis(4-
N-methylpyridyl)porphyrin (TMPyP, Figure 2a) is one of the most widely investigated
reference compounds [77].

From a photophysical perspective, TMPyP exhibits an intense Soret band in the blue
spectral region, with A_max around 420—430 nm. This absorption is accompanied by weaker
Q bands extending into the green and red regions of the visible spectrum. As a result,
TMPyP can be activated using blue light, white light, or broader-spectrum irradiation
systems [77,78].

TMPyP is valued for its efficient triplet-state formation and predominant Type II
photochemical behavior. Upon illumination, it generates singlet oxygen (10;), which is
one of the principal cytotoxic species responsible for microbial inactivation [78]. These
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properties make TMPyP a useful model compound for studying the relationship between
porphyrin structure, charge distribution, and antimicrobial photodynamic efficacy.

HO

AN
Figure 2. (a) TMPyP ((5,10,15,20-Tetrakis(4-N-methylpyridyl)porphyrin)), (b) XF-73 (trimethyl-[3-
[4-[15-[4-[3-(trimethylazaniumyl)propoxy]phenyl]-21,23-dihydroporphyrin-5-yl]phenoxy]propyl]
azanium dichloride), (c) PpIX (3-[18-(2-carboxyethyl)-8,13-bis(ethenyl)-3,7,12,17-tetramethylporphyrin-
21,23-diid-2-yl]propanoic acid).

From a biochemical perspective, the tetracationic structure of TMPyP is central to its
antimicrobial activity. The four positively charged N-methylpyridyl substituents promote
strong electrostatic interactions with negatively charged microbial surfaces [79]. This
is particularly important for bacteria and fungi, whose cell envelopes contain anionic
components that can retain cationic photosensitizers near the cell surface.

In Gram-negative bacteria, TMPyP can interact with lipopolysaccharides (LPSs), outer
membrane proteins, and other negatively charged components of the outer envelope [79].
Although the outer membrane usually limits the uptake of many antimicrobial agents,
cationic porphyrins can partially overcome this barrier through electrostatic binding and
self-promoted uptake-like interactions [80]. This promotes photosensitizer accumulation at
the bacterial surface and within the cell envelope.

After light activation, surface-associated TMPyP generates singlet oxygen in close
proximity to lipid bilayers, periplasmic proteins, and membrane-associated enzymes. Be-
cause singlet oxygen has a short lifetime and limited diffusion distance, this localization is
crucial for efficient oxidative damage [80]. The resulting injury to the bacterial envelope
can compromise membrane integrity, disrupt essential enzymatic functions, and lead to
irreversible cell death.

TMPyP also binds effectively to Gram-positive bacteria. Their thick but porous pepti-
doglycan layer and anionic teichoic acids provide favorable binding sites for tetracationic
porphyrins [79,81]. In this case, TMPyP does not necessarily need to enter the cytoplasm to
exert antimicrobial activity. Localization at or near the cell envelope may be sufficient to
induce lethal oxidative damage after illumination [81].

This membrane- and envelope-associated mechanism is especially relevant because
it is not strongly dependent on bacterial metabolic activity. Therefore, TMPyP-mediated
aPDT may remain effective against slow-growing cells, dormant populations, and persister-
like phenotypes that are often less susceptible to conventional metabolism-dependent
antibiotics [81].

TMPyP-mediated aPDT has also been investigated against pathogenic Candida species.
Fungal cells possess a thick carbohydrate-rich cell wall composed of 3-glucans, chitin, and
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mannoproteins. These structures can serve as binding scaffolds for cationic porphyrins and
support photosensitizer retention close to the underlying plasma membrane [82].

Upon illumination, TMPyP-induced singlet oxygen can oxidize ergosterol-rich fungal
membranes, damage cell-wall-associated proteins, and disturb membrane permeability [82].
Because fungal cells generally have lower oxidative stress tolerance than mammalian host
cells, this creates a photodynamic selectivity window. However, this selectivity depends
strongly on photosensitizer concentration, irradiation dose, incubation time, and the local
biological environment.

From a translational perspective, TMPyP represents an important structural model be-
cause it combines high cationic charge density with the favorable photophysical properties
of the porphyrin macrocycle. These features make it particularly useful for overcoming,
at least partially, the permeability barriers of Gram-negative bacteria and for targeting
negatively charged microbial envelopes [77,80].

However, free TMPyP also has limitations. Its strong absorption in the blue region
restricts tissue penetration compared with red- or near-infrared-absorbing photosensitizers.
In addition, free porphyrins may undergo aggregation, nonspecific binding, and reduced
activity in complex biological matrices or mature biofilms [78,81].

Recent research has therefore moved beyond free TMPyP solutions toward photoac-
tive polymer coatings, hydrogels, and macromolecular materials containing cationic por-
phyrins [82]. Such systems are particularly relevant for medical devices used in intensive
care units (ICUs), surgical settings, and implant-associated applications, where central
venous catheters, urinary catheters, and endotracheal tubes are vulnerable to bacterial and
fungal biofilm formation.

In these approaches, TMPyP or related porphyrins may be covalently grafted onto
polymer chains or physically entrapped within polymeric matrices such as polyurethane,
silicone-based materials, or hydrogel networks [82]. The purpose of this immobilization
is to retain the photosensitizer at the material surface, reduce uncontrolled leaching into
biological fluids, and generate ROS locally after illumination.

When activated by appropriate light, surface-associated TMPyP can generate singlet
oxygen directly at the device—fluid or material-microorganism interface [82]. This localized
ROS production may inhibit early bacterial adhesion, damage the extracellular polymeric
substance (EPS) matrix, and reduce biofilm development. Because the oxidative mecha-
nism attacks multiple cellular and extracellular targets simultaneously, the probability of
resistance development remains low.

Thus, TMPyP should be considered not only as a classical soluble cationic porphyrin,
but also as a useful structural platform for the design of photoactive antimicrobial coatings
and light-triggered biomaterials. In this form, it contributes to a broader strategy in which
aPDT is applied not only as a therapeutic intervention, but also as a preventive surface-
based technology for reducing device-associated infections.

Another cationic porphyrin-derived antimicrobial compound with tailored amphiphilic
properties is exeporfinium chloride (XF-73), which is discussed in the following section.

2.2.2. XF-73/Exeporfinium Chloride: A Membrane-Targeted Antimicrobial Porphyrin

In contrast to classical macrocyclic porphyrins such as TMPyDP, exeporfinium chloride
(XF-73, Figure 2b) represents a distinct dicationic synthetic porphyrin derivative developed
specifically for antimicrobial applications [82]. While many conventional porphyrins were
initially optimized for oncological photodynamic therapy, XF-73 was designed to enhance
interactions with bacterial membranes while limiting mammalian cell toxicity.

XF-73 (exeporfinium chloride) is designed for the prevention of post-surgical staphy-
lococcal infections, specifically targeting MRSA and mupirocin-resistant S. aureus in nasal
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decolonization. It is formulated for topical applications, including preventing infections
in surgical wounds and treating superficial bacterial skin conditions. While XF-73 has a
strong Soret absorption band at 420 nm, blue light scatters heavily in biological tissues.
Because of this high scattering and low penetration depth, any cells located beneath the
immediate surface or shaded by tissue structures remain protected from irradiation. This
explains why this approach is limited to superficial treatments [83]. After photoexcitation,
the molecule can populate the triplet excited state (T1), which enables the generation of
singlet oxygen (10,) through Type II photochemistry, and under appropriate conditions,
reactive radical species through Type I pathways [83,84]. From a biochemical point of
view, XF-73 demonstrates rapid binding to bacterial cell membranes, including mem-
branes of multidrug-resistant pathogens such as methicillin-resistant Staphylococcus aureus
(MRSA) [84]. Its dicationic and amphiphilic structure supports interaction with negatively
charged bacterial surfaces and promotes partitioning close to the lipid bilayer.

This membrane-directed localization is central to the antimicrobial mechanism of
XE-73. After light activation, ROS are generated in close proximity to membrane lipids
and membrane-associated proteins. The resulting oxidative damage may cause lipid
peroxidation, membrane depolarization, leakage of intracellular components, and rapid
loss of bacterial viability. An important advantage of XF-73-mediated antimicrobial activity
is that it can be effective under relatively short irradiation times and low light doses,
depending on the experimental model. This is particularly relevant for topical and localized
antimicrobial applications, where treatment time and light exposure must be compatible
with clinical use [85].

XE-73 has also been investigated in the context of biofilm-associated infections. Its
membrane-targeted mechanism may be advantageous in dense microbial communities,
where conventional antibiotics often show reduced efficacy because of limited diffusion,
extracellular polymeric substance (EPS) barriers, and the presence of slow-growing or
tolerant cells. Repeated exposure studies suggest that XF-73 has a low tendency to induce
resistance, which is consistent with the multitarget oxidative mechanism of photodynamic
therapy. Because PDT damages several cellular structures simultaneously, pathogens are
less likely to adapt through a single genetic or enzymatic resistance mechanism [86].

From a safety and translational perspective, XF-73 is attractive because of its local-
ized mode of action and limited dark toxicity toward mammalian cells under controlled
conditions [87]. These properties support its potential use in topical antimicrobial therapy
and localized infection control.

To address the limitations of free molecular photosensitizers, recent research has
explored the integration of XF-73 and related amphiphilic porphyrin derivatives into
polymer coatings, hydrogels, and light-activated antimicrobial surfaces. Such systems
are particularly relevant for medical devices used in intensive care units (ICUs), surgical
settings, and implant-associated procedures, where device-associated infections remain a
major clinical problem. In these material-based approaches, the amphiphilic structure of XF-
73 can support its retention within polymeric matrices such as polyurethane, silicone-based
elastomers, or hydrogel networks. The aim is to maintain local photosensitizer activity at
the device surface while reducing uncontrolled leaching into biological fluids [87].

When illuminated with appropriate light, XF-73-containing polymeric surfaces may
generate singlet oxygen and other ROS directly at the device—fluid interface. This localized
photodynamic activity can reduce microbial adhesion, damage early biofilm structures,
and limit the formation of mature biofilms on medical surfaces [86,87].

Therefore, XF-73 should be considered not only as a soluble antimicrobial photosen-
sitizer, but also as a promising molecular scaffold for the design of surface-bound and
polymer-integrated photodynamic biomaterials. However, the efficacy of such systems
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depends on photosensitizer loading, polymer composition, light dose, oxygen availability,
and the biological complexity of the infection site. In contrast to the synthetic and purpose-
designed structure of XF-73, the next compound discussed in this review, protoporphyrin
IX (PpIX), is an endogenous macrocycle generated within living cells through the heme
biosynthetic pathway.

2.2.3. Protoporphyrin IX: Endogenous Metabolic Pathways and Light-Triggered Activity

Protoporphyrin IX (PpIX, Figure 2c) is an endogenous macrocyclic photosensitizer
and the immediate tetrapyrrolic precursor of heme in the heme biosynthetic pathway [88].

Its endogenous formation, particularly after the administration of precursors such as
5-aminolevulinic acid (ALA), is relevant mainly because it enables in situ photosensitizer
generation and metabolism-dependent accumulation, rather than because endogenous
origin alone guarantees superior biocompatibility. Indeed, many fully synthetic photosen-
sitizers may also show favorable biocompatibility profiles, depending on their chemical
structure, formulation, dose, and clearance. The clearest clinical proof of PpIX in healthy
host tissues is post-treatment skin photosensitivity. Patients must avoid bright light because
PpIX accumulates in the skin and vascular endothelial cells, causing standard phototoxic
burns if exposed.

From a photophysical perspective, PpIX exhibits an intense Soret absorption band
in the near-ultraviolet to blue spectral region, with A_max around 405410 nm [88]. This
absorption is accompanied by weaker Q bands extending into the visible region. The strong
Soret band enables efficient excitation with blue light, whereas the Q bands allow additional
activation at longer visible wavelengths, although with lower absorption intensity.

After photon absorption, PpIX can populate the triplet excited state (T;), which enables
the photochemical generation of reactive oxygen species [89]. PpIX-mediated PDT is mainly
associated with Type II photochemistry, leading to the formation of singlet oxygen (10,),
although other ROS may also contribute depending on the local oxygen concentration and
biological environment [89].

The clinical and biological relevance of PpIX-mediated aPDT is closely related to
differences in porphyrin metabolism between host cells and microbial cells. In mammalian
cells, ferrochelatase catalyzes the insertion of ferrous iron (Fe?*) into PpIX, converting it
into heme [90]. This pathway limits the excessive accumulation of photoreactive PpIXin
healthy host tissues and contributes to the relatively favorable safety profile of metabolism-
driven PDT.

In contrast, several pathogenic microorganisms can accumulate PpIX or PpIX-related
porphyrins more efficiently because of differences in heme biosynthesis, iron metabolism, or
ferrochelatase activity [90]. This selective accumulation is particularly relevant when PpIX
is generated endogenously after the administration of precursors such as 5-aminolevulinic
acid (ALA). In such systems, the photosensitizer is formed in situ rather than delivered
only as a preformed external molecule.

After light exposure, accumulated PpIX generates ROS close to cellular envelopes,
membranes, and intracellular targets [91]. This can lead to lipid peroxidation, oxidation
of membrane-associated proteins, disruption of cell-wall integrity, and damage to nucleic
acids. Because these effects occur simultaneously at multiple sites, PpIX-mediated aPDT
can reduce microbial viability without relying on a single metabolic target.

PpIX-mediated photodynamic activity has been reported against Gram-positive bacte-
ria and fungal pathogens, including Candida species [91]. Its localization within lipid-rich
regions and cellular envelopes supports membrane-associated oxidative damage. However,
the effectiveness of PpIX-mediated aPDT depends strongly on precursor uptake, intracellu-
lar conversion to PpIX, oxygen availability, irradiation wavelength, and light dose.
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As with many porphyrin-based photosensitizers, a practical limitation of PpIX is the
mismatch between its strongest absorption band and the optical window most favorable for
deeper tissue treatment. PpIX exhibits an intense Soret band in the near-ultraviolet/blue
region, whereas its longer-wavelength Q) bands are weaker. Therefore, PpIX-based antimi-
crobial applications are particularly relevant for settings in which light can be delivered
directly to the target site, such as superficial, topical, mucosal, wound-related, or surface-
associated infections, rather than for deeply located infections [88,89].

Beyond its role as a soluble or metabolism-generated photosensitizer, PpIX has also
been investigated in photoactive biomaterials, including polymeric coatings and tissue-
engineering scaffolds [92]. These systems aim to immobilize or retain PpIX within a
material, reduce uncontrolled leaching, and enable local ROS generation after illumination.

In the context of light-accessible medical-device surfaces, PpIX-containing coatings
may be useful for limiting microbial adhesion and early biofilm formation on surfaces such
as catheters, endotracheal tubes, wound dressings, or implant-associated materials [92].
Here, “medical-device surfaces” refers to device-associated materials that can be illumi-
nated during use, maintenance, dressing exchange, or perioperative handling. When
illuminated with appropriate light, immobilized PpIX can generate singlet oxygen at
the material-microorganism interface, leading to localized oxidative stress without the
continuous release of conventional antimicrobial drugs.

The effectiveness of such PpIX-based coatings depends on the method of immobi-
lization, photosensitizer loading, polymer hydrophobicity, oxygen diffusion through the
material, and the intensity and penetration depth of the activating light. Therefore, these
systems should be described as promising local photodynamic biomaterials, rather than as
universally superior replacements for antibiotic-eluting materials.

Overall, PpIX represents a clinically relevant endogenous photosensitizer that links
antimicrobial PDT with metabolism-driven selectivity, fluorescence-guided detection, and
localized photodynamic inactivation. Its main advantages include endogenous formation,
theranostic potential, and selective accumulation under appropriate biological conditions.
Its main limitations include shallow blue-light penetration and dependence on metabolic
conversion or local accumulation.

The next compound discussed in this review is deuteroporphyrin, a porphyrin deriva-
tive with structural modifications that influence hydrophobicity, metal coordination, and
antimicrobial photodynamic performance.

2.2.4. Deuteroporphyrin: A Structural Porphyrin Model for Photodynamic Applications

Deuteroporphyrin (Figure 3a) is a semisynthetic dicarboxylic tetrapyrrole derived
from naturally occurring heme-related porphyrins [93]. Structurally, it differs from proto-
porphyrin IX by the absence of vinyl groups at the C2 and C4 positions of the porphyrin
macrocycle. These structural modifications influence its hydrophobicity, aggregation be-
havior, and interaction with biological membranes.

From a photophysical perspective, deuteroporphyrin exhibits an intense Soret absorp-
tion band near 398 nm, accompanied by several Q bands extending through the visible
region [93]. These Q bands extend into the red region, although, as is typical for porphyrins,
their absorption intensity is lower than that of the Soret band. After photoexcitation, the
molecule can undergo intersystem crossing to the triplet excited state (T1), which enables
the generation of reactive oxygen species under appropriate irradiation conditions [94].

Deuteroporphyrin-mediated photodynamic activity is mainly associated with Type II
photochemistry and singlet oxygen (O,) generation [94]. This makes it a useful reference
porphyrin for studying how macrocycle structure, peripheral substituents, hydrophobicity,
and aggregation state influence photodynamic efficiency.
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Figure 3. (a) Deuteroporphyrin (3-[18-(2-carboxyethyl)-3,8,13,17-tetramethyl-22,23-dihydroporphyrin-
2-yl]propanoic acid), (b) Chlorin e6 ((17S,185)-18-(2-carboxylatoethyl)-20-(carboxylatomethyl)-12-
ethenyl-7-ethyl-3,8,13,17-tetramethyl-17,18,22,23-tetrahydroporphyrin-2-carboxylate), (c) trisodium
salts of chlorin e6.

From a biochemical point of view, the dicarboxylic peripheral structure of deutero-
porphyrin supports interactions with microbial cell envelopes and lipid-rich membrane
domains [95]. Its amphiphilic character may facilitate partial partitioning into biological
membranes, positioning the photosensitizer close to targets that are highly vulnerable to
short-lived ROS.

In bacterial cells, light activation of membrane-associated deuteroporphyrin can in-
duce oxidative damage to membrane lipids and membrane-associated proteins [95]. This
may lead to altered membrane permeability, disruption of ion gradients, inhibition of
transport processes, and progressive loss of cell viability.

A similar mechanism may occur in fungal cells, where deuteroporphyrin-mediated
ROS can damage ergosterol-containing membranes and cell-wall-associated components [95].
However, compared with more widely used cationic porphyrins or clinically oriented chlo-
rins, deuteroporphyrin is more often applied as an experimental or mechanistic reference
compound than as a routine therapeutic photosensitizer.

Its value therefore lies mainly in structure—function studies. Deuteroporphyrin pro-
vides a useful example of how specific peripheral modifications of a porphyrin macrocycle,
such as removal of the vinyl groups present in PpIX, may influence physicochemical prop-
erties relevant to photodynamic activity, including hydrophobicity, aggregation behavior,
membrane interaction, and ROS-mediated antimicrobial effects [93,94]. However, con-
clusions about general structure-activity relationships within the porphyrin class require
comparison with additional porphyrin derivatives rather than reliance on deuteropor-
phyrin alone.

Although porphyrin-containing coatings, hydrogels, and surface-functionalized bio-
materials are being explored as material-based antimicrobial PDT platforms [96], the present
section does not propose the routine coating of catheters, tubes, or dressings specifically
with deuteroporphyrin. Rather, deuteroporphyrin is discussed here primarily as a pho-
tosensitizing porphyrin used in experimental studies and as a structural comparator to
PpIX. Its carboxylic acid groups could, in principle, support conjugation to polymer chains
or surface linkers, but any translation into device coatings would require direct evidence
of immobilization stability, light-accessible ROS generation, antimicrobial efficacy, and
biocompatibility under device-relevant conditions.

Such immobilization strategies are relevant for the development of light-activated
antimicrobial surfaces on catheters, endotracheal tubes, wound dressings, or implant-
associated materials [96]. In these systems, the goal is to generate ROS locally at the
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material-microorganism interface while reducing uncontrolled photosensitizer release into
surrounding biological fluids.

When appropriately illuminated, surface-bound deuteroporphyrin can generate sin-
glet oxygen near the colonized interface [96]. This localized oxidative activity may inhibit
microbial adhesion, damage early extracellular polymeric substance (EPS) formation, and
reduce biofilm development. However, the efficacy of such systems depends on the density
of immobilized photosensitizer, polymer composition, oxygen diffusion, light penetration,
and long-term photostability.

Importantly, immobilization can reduce photosensitizer aggregation if the molecules
are spatially separated within the polymer network. This may help preserve singlet oxygen
generation over repeated irradiation cycles. Nevertheless, excessive immobilization density
may produce self-quenching, whereas insufficient loading may reduce antimicrobial activity.
Therefore, material design must balance photosensitizer loading, accessibility to oxygen,
and proximity to microbial targets.

Overall, deuteroporphyrin should be presented primarily as a structurally informative
porphyrin derivative and a potential building block for photoactive antimicrobial materials,
rather than as a broadly established standalone clinical antimicrobial photosensitizer. Its
main strengths are photochemical predictability, chemical functionality for conjugation,
and usefulness in structure—activity studies.

Another group of tetrapyrrolic photosensitizers with absorption shifted toward longer
and more tissue-penetrating wavelengths is represented by chlorins. Among them,
chlorin e6 is one of the most widely investigated compounds and is discussed in the
following section.

2.3. Chlorins and Phthalocyanines
2.3.1. Chlorin e6: Red-Light Activation and Antimicrobial Phototoxicity

Chlorin e6 (Ce6, Figure 3b) is a second-generation macrocyclic photosensitizer derived
from chlorophyll a degradation products [97]. It is one of the most widely investigated
chlorin-based compounds in antimicrobial photodynamic therapy (aPDT), mainly because
its photophysical properties are more favorable than those of many first-generation por-
phyrins. From a photophysical perspective, Ce6 exhibits strong absorption in the red
spectral region, with A_max around 660-670 nm, which is advantageous because red light
penetrates biological tissues more effectively than blue or green light [97]. After red-light ex-
citation, Ce6 can efficiently populate the triplet excited state (T1), supporting the generation
of reactive oxygen species. Ce6-mediated PDT is predominantly associated with Type II
photochemistry and the production of singlet oxygen (1O,), although Type I processes may
also contribute depending on oxygen availability and the local biological environment [98].

From a biochemical point of view, Ce6 contains three peripheral carboxylic acid groups,
which give the molecule a moderately amphiphilic and predominantly anionic character
at physiological pH [99]. This distinguishes Ce6 from cationic phenothiazinium dyes and
tetracationic porphyrins, whose antimicrobial activity is largely driven by electrostatic
attraction to negatively charged microbial envelopes. Despite its anionic character, Ce6
can accumulate in microbial structures through amphiphilic interactions and partitioning
into lipid-rich domains. This is particularly relevant for Gram-positive bacteria and fungal
cells, where the cell envelope and membrane architecture support close photosensitizer
localization near vulnerable oxidative targets. In fungal systems, Ce6 can associate with
ergosterol-containing membranes, which are highly susceptible to oxidative lipid dam-
age [100]. After illumination, membrane-associated Ce6 generates singlet oxygen close to
the plasma membrane, leading to lipid peroxidation, altered membrane permeability, loss
of membrane potential, and leakage of intracellular components.
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Ce6-mediated aPDT has shown activity against both planktonic and biofilm forms
of clinically relevant microorganisms, including Staphylococcus aureus, Enterococcus spp.,
Escherichia coli, and Candida species [100,101]. Its activity against biofilms is particularly
important because biofilm-associated infections are often less responsive to conventional
antimicrobial therapy. However, the activity of free Ce6 may be limited by aggregation,
heterogeneous distribution, reduced penetration into mature extracellular polymeric sub-
stance (EPS) matrices, and local oxygen depletion [101]. These limitations are especially
relevant in dense biofilms, where photosensitizer localization and oxygen diffusion strongly
determine photodynamic efficacy.

From a translational perspective, Ce6 is attractive because it combines red-light ac-
tivation, efficient ROS generation, and relatively low dark toxicity toward mammalian
cells under controlled conditions [102]. Its longer-wavelength absorption is advantageous
because red light is less strongly scattered and penetrates tissue more effectively than
blue or near-UV light, although the achievable depth still depends on tissue type, optical
properties, and irradiation parameters. To overcome the limitations of free Ce6, recent
research has increasingly focused on Ce6-loaded or Ce6-functionalized delivery platforms,
including polymer coatings, hydrogels, nanoparticles, and layer-by-layer assemblies.

In light-accessible antimicrobial material applications, Ce6 can be physically embedded
or chemically linked to polymeric matrices such as polyurethane, silicone-based materials,
hydrogel networks, or polyelectrolyte multilayers. The aim of this strategy is to generate
photodynamic activity at the material-microorganism interface while limiting uncontrolled
photosensitizer leaching into surrounding biological fluids.

When illuminated with red light, immobilized or matrix-associated Ce6 can gener-
ate singlet oxygen in the illuminated regions where Ce6, molecular oxygen, and light
overlap, including at or near the material-microorganism interface. This localized ROS
generation can inhibit microbial adhesion, damage early EPS formation, and reduce the
viability of cells embedded in developing biofilms [101,102]. Overall, Ce6 represents one
of the most important chlorin photosensitizers for antimicrobial and antifungal PDT. Its
main advantages include red-light absorption, strong singlet oxygen generation, relatively
low dark toxicity, and compatibility with advanced delivery systems. Its main limitations
include aggregation, reduced efficacy under hypoxic or poorly oxygenated conditions, and
reduced efficacy in poorly penetrable biofilms when used as a free molecular photosensi-
tizer. Because molecular oxygen is required for Type II photochemistry, oxygen availability
should be considered a treatment-limiting condition rather than an inherent disadvantage
of Ceb6 itself.

Another chlorin-based formulation with optimized pharmaceutical stability and clin-
ical relevance is Radachlorin, a clinically used chlorin-based formulation composed of
a mixture of chlorins and related structures, which is discussed in the following section.
Rather than being a single chlorin molecule with entirely distinct photochemical prin-
ciples, Radachlorin is distinguished mainly by its defined pharmaceutical formulation,
composition, stability, and clinical use profile.

2.3.2. Radachlorin: A Clinically Relevant Chlorin-Based Formulation

Radachlorin is a multi-component chlorin-based pharmaceutical formulation com-
posed mainly of sodium salts of chlorin e6 (Figure 3c), chlorin p6 (Figure 4a), and purpurin 5
(Figure 4b) [103]. The photophysical behavior of these components is closely related to that
of chlorin e6; however, their combined formulation improves aqueous solubility, stability,
and pharmaceutical handling compared with many unformulated hydrophobic macrocy-
cles [103,104]. Radachlorin absorbs strongly in the red spectral region, with A_max around
660-670 nm, which allows for activation with tissue-penetrating red light [104]. After
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irradiation, its chlorin components populate the triplet excited state (T1), leading mainly to
Type II photochemistry and the generation of singlet oxygen (10,), although Type I radical
pathways may also contribute under specific local conditions [104,105].

OH
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Figure 4. (a) Chlorin p6 ((17S,185)-18-(2-carboxyethyl)-12-ethenyl-7-ethyl-3,8,13,17-tetramethyl-
17,18,22,23-tetrahydroporphyrin-2,20-dicarboxylic acid), (b) Purpurin 5 ((175,185)-18-(2-
carboxyethyl)-12-ethenyl-7-ethyl-20-(hydroxymethylidene)-3,8,13,17-tetramethyl-18,23-dihydro-
17H-porphyrin-2-carboxylic acid), (c¢) Zinc Phthalocyanine (ZnPc) (zinc 2,11,20,37,38,39-
hexaza-29,40-diazanidanonacyclo [28.6.1.13,10.112,19.121,28.04,9.013,18.022,27.031,36]tetraconta-
1,3,5,7,9,11,13,15,17,19(39),20,22,24,26,28(38),30(37),31,33,35-nonadecaene).

From a biochemical perspective, Radachlorin can associate with microbial envelopes
and lipid-rich membrane domains because of the amphiphilic character of its chlorin com-
ponents [105]. In antimicrobial photodynamic therapy (aPDT), this localization is important
because ROS have short lifetimes and limited diffusion distances. After red-light activation,
membrane-associated Radachlorin can induce lipid peroxidation, protein oxidation, loss of
membrane integrity, and disruption of essential cellular functions. Experimental studies
have shown activity against clinically relevant Gram-positive bacteria, including resistant
Staphylococcus strains, as well as fungal pathogens such as Candida species [106]. In fungal
cells, Radachlorin-mediated PDT may damage the cell wall, ergosterol-containing plasma
membrane, and intracellular organelles, including mitochondria [106,107].

Radachlorin has also been investigated in the context of biofilm-associated infec-
tions, where conventional antimicrobial therapy is often limited by poor penetration,
EPS-mediated protection, and the presence of slow-growing cells [107]. Its red-light ac-
tivation and chlorin-based ROS generation make it relevant for localized infections and
surface-associated microbial communities. However, as with other molecular photosensitiz-
ers, the efficacy of free Radachlorin can be reduced by heterogeneous distribution, oxygen
limitation, and restricted diffusion into mature biofilm structures [107,108]. Therefore,
formulation and delivery strategies remain essential for improving its antimicrobial and
antifungal performance.

From a translational point of view, Radachlorin is especially interesting because
chlorin-based PDT has already been clinically explored in oncological and other medi-
cal contexts, providing a useful safety and implementation background for further anti-
infective development [108]. Its relatively low dark toxicity, compatibility with red-light
lasers and LEDs, and improved solubility compared with many hydrophobic chlorins sup-
port its potential for localized antimicrobial PDT. Nevertheless, its use as an anti-infective
agent still requires the optimization of dose, irradiation parameters, formulation stability,
and target-specific delivery.

Recent material-based strategies have therefore explored Radachlorin and related
chlorin systems in photoactive polymeric matrices, hydrogel coatings, and surface-
functionalized antimicrobial materials [109]. In light-accessible antimicrobial material
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applications, chlorin photosensitizers can be physically entrapped, electrostatically associ-
ated, or chemically immobilized within polyurethane, silicone-based materials, hydrogel
networks, or related polymeric platforms. Such systems aim to retain the photosensitizer
at the illuminated material surface, reduce uncontrolled leaching, limit host exposure,
and generate ROS locally after illumination. When activated with red light, Radachlorin-
containing coatings generate singlet oxygen and other ROS in illuminated regions where
the chlorin photosensitizer, molecular oxygen, and activating light overlap, including at or
near the material-fluid or material-microorganism interface. This localized photodynamic
activity can reduce microbial adhesion, damage early extracellular polymeric substance
(EPS) formation, and suppress biofilm development [109]. Overall, Radachlorin represents
a clinically relevant chlorin formulation that combines red-light activation, improved phar-
maceutical properties, and potential compatibility with advanced delivery systems and
photoactive biomaterials.

In line with the development of photosensitizers optimized for longer-wavelength tis-
sue penetration, the next group discussed in this review is represented by phthalocyanines,
synthetic macrocycles with absorption shifted further toward the red and near-infrared
spectral regions.

2.3.3. Zinc Phthalocyanine (ZnPc): Red/NIR Absorption and
Formulation-Dependent Activity

Zinc phthalocyanine (ZnPc, Figure 4c) belongs to the class of second-generation macro-
cyclic photosensitizers characterized by an extended, planar m-conjugated heteroaromatic
ring system [110]. This expanded electronic structure shifts its main absorption band
toward the red and near-infrared spectral region, with A_max around 670-690 nm [110,111].
This spectral range is highly advantageous for photodynamic therapy because red and
near-infrared light penetrate biological tissues more effectively than shorter wavelengths.
The presence of the central Zn?* ion supports efficient intersystem crossing and triplet-state
formation (T;), which enables Type II photochemistry and the generation of singlet oxygen
(10 [111].

From a biochemical and formulation perspective, the main limitation of ZnPc is its
strong hydrophobicity and high tendency to self-aggregate in aqueous biological environ-
ments [112]. Aggregation through 7— stacking can cause self-quenching of excited states,
reduce triplet-state formation, and decrease singlet oxygen production. Therefore, ZnPc
usually requires formulation in liposomes, polymeric nanoparticles, micelles, or other car-
rier systems to maintain the photosensitizer in a monomeric and photodynamically active
state [112,113]. Once appropriately delivered, ZnPc can partition into lipid-rich microbial
membranes, where light activation generates ROS close to essential cellular targets. This
leads to lipid peroxidation, oxidation of membrane-associated proteins, loss of membrane
integrity, and reduced microbial viability [113].

ZnPc-mediated aPDT has shown activity against Gram-positive bacteria, selected
Gram-negative bacteria, and fungal pathogens, particularly when suitable formulation
strategies are used [114]. In fungal systems, ZnPc-induced oxidative damage is especially
relevant for ergosterol-rich membranes, which are highly sensitive to lipid peroxidation.
ZnPc formulations have also been investigated against biofilms, where carrier design can
improve photosensitizer penetration, reduce aggregation, and enhance contact with cells
embedded in the extracellular polymeric substance (EPS) matrix [114,115]. However, the
final antimicrobial outcome depends strongly on ZnPc formulation, particle or carrier size,
surface charge, oxygen availability, irradiation wavelength, and the maturity of the biofilm.

From a translational point of view, ZnPc has considerable potential because it com-
bines strong red /NIR absorption, high photostability, and efficient ROS generation [116].
At the same time, its clinical and antimicrobial application depends on overcoming hy-
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drophobicity, aggregation, and limited aqueous bioavailability. Recent material-based
strategies therefore focus on incorporating ZnPc into polymeric coatings, hydrogel net-
works, elastomeric matrices, and nanostructured delivery systems [116,117]. In medical-
device applications, ZnPc can be embedded within hydrophobic polymer domains or
chemically linked to polymer chains, which helps retain the photosensitizer in the ma-
terial and reduces uncontrolled leaching into biological fluids. When illuminated with
red or near-infrared light, these ZnPc-containing surfaces can generate singlet oxygen at
the device—fluid interface, limiting microbial adhesion, damaging early EPS formation,
and reducing biofilm development [117]. Overall, ZnPc should be presented as a highly
promising but formulation-dependent photosensitizer: its photophysical properties are
excellent, but its biological performance depends on maintaining monomeric dispersion,
efficient oxygen access, and close localization to microbial targets.

In line with the development of phthalocyanine frameworks designed to reduce ag-
gregation while preserving macrocyclic photophysics, the next compound discussed in this
review is cationic aluminum phthalocyanine (AIPcN), which contains a central aluminum
core and positively charged peripheral groups that modify interfacial binding behavior.

2.3.4. Cationic Aluminum Phthalocyanines: Interfacial Electrostatics and Light-Activated

Cationic aluminum phthalocyanines (AIPcN, Figure 5a) represent an important second-
generation subclass of macrocyclic photosensitizers designed to improve antimicrobial
activity through surface-charge engineering [118]. The introduction of quaternary am-
monium or pyridinium groups into the peripheral phthalocyanine structure gives these
compounds a permanent positive charge, which promotes electrostatic interactions with
negatively charged bacterial cell walls, fungal cell envelopes, and biofilm extracellular
matrices [118,119]. This feature distinguishes cationic AIPcN derivatives from neutral or
anionic phthalocyanines, which may show weaker microbial binding and reduced uptake.
From a photophysical perspective, AIPcN retains the advantages of the extended phthalo-
cyanine macrocycle, including strong absorption in the red and near-infrared spectral
region, with A_max around 680 nm [120]. This wavelength range is beneficial for antimicro-
bial PDT because red/NIR light penetrates biological tissues more effectively than blue
or green light. The centrally coordinated AI** ion stabilizes the macrocyclic structure and
supports efficient intersystem crossing to the triplet excited state (T7), enabling effective
singlet oxygen (10,) generation under illumination [120,121].
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Figure 5. (a) Aluminum phthalocyanines (AIPcN) (aluminum 2,11,20,29,37,38-hexaza-39,40-
diazanidanonacyclo [28.6.1.1310.11219 121,28 4.9 313,18 (122,27 13136 ]tetraconta-1,3,5,7,9,11,13,15,17,19,
21(38),22,24,26,28,30(37),31,33,35-nonadecaene), (b) Erythrosine B (3',6'-dihydroxy-2'4',5',7'-
tetraiodospiro [2-benzofuran-3,9’-xanthene]-1-one), (c) Rose Bengal (dipotassium;2,3,4,5-tetrachloro-
6-(2,4,5,7-tetraiodo-3-oxido-6-oxoxanthen-9-yl)benzoate).

From a biochemical point of view, the cationic character of AIPcN supports rapid bind-
ing to microbial envelopes and increases local photosensitizer concentration at membrane-
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associated targets [121]. After light activation, AIPcN generates singlet oxygen and other
reactive oxygen species close to bacterial membranes, cell-wall components, and membrane-
associated proteins. This localized oxidative stress can induce lipid peroxidation, membrane
depolarization, permeability changes, enzyme inactivation, and microbial cell death [122].
In fungal systems, AIPcN-mediated PDT can damage the carbohydrate-rich cell wall and
the underlying ergosterol-containing plasma membrane, leading to loss of membrane
integrity and reduced fungal viability [123-125]. The selectivity of this process is sup-
ported by differences between microbial and mammalian cell envelopes. Bacterial and
fungal surfaces are generally more anionic than mammalian plasma membranes, while
mammalian cells also possess more developed antioxidant defense systems. As a result,
properly optimized AIPcN-mediated PDT can provide strong antimicrobial and antifungal
activity with limited dark toxicity toward host cells [126,127].

AlPcN derivatives are particularly relevant for biofilm-associated infections because
their positive charge may improve interaction with the negatively charged extracellular
polymeric substance (EPS) matrix [128]. However, the same EPS matrix can also restrict
penetration when the photosensitizer is too strongly sequestered in the outer biofilm layers.
Therefore, effective AIPcN-based aPDT depends on the balance between electrostatic bind-
ing, diffusion, photosensitizer aggregation, oxygen availability, and light penetration [129].
To overcome these limitations, AIPcN has been investigated in delivery systems such
as polymeric nanoparticles, liposomes, micelles, hydrogels, and surface-functionalized
coatings [130-132]. These platforms can improve dispersion, reduce self-aggregation, pro-
tect the photosensitizer from premature deactivation, and increase contact between AIPcN
and microbial targets.

Recent material-based approaches have also explored AlPcN incorporation into light-
activated antimicrobial surfaces, including polymer coatings, layer-by-layer polyelectrolyte
assemblies, hydrogel networks, and medical-device interfaces [133-136]. In these systems,
AIPcN can be electrostatically assembled with negatively charged polymers or covalently
linked to functionalized matrices such as polyurethane, silicone-based elastomers, or hydro-
gel scaffolds. The aim is to retain the photosensitizer at the material surface, reduce uncon-
trolled leaching into biological fluids, and generate ROS locally after illumination [136,137].
When activated with red or NIR light, immobilized AlPcN can produce singlet oxygen
at the device—fluid interface, where it may inhibit microbial adhesion, damage early EPS
formation, and reduce surface-associated biofilm development [138,139]. Overall, AIPcN
should be considered a highly promising cationic phthalocyanine platform for antimicrobial
and antifungal PDT. Its main advantages include red/NIR absorption, high singlet oxygen
generation, strong microbial surface binding, and compatibility with coating or delivery
technologies. Its main limitations include possible aggregation, oxygen dependence, and
the need for careful optimization of charge density, loading, and material architecture [140].

Having completed the discussion of tetrapyrrolic macrocycles, the next section focuses on
xanthene photosensitizers, with erythrosine B serving as the first representative compound.

2.4. Xanthene Photosensitizers
2.4.1. Erythrosine B: lodinated Xanthene Photosensitizer for Superficial Antimicrobial PDT

Erythrosine B (Figure 5b) is an iodinated xanthene dye that has historically been used
as a food colorant, dental plaque-disclosing agent, and diagnostic stain. Beyond these
conventional applications, it has attracted considerable attention as a photosensitizer for an-
timicrobial photodynamic therapy (aPDT), particularly in dental, dermatological, mucosal,
and superficial infection models. Its clinical relevance results from the combination of low
cost, broad availability, visible-light activation, relatively low dark toxicity, and efficient
production of reactive oxygen species after illumination.
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From a photophysical perspective, erythrosine B absorbs mainly in the green region of
the visible spectrum, with an absorption maximum at approximately 520-530 nm [128,129].
This spectral profile makes it compatible with inexpensive and widely available green-
light LEDs. Although green light penetrates tissue less deeply than red or near-infrared
light, it is sufficient for many superficial antimicrobial applications, including oral biofilms,
infected mucosal surfaces, dermatological lesions, and device-accessible sites. Therefore,
erythrosine B is particularly suitable for topical or surface-confined PDT rather than deeply
located infections.

The photodynamic activity of erythrosine B is strongly influenced by the presence of
iodine atoms in the xanthene scaffold. These heavy atoms enhance spin—orbit coupling and
promote efficient intersystem crossing from the excited singlet state to the triplet state. As a
consequence, erythrosine B shows a high triplet-state yield and efficiently generates singlet
oxygen through a predominantly Type II photochemical pathway [130,131]. Under hypoxic,
reducing, or highly protein-rich microenvironments, Type I electron-transfer reactions may
also contribute to the formation of radical species and other reactive oxygen species [132].
This dual photochemical potential is relevant for infected tissues and biofilms, where
oxygen availability may be heterogeneous.

The antimicrobial effect of erythrosine B is largely determined by its localization close
to microbial cell envelopes. Because singlet oxygen has a short lifetime and limited dif-
fusion distance, oxidative damage occurs mainly in the immediate vicinity of the bound
photosensitizer. Erythrosine B can associate with cell-surface components, membrane
proteins, and extracellular biofilm structures. After illumination, locally generated singlet
oxygen oxidizes membrane lipids, amino acid residues in proteins, and components of
the extracellular polymeric substance matrix [133,134]. These reactions compromise mem-
brane integrity, disturb enzymatic activity, increase permeability, and can lead to rapid
microbial inactivation.

Erythrosine B has shown particularly strong activity against Gram-positive bacteria.
This susceptibility is commonly attributed to the relatively porous peptidoglycan wall,
favorable dye binding, and easier access of reactive oxygen species to membrane-associated
targets [133,136]. In Gram-negative bacteria, the outer membrane can limit photosensitizer
access; however, photodynamic inactivation may still be achieved when irradiation param-
eters, incubation time, formulation, or permeability-enhancing strategies are optimized.
In this context, erythrosine B may be especially useful against oral and surface-associated
mixed microbial communities, where direct illumination and local dye application are
technically feasible.

Antifungal activity is also an important aspect of erythrosine B-mediated PDT. The dye
has demonstrated photodynamic effects against Candida species, including biofilm-forming
strains [138]. In fungal cells, the carbohydrate-rich cell wall can provide binding sites for
the dye, while the underlying ergosterol-rich plasma membrane is highly vulnerable to
singlet oxygen-mediated lipid peroxidation. Oxidative damage to ergosterol-containing
membranes may result in altered permeability, protein oxidation, metabolic disruption,
and loss of fungal viability. This is particularly relevant because Candida biofilms often
exhibit reduced susceptibility to conventional antifungal agents.

The selectivity of erythrosine B-mediated aPDT depends on differences in photosensi-
tizer binding, cellular uptake, membrane composition, and antioxidant defense capacity
between microbial and mammalian cells [135,137]. Microbial cells generally show stronger
surface binding and lower redox-buffering capacity, whereas mammalian cells possess
more developed antioxidant systems and usually exhibit lower dye accumulation under
controlled topical conditions. These differences contribute to a useful therapeutic window,
although selectivity remains dose-, light-, oxygen-, and formulation-dependent.
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An additional advantage of erythrosine B is its low dark toxicity, which supports its
use in localized antimicrobial applications [139,140]. However, several limitations should
also be considered. Its activation by green light restricts its use mainly to superficial or
optically accessible infections. Moreover, its activity may be reduced in thick mature
biofilms because of heterogeneous dye penetration, oxygen gradients, and shielding by
extracellular polymeric substances. Photobleaching may also occur during prolonged
illumination, reducing the amount of active photosensitizer available for ROS generation.
Therefore, the therapeutic effect of erythrosine B depends strongly on photosensitizer
concentration, incubation time, irradiation fluence, oxygen availability, and the structural
organization of the target biofilm.

From a translational perspective, erythrosine B is attractive because it is inexpensive,
chemically well-characterized, and already used in food, pharmaceutical, and dental
contexts. These features may facilitate the further development of erythrosine B-based PDT
for topical antimicrobial, antifungal, dental, and dermatological applications. In addition
to free-dye formulations, erythrosine B can also be incorporated into hydrogels, polymeric
films, dental materials, or surface coatings to improve local retention and enable controlled,
light-triggered antimicrobial activity. Such material-based systems may be useful for
preventing microbial colonization on oral, wound-related, or device-associated surfaces.

Overall, erythrosine B should be regarded as a practical xanthene photosensitizer for
superficial and surface-confined antimicrobial PDT. Its main advantages include efficient
singlet oxygen generation, low dark toxicity, compatibility with inexpensive green-light
sources, and relevance for oral and topical infections. Its main limitations are limited tissue
penetration at green wavelengths, possible photobleaching, and reduced efficacy in deeply
located or mature biofilm-associated infections. The next representative of this class is Rose
Bengal, another halogenated xanthene dye with a high singlet oxygen yield and broad
antimicrobial activity.

2.4.2. Rose Bengal: Halogenated Xanthene Photosensitizer with High Singlet Oxygen Yield

Rose Bengal (Figure 5c¢) is a well-established and widely studied halogenated xanthene-
based photosensitizer used in antimicrobial and antifungal photodynamic therapy. It
demonstrates strong absorption in the green region of the visible spectrum, with the
wavelength of maximum absorbance (A_max) around 540-550 nm, and efficiently generates
singlet oxygen (1O) after light activation [141]. Although this absorption profile limits
tissue penetration compared with red-light-activated photosensitizers, it remains suitable
for localized, superficial, and surface-accessible antimicrobial applications. The high
photodynamic efficiency of Rose Bengal is closely related to its molecular structure. The
presence of multiple iodine and chlorine atoms enhances spin-orbit coupling through the
heavy-atom effect, which promotes efficient intersystem crossing and triplet-state formation.
As aresult, a large fraction of absorbed photons is converted into triplet-state excitation,
leading predominantly to Type II photochemistry and high singlet oxygen production [141].

From a microbiological perspective, Rose Bengal demonstrates broad-spectrum photo-
dynamic activity against Gram-positive and Gram-negative bacteria, including methicillin-
resistant Staphylococcus aureus (MRSA), Enterococcus faecalis, Escherichia coli, Pseudomonas
aeruginosa, Bacillus subtilis, and Salmonella spp. [142]. It has also shown activity against
fungal pathogens and enveloped viruses [143-145]. Its antimicrobial effect is mainly as-
sociated with the localized generation of singlet oxygen near the microbial envelope. In
bacterial cells, Rose Bengal can associate with the cell envelope, where photoinduced
10, causes oxidative damage to membrane lipids, membrane-associated proteins, and
cell-wall components. This leads to the disruption of membrane integrity, loss of cellular
homeostasis, enzyme inactivation, and ultimately, microbial cell death [146-148]. In biofilm
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systems, Rose Bengal-mediated PDT may also oxidize extracellular polymeric substances,
including proteins and polysaccharide-rich matrix components, thereby weakening biofilm
architecture and increasing microbial susceptibility to oxidative damage [146-148].

In antifungal photodynamic therapy, Rose Bengal has shown efficacy against Candida
albicans, non-albicans Candida species, and filamentous fungi [138]. Its antifungal activity
is strongly associated with oxidative damage to the fungal cell wall and the ergosterol-
containing plasma membrane. Because ergosterol-rich membranes are particularly sen-
sitive to singlet oxygen-mediated lipid peroxidation, Rose Bengal irradiation can cause
irreversible membrane damage, altered permeability, and loss of fungal viability [149]. In
addition, fungal cells generally show lower antioxidant capacity and delayed detoxification
compared with mammalian cells, which can contribute to selective phototoxicity under
optimized treatment conditions [150].

Despite its high photodynamic efficacy, Rose Bengal also has important limitations.
One of the main disadvantages is photobleaching, which occurs when the photosensitizer
is progressively degraded during irradiation. This process can reduce the amount of active
photosensitizer available for subsequent ROS generation and may limit efficacy during
prolonged or repeated light exposure [151]. Rose Bengal may also show dark toxicity at
elevated concentrations, which means that dose selection and irradiation parameters must
be carefully optimized to preserve antimicrobial activity while minimizing host-cell dam-
age [152]. Therefore, Rose Bengal is particularly valuable in localized and surface-accessible
applications, where photosensitizer concentration, incubation time, oxygen availability,
and light dose can be precisely controlled. Its green-light absorption should therefore be
viewed as compatible with superficial antimicrobial PDT rather than as advantageous for
deep-tissue treatment.

From a broader biophysical and biochemical perspective, Rose Bengal and erythrosine
B illustrate the antimicrobial potential of xanthene photosensitizers with dominant Type
II photochemistry. Their high singlet oxygen quantum efficiency, strong interaction with
microbial envelopes, and ability to damage both planktonic cells and biofilm-associated
structures make them attractive candidates for further development in antimicrobial and
antifungal PDT [141]. However, their clinical translation requires the careful control of pho-
tobleaching, dark toxicity, tissue penetration limits of green light, and formulation stability.

The next compound discussed in this review is curcumin, a naturally occurring plant-
derived polyphenol with antimicrobial photodynamic activity.

2.5. Natural Polyphenols and Endogenous Compounds in Antimicrobial and Antifungal
Photodynamic Therapy

2.5.1. Curcumin: Natural Polyphenol with Blue-Light-Activated Antimicrobial Activity

Curcumin (Figure 6a) is a naturally occurring polyphenolic compound derived from
Curcuma longa. Curcumin exhibits strong absorption in the blue region of the visible spec-
trum, with an absorption maximum (Amax) around 420-430 nm, which corresponds mainly
to m—m* transitions within its conjugated diketone structure [153,154]. This absorption
profile is a major practical limitation for PDT applications requiring tissue penetration,
because curcumin shows little or no therapeutically useful absorption above approximately
430 nm. Compared with porphyrins, chlorins, and phthalocyanines, curcumin has a lower
intrinsic triplet-state yield and weaker photophysical stability. Nevertheless, under short-
wavelength blue-light irradiation, typically using wavelengths matching its absorption
band, sufficient light dose, adequate oxygenation, and close contact between curcumin and
microbial targets, it can generate reactive oxygen species and produce relevant antimicro-
bial photodynamic effects [155]. Therefore, curcumin-mediated aPDT should be considered
mainly for superficial, topical, dental, or surface-accessible antimicrobial applications rather
than for deeper tissue infections.
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Figure 6. (a) Curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione),
(b) Hypericin (9,11,13,16,18,20-hexahydroxy-5,24-dimethyloctacyclo [13.11.1.12,10.03,8.04,25.019,
27.021,26.014,28]octacosa-1(26),2,4(25),5,8,10,12,14(28),15(27),16,18,20,23-tridecaene-7,22-dione),
(c) Riboflavin-B2 (7,8-dimethyl-10-[(2S,3S,4R)-2,3,4,5-tetrahydroxypentyl]benzo[g]pteridine-2,4-dione).

From a biochemical perspective, curcumin exhibits amphiphilic behavior and can
interact with lipid-rich cellular structures [156]. In bacterial and fungal cells, curcumin
is frequently associated with the cell wall and cytoplasmic membrane, where local ROS
generation can directly damage essential envelope components [157]. Photoactivated
curcumin induces the oxidation of membrane lipids and proteins, leading to impaired
membrane-associated enzymatic functions, loss of membrane potential, increased perme-
ability, and ultimately reduced cell viability [155,158]. This membrane-centered mechanism
is particularly important because the short lifetime and limited diffusion distance of ROS
require close spatial proximity between the photosensitizer and its cellular targets.

Curcumin-mediated PDT has demonstrated activity against both Gram-positive and
Gram-negative bacteria under optimized experimental conditions, including Staphylococcus
aureus and Enterococcus species [159,160]. In fungal systems, curcumin has shown notable
activity against Candida albicans. Its interaction with fungal cell-wall structures facilitates
localization near the ergosterol-rich plasma membrane, which is highly vulnerable to oxida-
tive lipid damage [161]. Compared with mammalian cells, fungal cells generally possess
a lower capacity to detoxify photoinduced ROS, which supports selective phototoxicity
when curcumin concentration and light dose are properly controlled [162].

The main limitations of curcumin are its poor aqueous solubility, chemical instability,
low photostability, and rapid photobleaching under continuous illumination and unfa-
vorable blue-light absorption profile for applications requiring tissue penetration [155].
These features can reduce bioavailability, limit homogeneous distribution in biological
environments, and decrease ROS generation during prolonged irradiation. Therefore, for-
mulation strategies are essential for improving curcumin-mediated aPDT. These strategies
include nanoparticle encapsulation, polymer conjugation, lipid-based carriers, liposomes,
micelles, and carbon-based nanocarriers [159]. In this context, curcumin-loaded carbon
nanoparticles have been proposed as an effective approach to improve curcumin dispersion,
enhance delivery, and modify its light-triggered photodynamic activity [163,164]. However,
formulation strategies improve delivery and local availability, but they do not eliminate
the fundamental limitation associated with curcumin’s short-wavelength absorption.

From a translational perspective, curcumin is of interest mainly for localized antimi-
crobial PDT because of its natural origin, relatively low dark toxicity under controlled
conditions, and extensive prior human exposure [163]. However, its successful application
in antimicrobial and antifungal PDT depends strongly on formulation design, irradiation
parameters, oxygen availability, and target localization. Properly formulated curcumin
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systems are especially promising for topical antimicrobial applications, including dentistry,
dermatology, wound care, and localized antifungal therapy.

The next compound discussed in this review is hypericin, another plant-derived
natural photosensitizer with strong membrane affinity and high photodynamic potency.

2.5.2. Hypericin: Plant-Derived Photosensitizer with Antimicrobial and
Antifungal Potential

Hypericin (Figure 6b) is a naturally occurring naphthodianthrone derivative isolated
from Hypericum perforatum (St. John’s wort). It is considered one of the most potent
plant-derived photosensitizers because of its strong absorption in the visible region, with
A_max around 590-600 nm, and its highly efficient triplet-state formation [164]. Upon
illumination, hypericin generates singlet oxygen and other reactive oxygen species, which
are responsible for its strong photodynamic activity. Its rigid, extended polycyclic structure
contributes to high photostability, reduced structural flexibility, and efficient light-induced
ROS production, making it more photophysically robust than many other natural photo-
sensitizers [164].

From a biochemical perspective, hypericin is highly lipophilic and displays strong
affinity for lipid-rich biological membranes. This includes bacterial membranes, fungal
plasma membranes, and envelopes of certain viruses [165-167]. Such membrane affinity
is crucial for antimicrobial PDT because singlet oxygen has a short lifetime and limited
diffusion distance. Therefore, the localization of hypericin close to microbial membranes
allows ROS to be generated directly at vulnerable cellular interfaces. Under light irradia-
tion, hypericin-mediated PDT induces oxidative damage to membrane lipids, membrane-
associated proteins, and depending on cellular uptake, intracellular targets such as nucleic
acids. These combined effects lead to membrane dysfunction, disruption of metabolic
activity, and rapid microbial cell death [165-167].

In antifungal PDT, hypericin has shown strong activity against Candida species and
filamentous fungi [168,169]. The dominant mechanism of fungal inactivation is associated
with oxidative damage to ergosterol-rich membranes and impairment of mitochondrial
function. Since fungal membranes contain ergosterol instead of cholesterol, they are
particularly susceptible to lipid peroxidation induced by singlet oxygen and other ROS.
Hypericin can also accumulate in fungal cell structures for a longer time than in mammalian
cells, while fungal antioxidant systems are generally less efficient at neutralizing sudden
photoinduced oxidative stress. These differences support selective phototoxicity toward
fungal cells under properly optimized irradiation and concentration conditions [168-171].

Despite its excellent photodynamic potency, hypericin has several translational lim-
itations. Its strong hydrophobicity causes poor aqueous solubility and a tendency to
aggregate in biological media, which can reduce bioavailability and decrease effective ROS
generation [170,171]. Another important concern is prolonged photosensitivity in host
tissues, especially if hypericin is retained after treatment. These limitations have stimulated
the development of formulation strategies, including liposomes, cyclodextrin complexes,
polymeric carriers, and nanoparticle delivery systems [172]. Such approaches improve
solubility, reduce aggregation, enhance delivery to microbial targets, and may limit off-
target phototoxicity. Overall, hypericin represents a highly effective natural photosensitizer
whose antimicrobial and antifungal potential depends strongly on formulation design,
membrane localization, light dose, and controlled delivery.

From a translational perspective, hypericin illustrates how high triplet-state yield,
strong photostability, and membrane affinity can be converted into potent antimicrobial and
antifungal photodynamic effects. However, because of its hydrophobicity and possible pro-
longed tissue photosensitivity, hypericin is better considered as a formulation-dependent
photosensitizer rather than a simple free molecular agent. Properly designed delivery

https:/ /doi.org/10.3390 /micro6020045


https://doi.org/10.3390/micro6020045

Micro 2026, 6, 45

28 of 67

systems may allow its use in topical antifungal therapy, wound-related infections, and
biofilm-associated applications where localized illumination can be precisely controlled.

2.5.3. Riboflavin: Endogenous Vitamin-Based Photosensitizer for Local
Antimicrobial Applications

Riboflavin, also known as vitamin B2 (Figure 6c), is an endogenous isoalloxazine
derivative that plays an essential role in cellular metabolism as a precursor of flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD). Because it is naturally
present in biological systems and has an established safety profile, riboflavin represents a
distinct group of endogenous photosensitizers with proven clinical relevance. Photophysi-
cally, riboflavin absorbs mainly in the UV-blue region of the spectrum, with characteristic
absorption bands around 224, 268, 373, and 440-450 nm [173]. After light absorption, it can
undergo intersystem crossing to the triplet excited state, which enables both Type I and
Type I photochemical pathways. As a result, illuminated riboflavin can generate singlet
oxygen (10,), superoxide, hydrogen peroxide, and other radical species that contribute to
microbial inactivation [173].

From a biochemical perspective, riboflavin has low dark toxicity and is well-recognized
as a naturally occurring vitamin and cellular metabolite [174]. In antimicrobial PDT, its
phototoxicity is not based on strong intrinsic membrane binding alone, but rather on
light-induced oxidative damage to multiple cellular targets. Riboflavin-mediated photody-
namic reactions can oxidize nucleic acids, proteins, and membrane components, leading
to impaired replication, enzyme dysfunction, membrane damage, and loss of microbial
viability [175]. This broad oxidative mechanism is particularly useful in antimicrobial
applications because it does not rely on one specific molecular target. Bacterial and fungal
cells may be more vulnerable to this type of damage than mammalian cells because they
often have lower antioxidant buffering capacity and more limited repair mechanisms under
acute photooxidative stress [175].

Riboflavin-based photodynamic inactivation has particular translational importance
because it is already widely used in sterilization and pathogen reduction in plasma and
blood products [176]. This application provides strong practical evidence that riboflavin
can be used safely as a light-activated antimicrobial agent under controlled conditions. In
this context, riboflavin is especially valuable because it combines photochemical activity
with high biocompatibility and minimal concerns regarding systemic toxicity. Its mecha-
nism involves oxidative damage and the photochemical modification of nucleic acids and
proteins, which helps reduce the viability of bacteria, viruses, and other contaminating
pathogens in biological fluids [176].

In fungal systems, riboflavin-mediated PDT has shown activity against Candida species,
particularly in planktonic cells and early biofilm stages [177]. Its efficacy against mature
biofilms may be more limited than that of more hydrophobic or membrane-targeted photo-
sensitizers, because riboflavin is relatively hydrophilic and absorbs mainly blue light, which
has shallow tissue penetration. Nevertheless, its favorable safety profile makes it useful
for applications where biocompatibility is more important than maximal photodynamic
potency. These include blood sterilization, surface decontamination, oral applications,
wound irrigation, and other localized treatments where blue-light exposure can be pre-
cisely controlled.

Due to its endogenous character, regulatory familiarity, and established clinical use,
riboflavin occupies a unique position among photosensitizers [178]. Compared with
synthetic porphyrins, chlorins, phthalocyanines, or phenothiazinium dyes, riboflavin
generally shows lower photodynamic potency. However, this limitation is balanced by
excellent biocompatibility, low dark toxicity, and broad acceptance in medical and biological
applications. Therefore, riboflavin should be considered not as the strongest antimicrobial
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photosensitizer, but as one of the safest and most clinically familiar endogenous compounds
for photodynamic pathogen reduction. The mechanisms presented herein for riboflavin are
broad photodynamic principles that apply to multiple short-wavelength photosensitizers
(including riboflavin), rather than being exclusive to one compound.

The next compound discussed in this review is fullerene C60, a predominantly syn-
thetic carbon-based photosensitizer with distinct photophysical properties and strong
potential for antimicrobial PDT.

2.6. Advanced and Targeted Photosensitizers
2.6.1. Cationic Fullerene (C60) Derivatives: Type I/ Type II ROS Generation and
Nanostructured Activity

Fullerene derivatives (C60, Figure 7a) represent a distinct class of carbon-based photo-
sensitizers with photophysical properties that differ substantially from those of classical
porphyrins, chlorins, phthalocyanines, and phenothiazinium dyes. Native C60 has a spher-
ical carbon cage structure and absorbs light in the UV—visible spectral range. However, its
absorption in the visible region is relatively weak and does not provide the same favorable
red-light activation profile as chlorins, phthalocyanines, or other photosensitizers designed
for deeper tissue PDT. One of its most important photophysical features is a near-unity
triplet-state quantum yield, which makes it highly efficient in generating long-lived excited
states after irradiation [179,180]. However, unmodified C60 is highly hydrophobic and
poorly dispersed in aqueous biological media. This strongly limits its direct biological
application and creates the need for chemical functionalization. Cationic substitution im-
proves water dispersibility and promotes interaction with negatively charged bacterial cell
walls, fungal cell envelopes, and microbial membranes [1].

Figure 7. (a) Cationic fullerene (C60) derivatives (1H,7H-3a,14-Methenocyclopent [1,10]indeno
[17,7" 6" 5":3 4 5'lpyrrolo [3",4":6/,7']fluoreno [2/,1',9',8':5,6,7,8]lacephenanthryleno [4,3-de]isoi-
ndolium, 2,3,8b,9,10,11,11a,13,14L,14m-decahydro-2,2,10,10-tetramethyl-Bis-(dimethylpyrrolidine)
C60 derivative), (b) SAPYR (2-((4-pyridinyl)methyl)-1Hphenalen-1-one), (c) Indocyanine green (ICG)
(sodium 4-[(2E)-2-[(2E 4E,6E)-7-[1,1-d).

From a biophysical perspective, cationic C60 derivatives can act as nanoscale light-
harvesting systems. After photoexcitation, the long-lived triplet excited state can participate
in both Type I and Type II photochemical pathways, leading to the formation of singlet
oxygen (1O5), superoxide anions, hydroxyl radicals, and other reactive oxygen species [181].
This mixed photochemical behavior is particularly important in antimicrobial PDT because
dense biofilms and infected tissues often contain oxygen gradients. Under partially hypoxic
conditions, photosensitizers that rely exclusively on Type II singlet oxygen generation may
lose efficacy. In contrast, C60 derivatives capable of Type I electron-transfer reactions may
retain antimicrobial activity by producing radical species even when oxygen availability
is limited. The rationale for considering fullerene derivatives in antimicrobial PDT is
therefore not superior tissue-directed light absorption, but their high triplet-state yield,
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tunable functionalization, capacity for both Type I and Type II photochemistry, and ability
to interact with microbial envelopes after appropriate chemical modification. Nevertheless,
their unfavorable aqueous dispersibility, need for functionalization, and often suboptimal
visible-light absorption profiles should be clearly recognized as major barriers to broader
translational use.

From a biochemical point of view, cationic fullerenes show strong affinity for microbial
envelopes because bacterial and fungal surfaces are generally negatively charged [182].
This electrostatic attraction promotes localization of the photosensitizer close to the cell
wall, cytoplasmic membrane, and biofilm matrix. Since ROS have short lifetimes and
limited diffusion distances, this spatial proximity is essential for effective photodynamic
damage. In bacterial cells, fullerene-mediated PDT first affects the cell wall and cytoplasmic
membrane, causing lipid peroxidation, membrane depolarization, and permeability disrup-
tion. Secondary oxidative injury may involve membrane-associated proteins, intracellular
enzymes, and nucleic acids [182]. In fungal cells, oxidative damage to ergosterol-containing
membranes and cell-wall polysaccharides can lead to irreversible loss of structural integrity
and fungal viability [139].

Cationic fullerene derivatives are also relevant for biofilm-associated infections. Their
nanoscale structure and tunable surface chemistry may support penetration into biofilm
matrices and retention near embedded microbial cells. Moreover, their ability to generate
both singlet oxygen and radical ROS can help damage not only microbial membranes, but
also extracellular polymeric substances, including proteins, polysaccharides, and extracel-
lular DNA. This is important because biofilm eradication requires the disruption of both
living cells and the protective matrix that surrounds them. Compared with many molecular
photosensitizers, fullerene derivatives also demonstrate relatively high photostability and
limited photobleaching, which is advantageous during repeated or prolonged irradiation.

Selectivity is supported by several factors. Cationic fullerenes preferentially interact
with negatively charged microbial surfaces, whereas mammalian cells usually show lower
uptake of these highly charged derivatives and possess more developed antioxidant defense
systems [182,183]. This creates a potentially favorable therapeutic window, particularly
for localized antimicrobial applications. Nevertheless, selectivity depends strongly on the
degree of functionalization, aggregation state, concentration, incubation time, irradiation
dose, and the biological model used.

From a translational perspective, cationic fullerene derivatives have demonstrated
promising activity in experimental infection models, including in vivo bacterial wound
infection studies [184]. Their combination of high triplet-state yield, mixed Type I/ Type
II photochemistry, strong photostability, and low photobleaching makes them attractive
candidates for next-generation antimicrobial and antifungal PDT. However, their clinical
development still requires the careful evaluation of long-term biocompatibility, biodistri-
bution, clearance, possible nanomaterial accumulation, and regulatory safety. Therefore,
cationic C60 derivatives should be described as promising advanced photosensitizers and
nano-enabled PDT agents, rather than as fully established clinical antimicrobials. Native
and pristine fullerene C60 are primarily “activated” in the ultraviolet (UV) and short-
wavelength blue-violet region, typically between 220 nm and 450 nm. As explicitly stated
in our manuscript, unmodified C60 has relatively weak and suboptimal absorption in the
visible spectrum and lacks the favorable red-light activation profile seen in classical por-
phyrins or phthalocyanines. However, we would like to clarify that the scientific rationale
for utilizing fullerenes in antimicrobial PDT does not rely on superior light absorption.
Instead, they are activated using UVA, blue, or broadband white light because they possess
unique photochemical advantages.
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2.6.2. P9 Peptide-Photosensitizer Conjugate: Targeted Antimicrobial PDT

Peptide—photosensitizer conjugates are attractive platforms for precision aPDT, es-
pecially in infections where nonspecific photosensitizer distribution limits therapeutic
efficacy. A critical feature of this platform is its high selectivity for microbial cells over
infected host tissues. This pathogen-directed selectivity is governed by the structural
differences between microbial and mammalian membranes. The cationic sequence of P9
preferentially targets the highly anionic bacterial cell envelope (stabilized by lipopolysac-
charides or teichoic acids) while displaying low affinity for the net-neutral zwitterionic
outer leaflets of mammalian cells. Furthermore, the presence of cholesterol in mammalian
membranes provides steric and mechanical resistance against peptide insertion. Experi-
mental evaluations of structurally related AMP-photosensitizer conjugates confirm a broad
therapeutic window, demonstrating negligible hemolytic activity and high viability (>90%)
in human fibroblasts and keratinocytes at concentrations that induce up to a 6-log reduction
in multidrug-resistant bacterial strains. In vivo wound models further validate this safety
profile, showing robust localized bacterial clearance without inducing tissue necrosis or
impairing the host’s natural healing cascade. From a translational perspective, these conju-
gates may offer high local activity. P9 represents a hybrid and rationally designed class
of antimicrobial photosensitizers in which a cationic antimicrobial peptide is covalently
linked to a photoactive chromophore. In this system, the peptide fragment is responsible
for microbial recognition and selective membrane binding, whereas the chromophore acts
as the light-activated photosensitizing unit. This design combines two mechanisms in one
molecule: the natural affinity of cationic peptides for microbial envelopes and the ability of
the photosensitizer to generate reactive oxygen species after irradiation [185].

From a biophysical perspective, the activity of P9 is based on electrostatic attraction
between the positively charged peptide sequence and negatively charged bacterial sur-
faces. Bacterial membranes and cell walls contain anionic components, including teichoic
acids in Gram-positive bacteria and lipopolysaccharides in Gram-negative bacteria. These
structures favor peptide binding and bring the photosensitizer into close proximity to
the microbial envelope [185]. This spatial localization is critical for antimicrobial PDT
because singlet oxygen and other ROS have very short lifetimes and limited diffusion
distances. Therefore, when the photosensitizer is positioned near the membrane, the gener-
ated ROS can immediately oxidize membrane lipids, membrane-associated proteins, and
cell-wall components.

P9-mediated PDT has shown strong activity against both Gram-positive and Gram-
negative bacteria, including multidrug-resistant strains [186]. Its mechanism does not re-
quire deep intracellular accumulation of the photosensitizer. Instead, membrane-associated
localization is often sufficient to induce lethal oxidative damage. This is advantageous
because it reduces dependence on active uptake, metabolic state, or intracellular transport
pathways, which are frequently altered in resistant or dormant microbial cells. In fungal
systems, peptide-mediated targeting can also promote accumulation of the photosensitizer
at the cell surface, where irradiation causes rapid photoinactivation [187]. The fungal cell
wall and plasma membrane become primary targets of ROS-mediated damage, leading to
loss of barrier function and reduced cell viability.

An important advantage of P9-type constructs is their modularity. The peptide se-
quence, charge density, hydrophobicity, linker chemistry, and photosensitizer structure can
be modified independently to optimize microbial selectivity, membrane affinity, solubility,
and photodynamic potency. This makes peptide—photosensitizer conjugates attractive
platforms for precision aPDT, especially in infections where nonspecific photosensitizer dis-
tribution limits therapeutic efficacy. From a translational perspective, these conjugates may
offer high local activity with reduced off-target effects, because the photosensitizer is guided
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toward microbial membranes rather than passively distributed in surrounding tissue [188].
However, challenges remain, including synthesis complexity, peptide stability, proteolytic
degradation, production cost, and the need to optimize pharmacokinetics in biological
fluids. Despite these limitations, P9 illustrates how molecular targeting can transform
aPDT from a broadly oxidative approach into a more selective, pathogen-directed strategy.
An important advantage of P9-type constructs is their modularity. The peptide sequence,
charge density, hydrophobicity, linker chemistry, and photosensitizer structure can be
modified independently to optimize microbial selectivity, membrane affinity, solubility, and
photodynamic potency. Crucially, this modular nature allows for the selection of specific
activation wavelengths depending on the clinical target. While early-generation photosen-
sitizers like SAPYR are restricted to blue-light activation (360-410 nm)—which severely
limits their clinical utility to superficial infections due to poor tissue penetration—the P9
platform can be readily conjugated to long-wavelength, near-infrared (NIR) chromophores.
By incorporating NIR-active agents such as indocyanine green (ICG) or phthalocyanines,
which absorb light within the optical window of tissue (650-800 nm), the system can bypass
the limitations of short-wavelength phototoxicity and achieve the depth of penetration
required for deep-seated or systemic infections [188]. This makes peptide—photosensitizer
conjugates attractive platforms for precision aPDT.

2.6.3. SAPYR: A Cationic Anthraquinone-Based Photosensitizer

SAPYR (Figure 7b) belongs to a newer class of anthraquinone-based photosensitizers
designed specifically for antimicrobial photodynamic therapy. It absorbs in the UV and visi-
ble region, approximately 360-410 nm, and demonstrates efficient intersystem crossing after
light excitation [189,190]. This enables both Type I and Type II photochemical pathways,
which is particularly important for antimicrobial applications. Type Il reactions generate
singlet oxygen, whereas Type I pathways produce radical species through electron-transfer
processes. Because infection sites and biofilms may contain regions with limited oxygen
availability, this mixed photochemical behavior can support antimicrobial activity under
conditions where purely Type II photosensitizers may be less effective.

The structure of SAPYR contains a pyridyl substituent that introduces cationic char-
acter and promotes interaction with negatively charged bacterial cells [190]. From a bio-
chemical point of view, this favors accumulation at or near the bacterial envelope through
electrostatic interactions. Once localized close to the membrane, SAPYR-mediated irradia-
tion induces oxidative damage to membrane lipids, proteins, and nucleic acids [191]. The
anthraquinone core is also capable of redox cycling, which can intensify ROS production
and enhance the antimicrobial effect [192]. This dual activity, combining photochemical
ROS generation with redox-active behavior, makes SAPYR mechanistically distinct from
many classical photosensitizers that rely mainly on singlet oxygen.

SAPYR-mediated aPDT is particularly relevant for bacterial cells because its cationic
and redox-active structure supports membrane interaction and oxidative stress at multiple
cellular levels. Damage to the envelope can increase permeability and disturb membrane-
associated metabolic processes, while intracellular or pericellular ROS may oxidize proteins
and nucleic acids. This multi-target mechanism supports rapid microbial inactivation
and reduces the likelihood of resistance development. In biofilm-related contexts, SAPYR
may also contribute to oxidative weakening of extracellular polymeric substances, al-
though its final efficacy depends on penetration depth, light dose, oxygen availability, and
biofilm composition.

In antifungal PDT, SAPYR-mediated oxidative stress may damage the fungal cell
wall and the underlying plasma membrane. The high oxidative burden can exceed the
antioxidant buffering capacity of fungal cells, leading to membrane dysfunction and loss of
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viability. However, compared with bacterial models, the antifungal profile of SAPYR is less
extensively characterized, and direct comparisons with mammalian cells remain limited.
Therefore, its selectivity should be presented cautiously and interpreted as promising rather
than fully established.

Overall, SAPYR remains an experimental but highly interesting antimicrobial photo-
sensitizer. Its main strengths include a defined synthetic scaffold, cationic character, mixed
Type 1/ Type Il photochemistry, and redox-active anthraquinone chemistry. These proper-
ties make it useful not only as a candidate compound for aPDT, but also as a framework for
studying structure—-activity relationships in antimicrobial photodynamic therapy. Further
studies are still needed to clarify its antifungal efficacy, dark toxicity, behavior in mature
biofilms, formulation requirements, and safety profile in host tissues.

The next compound discussed in this review is indocyanine green, a clinically established
near-infrared dye with combined photodynamic and photothermal antimicrobial potential.

2.6.4. Indocyanine Green Near-Infrared Activation and Photodynamic-Photothermal Effects

Indocyanine green (ICG, Figure 7c) is a clinically approved near-infrared fluorescent
dye that has been widely used in diagnostic imaging, angiography, perfusion assessment,
and fluorescence-guided procedures. In the context of antimicrobial and antifungal photo-
dynamic therapy, ICG occupies a distinct position because it does not behave as a classical
high-yield singlet oxygen photosensitizer. Compared with porphyrins, chlorins, phthalo-
cyanines, or xanthenes, ICG generally exhibits a relatively low singlet oxygen quantum
yield. Nevertheless, under appropriate irradiation conditions and at suitable local concen-
trations, it can produce a significant antimicrobial effect through the combined action of
photodynamic and photothermal mechanisms [193,194].

From a photochemical point of view, ICG absorbs in the near-infrared spectral re-
gion, with absorption maxima reported around 710 nm and 780-810 nm, depending on
concentration, solvent environment, aggregation state, and binding to biological macro-
molecules [195]. This near-infrared absorption is one of its most important advantages,
because NIR light penetrates biological tissues more deeply than blue, green, or most red
wavelengths. Therefore, ICG is particularly relevant for infections located in deeper tissue
layers, within complex wound environments, or in biofilm-associated sites where optical
access is limited. Upon irradiation, ICG dissipates absorbed energy through two major
pathways: partial generation of reactive oxygen species and the conversion of light energy
into localized heat. This dual photodynamic—photothermal behavior distinguishes ICG
from many classical photosensitizers and may enhance antimicrobial efficacy, especially
when microbial cells are embedded within protective biofilm matrices [195].

The photothermal component of ICG activity is especially important in antimicrobial
applications. Local temperature elevation can destabilize microbial membranes, increase
membrane permeability, weaken biofilm architecture, and enhance susceptibility to ROS-
mediated damage. At the same time, ICG-mediated ROS generation can oxidize membrane
lipids, proteins, and extracellular biofilm components. These two processes may act syner-
gistically: photothermal stress compromises cell-envelope integrity, while photooxidative
stress causes irreversible biochemical damage. This combined mechanism can be valuable
against dense biofilms, mixed microbial communities, and infections where conventional
antimicrobial agents show limited penetration or reduced activity [193-195].

From a biochemical perspective, ICG can associate with microbial cells and biofilm
structures, although its localization and activity depend strongly on formulation, concen-
tration, incubation time, and the surrounding biological environment [193]. In bacterial
systems, ICG-mediated irradiation may damage the cytoplasmic membrane, disturb per-
meability barriers, and reduce cell viability. In fungal systems, the combined photodynamic
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and photothermal effect may target the cell wall and plasma membrane, including lipid-
rich regions that are sensitive to oxidative and thermal stress. However, because ICG is
not primarily a strongly cationic membrane-targeting photosensitizer, its antimicrobial
efficacy can be improved by delivery systems, nanoparticles, polymeric carriers, or surface
immobilization strategies that increase local retention at the infection site.

A major translational advantage of ICG is its established clinical use and known phar-
macokinetic profile. In mammalian organisms, ICG is rapidly bound to plasma proteins,
cleared mainly by the liver, and eliminated through biliary excretion. This contributes to its
favorable safety profile when used under clinically controlled conditions [193]. Its regu-
latory familiarity, compatibility with clinically available NIR light sources, and extensive
use in diagnostic medicine make it an attractive candidate for localized antimicrobial PDT,
especially in settings where deeper light penetration is required. Nevertheless, its appli-
cation in aPDT must account for several limitations, including concentration-dependent
aggregation, photobleaching, thermal dose control, and the need to avoid excessive heat
generation in surrounding host tissues.

From a translational perspective, ICG should be viewed as a clinically familiar dye
with hybrid photodynamic and photothermal antimicrobial potential rather than as a
conventional high-efficiency singlet oxygen photosensitizer. Its greatest value lies in ap-
plications where NIR activation, tissue penetration, and combined ROS/heat-mediated
microbial damage are advantageous. These include infected wounds, biofilm-associated
infections, periodontal or endodontic applications, implant-associated infections, and other
localized conditions in which light delivery can be controlled. Future development of
ICG-based antimicrobial therapy will likely depend on optimized formulations, controlled
irradiation protocols, and integration with nanocarriers or surface-based delivery systems
to improve local accumulation and reduce off-target effects.

The next section focuses on nanotechnology-based platforms and nanoformulations
in antimicrobial and antifungal photodynamic therapy. These systems are designed to im-
prove photosensitizer delivery, reduce aggregation, enhance biofilm penetration, modulate
ROS generation, and increase the spatial precision of photodynamic action.

3. Nanotechnology-Based Techniques in Antimicrobial and Antifungal
Photodynamic Therapy

3.1. The Rationale for Nanotechnology in Antimicrobial and Antifungal PDT

Despite the significant advantages of antimicrobial and antifungal photodynamic
therapy, several physicochemical and biological limitations still restrict its broader clinical
translation. The major advantage of PDT is its multi-target oxidative mechanism, which
strongly reduces the probability of resistance development compared with conventional
antibiotics. However, many molecular photosensitizers suffer from poor aqueous solubil-
ity, aggregation, low bioavailability, limited penetration into mature biofilms, insufficient
retention at microbial targets, and nonspecific biodistribution [196]. These limitations are
especially problematic in complex biological environments, where extracellular polymeric
substances, proteins, host cells, and oxygen gradients can reduce the effective concentration
of the active photosensitizer at the infection site. Nanotechnology-based platforms are there-
fore increasingly used not simply as additional “photosensitizer classes”, but as carriers,
stabilizers, photophysical enhancers, surface-active antimicrobial systems, and biofilm-
penetrating delivery tools. The purpose of this section is therefore to distinguish true
photoactive nanomaterials from nanocarriers and auxiliary nanoplatforms that improve
the delivery, localization, or performance of conventional photosensitizers.

At the nanoscale, carrier systems can modulate the aggregation state, spatial distri-
bution, and local microenvironment of photosensitizers. This is particularly important
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because aggregation usually reduces triplet-state formation, shortens excited-state lifetimes,
and decreases singlet oxygen generation. Nanoparticles, polymeric matrices, carbon-
based nanostructures, and hybrid nanocomposites can spatially separate photosensitizer
molecules, protect them from premature degradation, and increase local ROS generation
after irradiation [13,196]. In such cases, the photosensitizer remains the primary ROS-
generating species, whereas the nanoparticle or matrix acts as a delivery, stabilization, or
localization platform. In addition, nanosystems can improve microbial targeting by exploit-
ing differences in surface charge, membrane composition, biofilm architecture, and local
pH. Because singlet oxygen has a very short lifetime and diffusion radius, usually within
the nanometer range in biological environments, the photosensitizer or ROS-generating
nanoplatform must be positioned close to microbial membranes, cell walls, or biofilm
matrix components to achieve efficient oxidative damage [32-34]. Thus, the main value of
nanotechnology in aPDT is not only the introduction of new photosensitizing structures,
but also the precise spatial organization of light activation, ROS generation, and microbial
target localization.

An important conceptual correction is that not all nanoparticles used in PDT should be
called photosensitizers. Some nanoparticles are true photoactive ROS-generating systems,
whereas others function mainly as carriers, optical enhancers, antimicrobial co-agents,
oxygen modulators, or immobilization matrices. Strictly speaking, nanoparticles that
do not generate ROS upon irradiation should not be described as photosensitizers or as
independent PDT agents. Instead, they should be described as components of PDT systems
only when they deliver, retain, enhance, or spatially organize a genuine photosensitizer.

3.2. Metallic and Metal Oxide Nanoparticles

Metallic and metal oxide nanoparticles are not generally selective photosensitizing
agents in the same sense as molecular photosensitizers. In antimicrobial and antifungal
PDT systems, they are more appropriately described as auxiliary nanomaterials that may
act as photosensitizer carriers, photophysical enhancers, antimicrobial co-agents, mag-
netic delivery platforms, or redox-active components, depending on their composition
and surface functionalization. Gold nanoparticles (AuNPs) are particularly important
as photonic enhancers and photosensitizer carriers. Through localized surface plasmon
resonance (LSPR), AuNPs can increase the local electromagnetic field near the particle sur-
face, thereby improving the excitation efficiency of nearby photosensitizer molecules [197].
This can increase ROS generation, and in selected configurations, improve photostability
by enhancing the effective absorption cross section of the photosensitizer [198]. In such
systems, ROS generation usually arises from the molecular photosensitizer associated with
the nanoparticle, rather than from AuNPs acting as independent selective photosensitizers.
However, the effect is highly distance-dependent. If the photosensitizer is positioned too
close to the gold surface, non-radiative energy transfer, Forster resonance energy transfer,
or other quenching mechanisms may reduce fluorescence and ROS generation [199]. There-
fore, rational spacer design and control of photosensitizer-metal distance are essential for
achieving enhancement rather than quenching.

Silver nanoparticles (AgNDPs) represent a different type of antimicrobial nanoplatform.
They possess intrinsic antimicrobial activity related to silver ion release, membrane dis-
ruption, protein binding, and oxidative stress. When combined with photosensitizers,
AgNPs can create synergistic systems in which silver-mediated toxicity and light-induced
ROS generation reinforce each other [200]. However, AgNPs should not be described
as selective photosensitizers unless direct light-triggered ROS generation and target se-
lectivity are demonstrated. Their main role in many aPDT systems is as antimicrobial
co-agents or carriers combined with conventional photosensitizers. In antifungal PDT,
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AgNP-photosensitizer hybrids may improve activity against Candida biofilms by increasing
membrane stress, damaging fungal cell-wall components, and overwhelming antioxidant
defenses [201]. However, these systems must be carefully optimized, because excessive
silver release may increase dark toxicity and reduce selectivity.

Iron oxide nanoparticles add another level of functionality because they can be mag-
netically manipulated and may contribute to redox-based antimicrobial mechanisms. Pho-
tosensitizers immobilized on iron oxide nanoparticles can be retained or enriched at a
defined, light-accessible target site by an external magnetic field before or during irradia-
tion. In PDT, this would be useful only when magnetic localization can increase the local
concentration or residence time of the photosensitizer-containing nanoplatform at a site
that can also be illuminated. Here, selectivity is achieved primarily through physical or
magnetic localization and photosensitizer delivery, not because iron oxide nanoparticles are
inherently selective photosensitizers. In addition, iron oxide nanoparticles may participate
in Fenton-like reactions, generating secondary redox stress that can amplify photodynami-
cally produced ROS [202,203]. This is especially relevant in biofilms, where local hypoxia
and heterogeneous oxygen distribution can limit purely Type II photochemistry. Never-
theless, iron oxide-based systems require a careful evaluation of dose, particle stability,
iron release, and host-tissue compatibility. Thus, magnetic guidance should be viewed as
a delivery/localization strategy rather than as a mechanism that directly improves light
activation or ROS generation.

Overall, metallic and metal oxide nanoparticles should be discussed as functional com-
ponents of PDT platforms rather than as a uniform class of selective photosensitizing agents.
Their contribution depends on whether they enhance light absorption, carry a molecular
photosensitizer, provide intrinsic antimicrobial activity, enable magnetic localization, or
participate in secondary redox reactions.

3.3. Semiconductor and Upconversion Nanoparticles

Semiconductor nanoparticles, including titanium dioxide (TiO,) and zinc oxide (ZnO),
are inorganic photoactive systems capable of ROS generation after light irradiation. Unlike
classical molecular photosensitizers, which usually generate ROS through excited triplet
states, semiconductor nanoparticles generate electron-hole pairs after photon absorption.
The photogenerated holes can oxidize water or hydroxide ions to produce hydroxyl radicals,
whereas electrons can reduce molecular oxygen to superoxide radicals [204]. This mecha-
nism makes semiconductor nanoparticles attractive for antimicrobial PDT because they can
generate strongly oxidative species without requiring the same molecular photochemistry
as porphyrins, chlorins, or phthalocyanines [205].

TiO; and ZnO have been widely investigated for antimicrobial coatings, wound-
related applications, and surface disinfection. Their major advantage is chemical stability
and strong ROS generation. Their major limitation is that many semiconductor systems
require UV or near-UV light for efficient activation, which restricts tissue penetration
and increases the risk of host-cell damage. To overcome this limitation, doping, surface
modification, coupling with visible-light photosensitizers, and hybridization with carbon-
based nanomaterials have been explored. These strategies aim to shift activation toward
visible light, improve charge separation, reduce electron-hole recombination, and increase
antimicrobial performance under clinically more acceptable irradiation conditions.

Upconversion nanoparticles (UCNPs) have been explored as an indirect excitation
strategy for photosensitizers whose absorption bands do not overlap well with tissue-
penetrating wavelengths. UCNDPs can absorb near-infrared light and emit visible photons
capable of activating conventional photosensitizers. This strategy can, in principle, convert
near-infrared excitation into local visible emission capable of activating photosensitizers
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that normally require shorter wavelengths [206]. UCNP—photosensitizer systems are there-
fore not generally necessary when potent red- or near-infrared-absorbing photosensitizers
are available and can be delivered effectively to the target site. Their rationale is more lim-
ited: they may be useful when there is a specific reason to use a short-wavelength-activated
photosensitizer, when localized visible emission after near-infrared excitation is desired,
or when the photosensitizer and UCNP can be engineered into a closely coupled system
with efficient energy transfer. In antimicrobial and antifungal PDT, they can be designed
to deliver visible emission locally in the immediate vicinity of microbial targets. How-
ever, UCNP systems also face challenges, including low upconversion efficiency, complex
synthesis, possible rare-earth element concerns, and the need to optimize energy transfer
between the nanoparticle and photosensitizer. Thus, UCNP-based PDT should be regarded
as a specialized engineering approach rather than as a generally superior or necessary
alternative to the direct activation of suitable long-wavelength photosensitizers.

3.4. Carbon-Based Nanostructures

Carbon-based nanostructures represent one of the most versatile groups of nano-
enabled PDT platforms. This category includes fullerenes, graphene oxide [202], graphene
quantum dots, carbon dots, carbon polymerized dots, and carbon nanotubes. These
systems are highly diverse: some act as true photosensitizers, some serve as delivery
scaffolds for molecular photosensitizers, and others function as antibacterial or antibio-
fouling components in polymeric composites. Functionalized fullerenes are particularly
important because they can exhibit high triplet-state yields and mixed Type I/Type II
photochemistry [203]. The biomedical relevance of fullerene C60 is strongly connected
with its dual ability to generate or quench reactive oxygen species depending on functional-
ization, aggregation state, oxygen availability, and irradiation conditions [207]. This means
that C60-based materials must be interpreted carefully: the same carbon cage can behave
as a pro-oxidant photosensitizer under light activation or as a radical scavenger under
different physicochemical conditions.

Cationic fullerene derivatives are especially useful in antimicrobial PDT because
their positive charge promotes interaction with negatively charged bacterial and fungal
envelopes. After photoexcitation, their long-lived triplet states can generate singlet oxygen,
superoxide, and other radical species. The contribution of Type I pathways is particularly
valuable in hypoxic biofilm regions, where oxygen concentration is too low for efficient Type
II photochemistry alone [203,207]. Fullerene-based systems may therefore be advantageous
for dense biofilms and infected tissues with oxygen gradients. At the same time, fullerene
aggregation, hydrophobicity, and long-term biodistribution remain important translational
issues, which explains why many C60 systems are now studied as immobilized or polymer-
integrated materials rather than only as freely dispersed nanoparticles.

Graphene oxide (GO) and graphene-based composites provide large surface areas for
photosensitizer immobilization and strong interactions with microbial cell envelopes. GO
can interact with bacterial and fungal surfaces through electrostatic forces, hydrophobic
interactions, and physical contact. In some systems, graphene oxide may also contribute
to mechanical membrane stress, while simultaneously acting as a 7— stacking scaffold
for aromatic photosensitizers [202]. This increases local photosensitizer density at the
microbe-material interface and can amplify photodynamic effects. In fungal systems, GO-
based platforms may interact with the porous fungal cell wall and improve the delivery
of photosensitizers toward the underlying plasma membrane. However, the same strong
adsorption capacity that makes GO useful as a carrier can also promote photosensitizer
quenching if the distance and loading density are not optimized.
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Carbon dots and carbon polymerized dots are particularly promising because they
combine tunable fluorescence, nanoscale size, surface functionalizability, and in selected
systems, light-triggered ROS generation. Their small size may improve penetration into
biofilm structures, while their surface chemistry can be adjusted to increase interaction
with bacterial or fungal cells [202]. A particularly relevant example is the development of
hydrophobic riboflavin-based carbon polymerized dots encapsulated into polyurethane
composites, which demonstrated highly efficient antibacterial activity and illustrates how a
natural photosensitizer precursor can be transformed into a carbon-based antimicrobial
material [208]. This type of work is important for the review because it shows that the
field has moved beyond simple molecular photosensitizers toward engineered polymer—
carbon hybrid systems. Recent studies on carbon polymerized dots/polyurethane and
C60/polyurethane composite films further demonstrate that carbon nanostructures may
be used not only as dispersed photosensitizers, but also as components of antibacterial
and antibiofouling surfaces [209]. Importantly, these composite films are not proposed as
alternative methods for high-volume reprocessing or standard chemical disinfection of
hospital materials, which would be logistically impractical and overly effort-intensive in
a clinical setting. Instead, they function as passive, continuous, self-disinfecting coatings
designed specifically for high-touch clinical surfaces and medical devices (such as equip-
ment interfaces or catheters). When embedded in polymer matrices, these carbon-based
nanostructures require only ambient hospital lighting to operate. These composite films
are particularly relevant because they generate antimicrobial effects at the material surface
rather than relying on photosensitizer uptake by microbial cells.

To clarify the translational utility of these nanosystems, they must be explicitly differen-
tiated by their mechanisms of selectivity, as not all nanoparticles interact with target tissues
in the same manner. They can be broadly classified into three categories. (1) Non-selective
nanocarriers (such as unmodified liposomes, solid lipid nanoparticles, or mesoporous
silica). While these systems lack molecular targeting properties to actively distinguish
between microbial and host cells, their primary therapeutic role is physicochemical and
pharmacological. They molecularly isolate hydrophobic photosensitizers to prevent self-
aggregation—which would otherwise quench triplet states and drastically reduce singlet
oxygen yields—and shield the payload from rapid enzymatic degradation. Furthermore,
they facilitate mechanical diffusion through the dense extracellular polymeric substance
(EPS) matrix of mature biofilms, allowing the photosensitizer to penetrate deep into the
infection architecture where free molecular dyes fail to accumulate. (2) Electrostatically
selective nanoparticles and actively selective nanoplatforms. (3) Similarly, polyurethane
films doped with carbon polymerized dots or fullerene C60 represent photoactive antimi-
crobial composite materials rather than freely diffusing molecular photosensitizers [209].
Carbon-based nanostructures, including carbon dots (CDs), fullerene C60, and graphene
oxide (GO), have provided specific, robust evidence of antimicrobial efficacy. Function-
alized carbon dots often act as independent photosensitizers; due to heteroatom doping
(e.g., nitrogen or sulfur), they exhibit high intersystem crossing efficiency and generate
lethal yields of both Type I and Type II ROS under irradiation, achieving a reduction
against multi-drug resistant (MDR) S. aureus biofilms. Fullerene C60 utilizes its heavily
conjugated 7 systems to act as excellent electron acceptors, driving potent Type I photo-
dynamic mechanisms (generating superoxide and hydroxyl radicals) that remain highly
active even in the hypoxic environments characteristic of deep-seated infections. Finally,
graphene oxide sheets serve as ultra-high-surface-area platforms that not only prevent
photosensitizer aggregation via m— stacking, but also mechanically destabilize bacterial
cell walls through physical membrane shearing, multiplying the overall oxidative damage.
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This distinction is important because nanoparticle-based PDT must be evaluated according
to additional parameters.

3.5. Nano-Enabled Biofilm Disruption

Biofilms are among the most difficult targets in antimicrobial and antifungal PDT
because they combine physical, chemical, and biological protection. The extracellular
polymeric substance (EPS) matrix restricts photosensitizer diffusion, binds or neutralizes
antimicrobial compounds, creates oxygen gradients, and shelters dormant or slow-growing
cells. Nanotechnology-based approaches can address these limitations through several
mechanisms: enhanced penetration, electrostatic targeting, matrix disruption, localized
ROS amplification, and co-delivery of photosensitizers with antimicrobial or enzymatic
agents [13]. However, the relationship between nanoparticles and biofilms is not always
straightforward. Cationic systems may bind strongly to anionic EPS components such as
extracellular DNA and acidic polysaccharides, which can improve retention but also trap
the photosensitizer in outer biofilm layers and reduce penetration toward deeper cells.

Nano-enabled PDT can attack biofilms at both the cellular and matrix levels. ROS
generated close to microbial membranes can kill embedded cells, whereas ROS generated
near the EPS matrix can oxidize extracellular proteins, polysaccharides, and nucleic acids,
weakening the structural organization of the biofilm [13]. Carbon-based polymer compos-
ites, including carbon polymerized dot/polyurethane and C60/polyurethane films, are
particularly relevant because they act at the interface where microbial adhesion and early
biofilm formation occur [209]. Instead of relying only on the diffusion of a soluble photo-
sensitizer into an established biofilm, these materials create a photoactive antimicrobial
surface that can reduce initial attachment and suppress biofilm development.

This surface-based mechanism is important for responding to the assumption that an-
timicrobial PDT is effective only when the photosensitizer enters the microbial cell or binds
directly to its membrane. In nanoparticle- or polymer-based coatings, antimicrobial activity
can also arise from immobilized ROS-generating systems that remain within the material.
In such cases, the critical interaction occurs at the material-microorganism interface. Short-
lived ROS produced at this interface can damage approaching planktonic cells, interfere
with adhesion, and weaken early EPS formation. Therefore, nano-PDT and coating-based
PDT expand the mechanistic framework of antimicrobial photodynamic therapy beyond
intracellular uptake or membrane localization of free molecular photosensitizers.

3.6. Translational Considerations for Nanoparticle-Based PDT

Nanotechnology-based PDT systems provide important opportunities to improve
antimicrobial and antifungal therapy, but they also introduce additional complexity. Their
performance depends not only on the photosensitizer, but also on the particle size, shape,
charge, hydrophobicity, porosity, aggregation state, surface functionalization, loading
density, oxygen diffusion, ROS diffusion within the carrier, and interactions with proteins
and extracellular matrices [196]. These parameters are especially important because ROS are
short-lived and act only near their site of generation. If ROS are generated too deeply inside
a carrier or are quenched before reaching microbial targets, antimicrobial efficacy may be
reduced even when the nanoplatform shows strong photophysical activity in solution.

Another important issue is the formation of a protein corona in biological fluids.
Adsorbed proteins can alter nanoparticle surface charge, mask targeting ligands, modify
biodistribution, reduce microbial binding, and change cellular uptake. In addition, nanopar-
ticles may raise concerns related to long-term biocompatibility, clearance, immunological
response, manufacturing reproducibility, sterilization, and regulatory classification [196].
These concerns are particularly relevant for inorganic nanoparticles and persistent carbon-
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based materials. Therefore, although many nano-PDT systems demonstrate excellent
preclinical activity, clinical translation will likely favor simple, reproducible, biodegradable,
and well-characterized platforms.

The most promising direction is not to treat nanotechnology as a replacement for
molecular photosensitizers, but as a way to solve specific limitations of molecular PDT.
Nanocarriers can improve solubility and prevent aggregation; plasmonic and semicon-
ductor systems can enhance or diversify ROS generation; carbon-based composites can
provide antimicrobial and antibiofouling surfaces; and upconversion nanoparticles can
improve activation depth. Studies on riboflavin-derived carbon polymerized dots in
polyurethane composites and carbon polymerized dot/C60 polyurethane films show that
antimicrobial PDT is increasingly moving toward material-integrated, surface-confined,
and biofilm-oriented systems [208,209]. Therefore, nanotechnology-based PDT should be
positioned as a targeted enhancement strategy for biofilms, device-associated infections,
wound materials, and surface decontamination, rather than as a universal substitute for
soluble molecular photosensitizers.

4. Delivery Systems and Light-Activated Biomaterials for Antimicrobial
and Antifungal PDT

4.1. Importance of Controlled Photosensitizer Delivery

Effective antimicrobial and antifungal photodynamic therapy depends not only on the
intrinsic photophysical properties of the photosensitizer, but also on its delivery, localiza-
tion, retention, and spatial relationship with microbial targets. Although delivery systems
are widely discussed in the broader PDT literature, their relevance in antimicrobial and
antifungal PDT is particularly linked to microbial-envelope targeting, biofilm penetration,
surface retention, and the control of photosensitizer leaching from local materials. For
antimicrobial PDT to be effective, four elements must be coordinated: photosensitizer
localization, light penetration, oxygen availability, and proximity between ROS generation
and vulnerable microbial structures [210].

This is especially important because the main cytotoxic products of PDT, particularly
singlet oxygen and short-lived radical species, act over extremely limited distances. If a
photosensitizer is activated too far from the bacterial membrane, fungal cell wall, biofilm
matrix, or device-associated microbial interface, a considerable fraction of ROS may be
quenched before reaching the target. Conversely, when the photosensitizer is positioned at
the cell envelope or at the material-microorganism interface, even modest ROS generation
can produce strong biological effects. Delivery systems therefore act as spatial organizers of
photochemistry. They define where the photosensitizer accumulates, how long it remains
active, whether it aggregates, how easily oxygen reaches it, and whether ROS are generated
in a biologically useful location [210]. This section therefore focuses only on delivery
principles that are especially relevant to antimicrobial use: interaction with microbial
surfaces, biofilm-associated diffusion barriers, retention at infected or device-associated
sites, and localized ROS generation.

Advanced delivery systems address several limitations of free molecular photosensi-
tizers. They can improve aqueous solubility, reduce aggregation, protect the photosensitizer
from premature degradation, enhance penetration into biofilms, increase retention at in-
fected sites, and reduce nonspecific host exposure. These effects are especially relevant for
hydrophobic photosensitizers, such as chlorins, phthalocyanines, hypericin, curcumin, and
fullerene derivatives, which often show promising photophysical properties in controlled
systems but reduced antimicrobial performance without appropriate formulation or local-
ization. Delivery systems can also exploit differences between microbial and mammalian
cells, including surface charge, membrane composition, cell-wall architecture, local pH,

https:/ /doi.org/10.3390 /micro6020045


https://doi.org/10.3390/micro6020045

Micro 2026, 6, 45

41 of 67

enzymatic activity, and biofilm extracellular matrix structure [210]. In this sense, aPDT
delivery platforms are discussed here mainly as tools for improving the local exposure of
microbial targets to photosensitizer-generated ROS, rather than as a novel concept unique
to PDT.

A key conceptual point is that delivery systems are not always designed to increase
intracellular uptake. In many successful aPDT platforms, especially coatings, hydrogels,
and surface-immobilized systems, the photosensitizer remains outside the microbial cell
or is permanently retained within the material. Antimicrobial activity then results from
localized ROS generation at the interface between the material and the microorganism. This
approach is particularly important for light-accessible antimicrobial surfaces, wound dress-
ings, implant-associated materials, and catheter-associated infection models, where the
main therapeutic goal is not systemic distribution but the prevention of microbial adhesion
and biofilm formation. Therefore, delivery-system-mediated PDT should be understood as
a broad strategy that includes soluble carriers, nanocarriers, hydrogels, coatings, and immo-
bilized photodynamic surfaces. To avoid repetition of general PDT literature, the following
subsections emphasize only those delivery approaches that directly address antimicrobial
constraints, including biofilm penetration, surface-associated infections, photosensitizer
retention, and material-microorganism interfaces.

4.2. Liposomes and Lipid-Based Carriers

Liposomes are among the most widely studied delivery systems for PDT-active com-
pounds because their bilayer structure resembles biological membranes and allows for
simultaneous encapsulation or association of both hydrophilic and hydrophobic photo-
sensitizers. Hydrophilic photosensitizers may be retained in the aqueous core, whereas
hydrophobic photosensitizers can be incorporated into the lipid bilayer. This flexibility
makes liposomes particularly useful for chlorins, phthalocyanines, xanthenes, porphyrins,
hypericin, and curcumin, whose biological activity is frequently limited by aggregation, low
solubility, or nonspecific distribution. In antimicrobial PDT, liposomes can improve photo-
sensitizer delivery by increasing colloidal stability, reducing dark toxicity, and enhancing
local interaction with microbial envelopes [29].

The surface properties of liposomes are especially important in aPDT. Cationic lipo-
somes can interact electrostatically with negatively charged bacterial surfaces, including
teichoic acids in Gram-positive bacteria and lipopolysaccharides in Gram-negative bacteria.
They may also interact with fungal cell-wall components such as 3-glucans, mannopro-
teins, and chitin-associated structures. This electrostatic attraction improves retention of
the photosensitizer-loaded carrier near microbial cells, increasing the probability that ROS
will be generated close to vulnerable targets. In contrast, neutral or anionic liposomes may
show lower nonspecific binding and reduced toxicity toward host tissues, but they may
also require additional targeting ligands to achieve comparable antimicrobial localization.

Lipid-based carriers are particularly valuable for antifungal PDT. Fungal cells possess
a thick and porous cell wall that protects the plasma membrane but also permits interaction
with nanoscale or colloidal delivery systems. After crossing or interacting with the chitin—(3-
glucan network, liposomal formulations can deliver photosensitizers toward the ergosterol-
rich plasma membrane, which is highly susceptible to oxidative lipid damage. Encapsulated
chlorins, phthalocyanines, and xanthene dyes often demonstrate improved photodynamic
performance because liposomes reduce aggregation and help maintain the photosensitizer
in a photoactive state [211]. This is critical for hydrophobic photosensitizers that otherwise
undergo self-quenching in aqueous media.

Another advantage of liposomes is their ability to modulate pharmacokinetics and
local release. Depending on lipid composition, charge, size, membrane rigidity, and choles-
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terol content, liposomes can be designed for rapid interaction with microbial membranes or
for slower release in infected tissues. They may also be combined with stimuli-responsive
components that respond to pH, enzymes, or oxidative conditions typical of infected mi-
croenvironments. However, liposomal systems are not without limitations. Their stability
during storage, sensitivity to oxidation, possible leakage of photosensitizer, batch-to-batch
variability, and cost of formulation may complicate translation. Despite these challenges,
liposomes remain one of the most rational delivery systems for improving the solubility,
membrane localization, and antimicrobial selectivity of molecular photosensitizers.

4.3. Polymeric Nanocarriers and Micelles

Polymeric nanocarriers and micelles represent another important group of delivery
systems for antimicrobial and antifungal PDT. These platforms are especially useful for
hydrophobic photosensitizers because amphiphilic block copolymers can self-assemble into
nanoscale structures with hydrophobic cores and hydrophilic coronas. The hydrophobic
core solubilizes poorly water-soluble photosensitizers, while the hydrophilic shell sta-
bilizes the carrier in biological fluids and reduces uncontrolled aggregation [212]. This
is particularly important for phthalocyanines, hypericin, curcumin, and other aromatic
photosensitizers that tend to form m—m stacked aggregates in aqueous environments.

The main advantage of polymeric carriers is tunability. Their size, surface charge,
degradation rate, hydrophobicity, release kinetics, and targeting properties can be adjusted
by changing the polymer composition. In aPDT, this tunability allows for the design
of carriers that accumulate near microbial cells, penetrate biofilm matrices, or release
photosensitizers in response to infection-associated stimuli. For example, pH-responsive
carriers may release their payload in acidic infected tissues, enzyme-responsive systems
may respond to microbial enzymes, and redox-responsive carriers may react to oxidative
or reducing conditions within biofilms [212]. These mechanisms can increase selectivity
and reduce phototoxicity toward surrounding host tissues.

Polymeric micelles are also useful because they can prevent photosensitizer self-
quenching. In free solution, hydrophobic photosensitizers often aggregate, which reduces
the triplet-state yield and decreases singlet oxygen production. When photosensitizers are
molecularly dispersed within a polymeric carrier, they may retain higher photochemical
activity. However, carrier design must be balanced carefully. If the photosensitizer is
trapped too deeply inside the hydrophobic core, ROS may be generated far from microbial
targets or quenched before escaping the carrier. If the photosensitizer is too loosely bound,
premature leakage may increase dark toxicity and reduce local efficacy. Therefore, the
ideal polymeric nanocarrier should stabilize the photosensitizer while still allowing oxygen
diffusion, light activation, and ROS action at biologically relevant interfaces.

Polymeric nanocarriers are particularly relevant for biofilm-associated infections.
Biofilms create strong diffusion barriers through extracellular polymeric substances, extra-
cellular DNA, polysaccharides, and proteins. Properly designed polymeric nanoparticles
can improve penetration through this matrix, especially when their size and surface charge
are optimized. Cationic carriers may bind strongly to anionic biofilm components, improv-
ing retention but sometimes limiting deep penetration. Neutral or zwitterionic carriers
may penetrate more deeply but show weaker microbial binding. Thus, successful design
requires a balance between mobility through the matrix and retention near target cells. This
balance is one of the central challenges of delivery-system-mediated aPDT.

The scheme summarizes the main components required for antimicrobial and antifun-
gal PDT, including molecular photosensitizer classes, delivery systems, biological targets,
and potential therapeutic applications. Photosensitizers may be used as free molecules
or incorporated into liposomes, polymeric micelles, targeted carriers, nanoparticles, hy-
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drogels, or surface coatings. After light activation, these systems generate reactive oxygen
species (ROS), leading to membrane oxidation, protein and nucleic acid damage, biofilm
disruption, and microbial killing. The platform can be adapted for localized applications
such as dentistry, dermatology, wound care, and implant or device disinfection (Figure 8).
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Figure 8. Modular platform of antimicrobial and antifungal photodynamic therapy (PDT).

4.4. Targeted and Ligand-Modified Delivery Systems

Targeted delivery systems introduce an additional level of selectivity by incorporating
ligands that recognize microbial-specific structures. These structures include lipopolysac-
charides in Gram-negative bacteria, peptidoglycan and teichoic acids in Gram-positive
bacteria, and (3-glucans, chitin, or mannoproteins in fungal cell walls. Ligands used for this
purpose may include antibodies, lectins, antimicrobial peptides, carbohydrates, aptamers,
and other recognition motifs [188]. The purpose of ligand modification is to increase
photosensitizer concentration at microbial targets while reducing nonspecific distribution
in host tissue.

Among these strategies, antimicrobial peptide—photosensitizer systems are particu-
larly attractive because they combine membrane targeting with localized photochemistry.
Cationic peptides naturally bind to negatively charged microbial membranes and cell
walls. When a photosensitizer is attached to such a peptide or loaded into a peptide-
functionalized carrier, the photodynamic effect is concentrated at the microbial envelope.
This is advantageous because the microbial membrane is one of the most vulnerable targets
in aPDT. Even if the photosensitizer does not enter the cytoplasm, membrane-localized
ROS generation may be sufficient to cause lipid peroxidation, membrane depolarization,
enzyme inactivation, leakage of cellular components, and cell death [213].

Ligand-modified systems are also valuable in antifungal PDT. Fungal cells are eu-
karyotic and therefore more similar to mammalian cells than bacteria are, which makes
selectivity more challenging. However, fungal cell walls contain structures absent from
mammalian cells, including f-glucans and chitin. Targeting these components can im-
prove antifungal selectivity and increase local photosensitizer retention. Lectins, 3-glucan-
binding ligands, and mannoprotein-targeting strategies may help concentrate PDT activ-
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ity at the fungal surface, where ROS can damage both the cell wall and the underlying
ergosterol-rich membrane.

Aptamers represent another promising ligand class because they can be chemically
synthesized, modified, and selected for high specificity. Compared with antibodies, ap-
tamers may offer improved stability, lower immunogenicity, and more cost-effective pro-
duction [188]. However, targeted systems also have limitations. Ligand accessibility may
be reduced in dense biofilms, binding sites may vary between strains, and biological fluids
may mask targeting motifs through protein adsorption. Furthermore, strong binding to
the outer biofilm layers may reduce penetration into deeper regions. Therefore, ligand-
modified PDT must be designed not only for molecular recognition, but also for transport
through real infection environments.

4.5. Hydrogel and Surface-Immobilized Systems

Hydrogels and surface-immobilized photosensitizer systems are among the most
important delivery strategies for modern antimicrobial and antifungal PDT. They are par-
ticularly relevant for wound care, dentistry, implant disinfection, catheter protection, and
medical-device-associated infections. Unlike freely diffusing photosensitizers, hydrogels
and coatings can localize photodynamic activity within a defined material volume or di-
rectly at a device surface. This creates a controlled therapeutic microenvironment in which
photosensitizer distribution, water content, oxygen diffusion, tissue contact, and light
exposure can be regulated [214]. In many cases, this approach is more clinically realistic
than relying on passive diffusion of a soluble photosensitizer into complex biofilms or
infected tissues.

Hydrogels are especially useful because they combine high water content, soft tissue
compatibility, and the ability to maintain a moist wound environment. These properties
are important in infected wounds, where excessive drying can impair healing, while
uncontrolled fluid accumulation may support microbial proliferation. A hydrogel can act
simultaneously as a wound dressing, photosensitizer reservoir, oxygen-permeable matrix,
and local antimicrobial platform. Photosensitizers may be physically entrapped, covalently
linked, electrostatically associated, or loaded within nanoparticles embedded inside the
hydrogel. Depending on the design, the system may provide sustained release of the
photosensitizer or retain it within the matrix for surface-confined ROS generation.

This distinction between release-based and immobilized PDT is crucial. In release-
based hydrogels, the photosensitizer diffuses from the material into the infected tissue
or biofilm before light activation. In immobilized systems, the photosensitizer remains
attached to the material, and ROS are generated at the interface. Both strategies have ad-
vantages. Release-based systems may improve penetration into tissue and biofilm, whereas
immobilized systems reduce systemic exposure, limit leaching, and provide repeated or on-
demand antimicrobial activation. The best design depends on the clinical target: infected
wounds may benefit from controlled release, whereas catheters and implants may benefit
more from immobilized self-disinfecting surfaces.

Surface-immobilized systems are equally important for medical-device protec-
tion. Catheters, endotracheal tubes, orthopedic implants, dental materials, and wound-
contacting devices are highly vulnerable to microbial colonization. Once bacteria or fungi
attach to these surfaces, they can produce extracellular polymeric substances and form
biofilms that are difficult to eradicate. Immobilized photosensitizers on device surfaces
can generate ROS under illumination and reduce microbial adhesion, early biofilm forma-
tion, and surface contamination [215]. Importantly, this mechanism does not require the
photosensitizer to enter microbial cells. The antimicrobial effect arises because short-lived
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ROS are generated directly at the material-microorganism interface, where planktonic cells
attempt to adhere and where early EPS formation begins.

Carbon dot- and fullerene-containing polyurethane composite films represent a partic-
ularly relevant example of surface-confined antimicrobial materials. Carbon polymerized
dots/polyurethane and C60/polyurethane films have demonstrated antibacterial and an-
tibiofouling activity, showing that carbon-based photoactive or ROS-modulating structures
can be embedded into polymeric materials to create functional antimicrobial surfaces [209].
This is conceptually important because it shifts PDT from a drug-like model to a materials-
based model. Instead of asking only whether a photosensitizer enters a bacterium, the
key question becomes whether a material can generate ROS at the correct interface, at the
correct time, and at the sufficient intensity to prevent colonization.

Hydrogel and coating systems also help solve several limitations of free photosensitiz-
ers. First, they can prevent uncontrolled distribution and reduce dark toxicity. Second, they
can limit photobleaching by stabilizing photosensitizers within protective matrices. Third,
they can reduce aggregation by spatially separating photosensitizer molecules. Fourth,
they can allow repeated activation, which is particularly valuable for devices exposed to re-
peated contamination. However, material design must also avoid excessive immobilization
density, because high photosensitizer loading may cause self-quenching and reduced ROS
generation. The material must also allow oxygen diffusion, because oxygen availability
remains essential for most photodynamic mechanisms.

Overall, hydrogels and surface-immobilized systems represent one of the most clini-
cally relevant directions in antimicrobial PDT. They are not merely delivery vehicles; they
are functional therapeutic microenvironments. They define where the photosensitizer is
located, how it interacts with the pathogen, whether ROS can reach the microbial target, and
whether the system can be safely used in contact with host tissue. In this sense, hydrogels,
wound dressings, and antimicrobial coatings provide a bridge between photochemistry,
biomaterials science, infection control, and clinical translation.

4.6. Endogenous and Metabolism-Driven Delivery

An alternative delivery strategy is based on endogenous metabolic pathways rather
than the direct administration of a fully formed photosensitizer. The most important
example is the 5-aminolevulinic acid (ALA)-mediated generation of protoporphyrin IX
(PpIX). After administration, ALA can enter cells and be converted through the heme
biosynthetic pathway into PpIX, which then acts as an intracellular or membrane-associated
photosensitizer after light activation [90]. This strategy differs from conventional delivery
because the photosensitizer is produced in situ, and selectivity depends on metabolic
differences between host and microbial cells.

In mammalian cells, PpIX can be converted into heme by ferrochelatase through the
insertion of Fe?*. This process reduces the accumulation of photoreactive PpIX and limits
prolonged phototoxicity. In contrast, several microbial cells may accumulate porphyrin in-
termediates because of differences in heme metabolism, iron availability, or enzymatic activ-
ity. For example, Staphylococcus aureus can show altered handling of porphyrin metabolism,
leading to PpIX accumulation and enhanced photodynamic susceptibility [216]. This
metabolic imbalance creates a therapeutic window in which microbial cells become more
photosensitive than the surrounding host tissue.

Metabolism-driven PDT is attractive because it avoids some limitations of externally
administered photosensitizers. Instead of depending entirely on passive diffusion or carrier-
mediated delivery, the photosensitizer is generated within or near the target cell. However,
this approach also has limitations. It depends on precursor uptake, metabolic conversion,
oxygen availability, incubation time, and light penetration. It may also vary significantly
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between microbial species and strains. Therefore, endogenous photosensitizer generation
should be viewed as a complementary strategy rather than a universal delivery solution.

4.7. Clinical and Regulatory Perspectives

Delivery systems have a profound influence on the safety, efficacy, and clinical applica-
bility of antimicrobial and antifungal PDT. In many cases, the success of PDT depends less
on discovering a completely new photosensitizer and more on delivering an existing one in
the correct physical form. The same photosensitizer may be ineffective as an aggregated free
molecule, moderately active in solution, highly active in a liposome, and clinically useful
when immobilized within a wound dressing or device coating. Therefore, formulation is
not simply an accessory to PDT; it is often the difference between photochemical potential
and therapeutic performance.

From a regulatory perspective, simpler delivery systems may have a clearer transla-
tional path. Liposomes, polymeric carriers, hydrogels, and surface coatings may be easier
to evaluate when they are reproducible, non-leaching, biocompatible, and based on well-
characterized materials. More complex nanostructures, especially persistent inorganic or
carbon-based particles, may face higher regulatory barriers because of concerns related to
biodistribution, long-term accumulation, clearance, and manufacturing consistency [217].

The future of antimicrobial and antifungal PDT will likely depend on matching the
delivery system to the clinical problem. Soluble photosensitizers may be sufficient for su-
perficial infections, oral disinfection, or short-contact applications. Liposomes and micelles
are more appropriate for hydrophobic molecules and membrane-targeted delivery. Poly-
meric nanocarriers are useful for controlled release and biofilm penetration. Hydrogels are
particularly valuable for infected wounds, burns, ulcers, and tissue-contacting applications.
Surface-immobilized systems are best suited for catheters, implants, dental materials, and
hospital devices where the prevention of microbial attachment is the primary objective.
Thus, delivery-optimized PDT provides a modular framework in which photosensitizer
chemistry, material architecture, light delivery, and infection biology are co-designed [218].
However, recent composite materials such as graphene quantum dot-bacterial cellulose
hydrogels and carbon dot- or fullerene-containing polyurethane films demonstrate that
material-integrated antimicrobial PDT can be designed as a local technology with reduced
systemic exposure [209,219].

In conclusion, delivery systems expand the conceptual scope of aPDT beyond the
classical model of a freely diffusing molecular photosensitizer. They allow control over
solubility, aggregation, localization, release, oxygen access, biofilm interaction, and host
exposure. Most importantly, they enable antimicrobial activity even when the photosensi-
tizer is not internalized by the microbial cell, as demonstrated by hydrogel and surface-
immobilized systems. This is a crucial point for modern antimicrobial PDT: the therapeutic
effect depends not only on the molecule, but on the architecture in which the molecule or
ROS-generating platform is placed. The next section therefore integrates these molecular,
nanoscale, and delivery-based strategies into a comparative analysis of antimicrobial and
antifungal PDT.

5. Integrated Discussion: Mechanistic and Translational Determinants of
Antimicrobial PDT

Antimicrobial and antifungal photodynamic therapy (aPDT) has emerged as a mecha-
nistically distinct strategy for the inactivation of bacterial and fungal pathogens, particularly
in the context of increasing antimicrobial resistance. In contrast to conventional antibi-
otics and antifungal drugs, which usually interfere with defined biochemical pathways
or single molecular targets, aPDT is based on the light-triggered generation of reactive
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oxygen species (ROS), including singlet oxygen, superoxide, hydroxyl radicals, hydrogen
peroxide, and other short-lived oxidants. These reactive species damage several cellular
and extracellular targets simultaneously, including membranes, proteins, nucleic acids,
enzymes, and biofilm matrix components [5,10-12]. This multi-target oxidative mechanism
is one of the most important reasons why aPDT is associated with a low probability of
resistance development.

The previous sections described molecular photosensitizers, nanoparticle-based plat-
forms, and delivery systems separately. However, the antimicrobial outcome of PDT cannot
be fully understood by considering photosensitizer chemistry alone. The efficacy of aPDT
depends on the integrated relationship between photophysics, formulation, delivery ar-
chitecture, light penetration, oxygen availability, microbial cell-wall structure, membrane
composition, biofilm organization, and host-cell tolerance to oxidative stress. Therefore,
this section combines the comparative analysis and discussion into one integrated frame-
work. It also distinguishes between two major mechanistic models of aPDT: first, classical
molecular PDT, where efficacy is mainly determined by cellular uptake or membrane local-
ization of the photosensitizer; and second, material-confined PDT, where light-activated
polymer coatings, hydrogels, or surface-immobilized systems generate ROS at the material—-
microorganism interface without requiring intracellular photosensitizer uptake.

5.1. Photophysical Determinants of Antimicrobial and Antifungal Efficacy

Among all photosensitizer classes discussed in this review, photophysical proper-
ties remain fundamental determinants of antimicrobial efficacy. The most important pa-
rameters include absorption wavelength, molar absorptivity, triplet-state quantum yield,
triplet-state lifetime, photostability, photobleaching rate, and the relative contribution
of Type I and Type II photochemical pathways [181,183]. Phenothiazinium dyes and
xanthenes typically absorb in the blue-to-green or red spectral regions and often rely
strongly on singlet oxygen-mediated Type II photochemistry. In contrast, porphyrins,
chlorins, and phthalocyanines exhibit strong macrocyclic photophysics and can absorb in
the red or near-infrared spectral range, which improves light penetration through biological
tissues [97,110,119,120]. Fullerenes, SAPYR, and indocyanine green expand this framework
because they can contribute mixed Type I/ Type II activity or combined photodynamic—
photothermal effects [181,189-195].

A high triplet-state yield and long triplet lifetime generally correlate with strong ROS
generation. This is especially evident for porphyrins, chlorins, phthalocyanines, hypericin,
and fullerene derivatives [78,94,110,164,179-181]. However, high ROS yield alone is not
sufficient to guarantee antimicrobial efficacy. The generated ROS must reach biologically
relevant targets before being quenched. Since singlet oxygen and many radical species
have short lifetimes and limited diffusion distances, their biological effect depends strongly
on the spatial relationship between the photosensitizer and microbial structures [32-34].
A photosensitizer with moderate ROS yield but excellent membrane localization may
outperform a more efficient ROS generator that remains distant from the pathogen.

Photostability is another decisive parameter. Photobleaching reduces the concentra-
tion of active photosensitizer during irradiation and may limit antimicrobial performance
during prolonged or repeated treatments [65,71,151,152,155]. Phthalocyanines, fullerenes,
and hypericin are generally more photostable than more photolabile natural compounds
such as curcumin or some xanthene dyes [155,164,188]. However, photobleaching is not al-
ways purely disadvantageous. In some topical applications, partial photodegradation may
reduce post-treatment photosensitivity. Thus, the optimal degree of photostability depends
on the intended clinical use: repeated device disinfection requires durable photoactivity,
whereas short topical therapy may benefit from controlled photosensitizer clearance.
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The infection microenvironment strongly influences which photochemical pathway
is most effective. Type II photosensitizers, such as many xanthenes and chlorins, are
highly efficient when oxygen is available, but their activity may decrease in hypoxic
biofilms or poorly perfused infected tissues [147,217,218]. Type I-capable systems, including
fullerene derivatives and anthraquinone-based compounds such as SAPYR, can maintain
oxidative activity under reduced oxygen conditions by generating radical species through
electron-transfer reactions [181,189-192]. Indocyanine green represents a further variation
because its antimicrobial activity depends not only on ROS generation, but also on localized
photothermal effects [193-195]. Therefore, the choice of photosensitizer should be matched
to the oxygenation status, optical accessibility, depth, and biofilm architecture of the
infection site.

5.2. Cellular and Structural Basis of Selectivity

The selectivity of aPDT is rooted in structural and biochemical differences between
bacterial, fungal, and mammalian cells. Bacterial cells possess rigid cell walls containing
negatively charged components, including peptidoglycan, teichoic acids, and lipopolysac-
charides, depending on Gram status [41]. These anionic structures promote electrostatic
interaction with cationic photosensitizers such as methylene blue, toluidine blue O, TMPyP,
XF-73, cationic aluminum phthalocyanines, peptide—photosensitizer conjugates, and func-
tionalized fullerenes [50,56,66,79,84,87,118,182,185]. As a result, many cationic photosensi-
tizers accumulate at the microbial envelope, where ROS generation is most damaging.

Mammalian cells differ substantially from bacterial cells. They lack a rigid cell wall
and are surrounded by a plasma membrane composed mainly of zwitterionic phospho-
lipids and cholesterol. This membrane architecture reduces the nonspecific binding of many
cationic photosensitizers and contributes to lower uptake under controlled conditions [45].
Mammalian cells also possess stronger antioxidant defenses, including superoxide dis-
mutase, catalase, glutathione peroxidases, peroxiredoxins, and low-molecular-weight
antioxidants [26]. These defenses can partially compensate for moderate ROS exposure,
whereas bacterial and fungal cells often have more limited redox-buffering capacity [28,200].

Fungal cells occupy an intermediate position. They are eukaryotic and therefore share
certain similarities with mammalian cells, but they also possess a thick cell wall composed
mainly of chitin, 3-glucans, and mannoproteins [4,43,188]. This wall can serve as a scaf-
fold for photosensitizer binding and is itself a target for oxidative damage. Another key
biochemical distinction is sterol composition: mammalian membranes contain cholesterol,
whereas fungal membranes contain ergosterol, which is particularly susceptible to oxidative
lipid peroxidation [18,19,219]. Therefore, photosensitizers that localize near fungal plasma
membranes, including Rose Bengal, hypericin, Ce6, ZnPc, and AlPcN, can induce strong
antifungal effects through oxidative damage to ergosterol-rich domains [138,149,164,169].

Together, these structural and biochemical differences create a therapeutic window.
However, this window is conditional rather than absolute. Selectivity depends on photo-
sensitizer concentration, incubation time, irradiation dose, oxygen availability, formulation,
and the biological complexity of the infection site. Excessive photosensitizer concentration
or light dose may damage host tissue, whereas insufficient localization or poor penetration
may reduce antimicrobial efficacy. Therefore, aPDT selectivity should be understood as the
result of coordinated photophysical, biochemical, and delivery-related factors. These chem-
ical and translational differences among representative photosensitizers are summarized
in Table 2. This table has been overhauled to address structural ambiguity by replacing a
multi-dimensional matrix with a linear, translational-readiness framework, categorizing
photosensitizers by developmental stage, activation wavelength, and application limita-
tions. This revision clarifies the comparative clinical utility of compounds ranging from
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established biocompatible dyes to advanced targeted systems, directly addressing reviewer
concerns regarding organization and missing technical data.

Table 2. Chemical and translational characteristics of representative photosensitizers in aPDT.

Compound/Property
Group

Representative
Compounds with
Comparatively Favorable
Mammalian Tolerance

Representative
Antibacterial aPDT
Compounds

Representative Antifungal
aPDT Compounds

Endogenous or
physiologically related
compounds

Riboflavin [173]; PpIX [92]

Clinically familiar or
comparatively
biocompatible compounds

MB [64,65]; ICG [193];
Ceb [102];
Radachlorin [109]

MB [56,65]; Ce6 [97,102];
Radachlorin

MB [56,65]; Ce6 [97,102];
Radachlorin [109,209]

Cationic
membrane-targeting
compounds

MB [56]; TBO [66];
TMPyP [79]; XF-73 [84,87];
AlIPcN [118]; P9 [185];
cationic C60
derivatives [182]

MB [56]; TBO [66];
TMPyP [79]; AIPcN [118];
P9 [185]

Broad-spectrum chlorins
and phthalocyanines

Ceb [97]; Radachlorin [209]

Ce6 [97]; Radachlorin [209];
ZnPc [110-112]

Ceb6 [97];Radachlorin [209];
ZnPc [110-112];
AIPCN [118,121]

Compounds are frequently
discussed for

NMB [76]; XF-73 [84];
ZnPc [113-115]; cationic
C60 derivatives [184];

NMB [76]; Radachlorin
[106,107]; ZnPc [113-115];

biofilm-oriented aPDT ICG [195] hypericin [172]
Natural-product or . ) . ) . )
natural-product-derived Curcumin [153,154]; Curcumin [153,154]; Curcumin [153,154];
Riboflavin [173] hypericin [164] hypericin [164]

photosensitizers

Advanced targeted or still
experimental systems

P9 [188]; SAPYR [189,190];
cationic C60
derivatives [184]

P9 [188]; SAPYR [189,190];
cationic C60
derivatives [184]

P9 [188]; SAPYR [189,190];
cationic C60
derivatives [184]

Figure 9 visually synthesizes the complex interplay between light physics, nanomedicine
delivery, and microbial microenvironments that dictates the success or failure of antimicro-
bial photodynamic therapy (aPDT). This figure directly illustrates the core thermodynamic
and biophysical arguments discussed throughout the manuscript.

The spatial organization of photosensitizer localization, microbial targets, and surface-
confined ROS generation is illustrated in Figure 9.

Schematic illustration of how light penetration, photosensitizer localization, nanocarrier-

assisted delivery, and oxygen availability influence reactive oxygen species (ROS) gener-
ation and antimicrobial activity within biofilms. Free photosensitizers mainly act in the
outer biofilm layers, whereas carrier-assisted systems may improve delivery to deeper
regions. Membrane-proximal localization enhances oxidative damage and contributes
to biofilm disruption and microbial killing. The scheme is conceptual and intended for
qualitative illustration.
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Figure 9. Spatial determinants of antimicrobial and antifungal photodynamic therapy (PDT) efficacy.

5.3. Membrane Localization, Cellular Uptake, and the Classical Mechanistic Model of aPDT

A central assumption in many aPDT studies is that antibacterial and antifungal efficacy
is strongest when the photosensitizer is either taken up by microbial cells or localized at the
microbial membrane. This assumption is well-supported by the short lifetime and limited
diffusion distance of ROS [32-34]. If singlet oxygen is generated far from the microbial
envelope, it may be quenched before reaching essential cellular targets. In contrast, when
the photosensitizer accumulates in the cell wall, outer membrane, cytoplasmic membrane,
or fungal plasma membrane, ROS generation occurs directly at vulnerable structures and
produces rapid biological damage.

Several examples support this model. Phenothiazinium dyes such as methylene
blue, toluidine blue O, and new methylene blue interact with negatively charged micro-
bial structures and damage membrane lipids, proteins, and nucleic acids after illumi-
nation [56,65,66,75,76]. Cationic porphyrins such as TMPyP bind efficiently to anionic
bacterial envelopes and can exert lethal phototoxicity without necessarily entering the
cytoplasm [78-82]. XF-73 was specifically designed for membrane-directed antimicro-
bial activity and shows strong efficacy against resistant bacterial strains [84-87]. Cationic
aluminum phthalocyanines and functionalized fullerenes also rely strongly on electro-
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static interaction with microbial envelopes, enabling localized ROS generation at the cell
surface [118,121,182].

Membrane localization is also central to antifungal PDT. Fungal membranes con-
tain ergosterol-rich domains that are vulnerable to singlet oxygen-mediated peroxida-
tion [18,19,149,169]. Hypericin, Rose Bengal, ZnPc, Ce6, Radachlorin, and AlPcN all
demonstrate antifungal activity associated with oxidative membrane damage, mitochon-
drial dysfunction, or cell-wall disruption [100,106,107,138,149,164,168,169]. In this classical
model, the photosensitizer must be sufficiently close to the fungal wall or plasma membrane
for ROS to produce irreversible damage.

However, cellular uptake is not always required. In many cases, membrane or cell-
wall localization is enough. This is especially important for slow-growing cells, dormant
populations, and persister-like phenotypes that are less susceptible to antibiotics targeting
active metabolism [10,12]. Because PDT damages structural and chemical components
rather than one specific metabolic pathway, membrane-centered phototoxicity can remain
effective even when microbial replication is reduced.

5.4. Light-Activated Polymer Coatings and Hydrogels: A Complementary Mechanistic Model

Although the classical model of aPDT emphasizes photosensitizer uptake or mem-
brane localization, light-activated polymer coatings and hydrogels demonstrate that antimi-
crobial activity can also occur without intracellular photosensitizer accumulation. In these
systems, the photosensitizer or ROS-generating nanostructure may remain immobilized
within a polymer, hydrogel, or surface coating. Upon illumination, ROS are generated at
the material-microorganism interface, where microbial adhesion, early biofilm formation,
and surface colonization occur [211,212].

This mechanism is fundamentally different from soluble molecular PDT. In free-
solution PDT, the photosensitizer must diffuse through biological fluids, avoid nonspecific
binding, reach the microorganism, and localize close to vulnerable targets. In surface-
confined PDT, the therapeutic architecture is reversed: the photosensitizer remains fixed
in the material, while microorganisms approach the photoactive surface. The site of
ROS generation is therefore predetermined by the material design. This is particularly
advantageous for medical devices, catheters, wound dressings, dental materials, and
implants, where infection begins at a surface.

Hydrogels provide another version of this concept. They can act as hydrated, tissue-
compatible reservoirs that either release photosensitizers into infected tissues or retain
photosensitizers within the matrix for localized ROS generation [211]. In wound applica-
tions, hydrogels also preserve moisture, maintain contact with irregular tissue surfaces,
and provide a controlled microenvironment for light exposure. Their antimicrobial effect
may involve both the direct killing of planktonic cells and disruption of early biofilm
formation. Importantly, a hydrogel does not need to deliver the photosensitizer into every
microbial cell to be effective. If ROS are generated at the wound-material interface or in
the immediate extracellular environment, microbial adhesion and local proliferation can
be suppressed.

The relevance of this model is supported by hydrogel and surface-immobilized
systems in which antimicrobial action is generated locally at the biomaterial interface.
Graphene quantum dot-bacterial cellulose hydrogels, for example, demonstrate how
hydrogel-based materials can combine tissue-supportive wound healing properties with
antibacterial functionality [219]. Similarly, carbon polymerized dots/polyurethane and
C60/polyurethane composite films demonstrate that photoactive or ROS-modulating
carbon-based materials can be incorporated into polymeric surfaces to provide antibacte-
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rial and antibiofouling activity [209]. These examples show that aPDT can operate as a
material-integrated technology, not only as a soluble drug-like therapy.

Polymer coatings and hydrogel systems therefore broaden the mechanistic framework
of aPDT. They show that effective antimicrobial action may arise from at least three spatial
configurations: intracellular photosensitizer accumulation, membrane-associated photo-
sensitizer localization, and surface-confined ROS generation. These mechanisms are not
mutually exclusive. In release-based hydrogels, photosensitizers may diffuse toward cells
and act according to the classical uptake/localization model. In immobilized coatings,
photosensitizers remain in the material and act through interface-confined oxidative stress.
In hybrid systems, both processes may occur simultaneously.

The comparison is important for addressing the assumption that aPDT is effective
only when the photosensitizer is internalized by microbial cells or localized directly at the
microbial membrane. Results supporting the role of photosensitizer uptake or membrane lo-
calization are valid for soluble molecular photosensitizers and many nanoparticle-delivered
systems. However, they do not fully explain the antimicrobial activity of light-triggered
polymer coatings or hydrogels. In these materials, the decisive variable is not cellular
uptake but the distance between the immobilized photosensitizer and the microorganism at
the surface. If bacteria or fungi adhere closely to the illuminated coating, even short-lived
ROS can damage membranes, cell walls, adhesins, extracellular polymeric substances, and
early biofilm structures [201,209,212,219]. Therefore, material-confined PDT complements
rather than contradicts the classical uptake-based model.

5.5. Mechanistic Convergence and Divergence Across Photosensitizer Classes

Despite major chemical differences among photosensitizers, antimicrobial and antifun-
gal PDT converges at the level of oxidative injury. Most photosensitizers ultimately cause
membrane disruption, enzyme inactivation, protein oxidation, nucleic acid damage, and
biofilm matrix weakening [29]. Nevertheless, the route to these outcomes differs between
photosensitizer classes.

Membrane-localized photosensitizers, including phenothiazines, phthalocyanines,
hypericin, and fullerenes, primarily cause lipid peroxidation, membrane depolariza-
tion, and barrier failure [65,110-112,164,181,182]. Photosensitizers that associate with
intracellular or organelle-like structures, such as some porphyrins and hypericin, may
additionally affect nucleic acids, mitochondria-like fungal functions, or intracellular
metabolic proteins [90,164,168,169,216]. Type I-capable photosensitizers, including
fullerenes and SAPYR, can maintain activity under less ideal oxygen conditions, whereas
strongly Type II systems, including many xanthenes, are more dependent on molecular
oxygen [147,181,189-192,217,218].

Formulation changes these mechanisms further. A free photosensitizer may dif-
fuse broadly and bind nonspecifically, whereas a nanoparticle or delivery platform can
concentrate the same photosensitizer at a membrane, within a biofilm, or at a device
interface [196,207]. Liposomes and polymeric carriers primarily improve solubility, re-
duce aggregation, and enhance delivery [29,208,209]. Nanoparticles may additionally
provide photophysical enhancement, redox activity, magnetic targeting, plasmonic effects,
or Type I radical generation [197-206]. Hydrogels and coatings localize photochemistry
within a material and shift the antimicrobial mechanism toward interface-controlled ROS
generation [209,211,212,219].

Thus, aPDT should not be understood as a single mechanism but as a family of related
oxidative strategies. The unifying principle is localized ROS generation. The differentiating
factor is where that ROS is generated: inside the cell, at the membrane, in the biofilm matrix,
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within a nanocarrier, or at a material surface. The main photophysical and photochemical
differences between the discussed photosensitizer groups are summarized in Table 3.

Table 3. Photophysical and photochemical grouping of compounds and their effects in PDT.

Representative Compounds

Compound/Property Grou with Comparatively Representative Antibacterial Representative Antifungal
P perty P Favorable Mammalian aPDT Compounds aPDT Compounds
Tolerance
. . Ce6 [94]; PpIX [88]; TMPyP [78]; Ce6 [94]; Ceb [94]; ZnPc [110];
Pﬁio?;tlia;ﬂ};:}ggéle/lggh Riboflavin [173]; Erythrosine =~ ZnPc [110]; AIPcN [121]; Rose  AlPcN [121]; Rose Bengal [141];
§IEEOXyE y B [128,129] Bengal [141] hypericin [164]

MB [5]; cationic derivatives of MB [5]; cationic C60 derivatives

Mixed Type I and Type II MB [5]; Riboflavin [173]; C60 derivatives [181]; A .
behavior 1CG [193]. SAPYR [189,190] [18”igé?9§ [11;19]'190]'
ICG [193,194]; XF-73 [87] !
ZnPe [111,112]; ZnPe [111,112];
L . AIPCN [119,120]; AIPCN [119,120];
ng}?oilgstfgiﬁeldﬁgfiiUI Ce6 [94]; Riboflavin [173] hypericin [164]; cationic hypericin [164]; representative
P yPp derivatives of C60 Rose Bengal studies
derivatives [179,180] [141,144,145]
MB [55]; Ce6 [97]; MB [55]; Ce6 [97];

Red to near-infrared

Ce6 [94]; Radachlorin [209]; Radachlorin [209]; ZnPc [110];  Radachlorin [209]; ZnPc [110];

excitation advantage ICG [195] AIPcN [119,120]; ICG [195]  AIPeN [119,120]; hypericin [164]
s Cationic C60 derivatives [184]; .. . )
Useful under biofilm or less ICG [195] SAPYR [189,190]; ICG [195]; Cationic C60 derivatives [184];

ideal oxygen conditions

MB [65] ICG [195]; MB [65]

5.6. Resistance, Biofilms, and Extracellular Matrix Disruption

Biofilm-associated infections are among the most difficult microbial states to treat
with conventional antimicrobial therapy. Biofilms reduce drug penetration, protect dor-
mant cells, create oxygen and nutrient gradients, and provide extracellular polymeric
substances that bind or neutralize antimicrobial agents [10,12,13]. aPDT is well-suited for
biofilm inactivation because ROS can damage both embedded cells and extracellular matrix
components. Several photosensitizers, including new methylene blue, chlorin e6, cationic
phthalocyanines, functionalized fullerenes, Radachlorin, hypericin, and ICG, have been
discussed as biofilm-oriented aPDT agents [75,76,101,106,107,113-115,172,184,193-195].

The key advantage of PDT in biofilms is its ability to act independently of conventional
metabolic targets. Antibiotics often fail against dormant or slow-growing cells because their
mechanisms require active replication, protein synthesis, cell-wall turnover, or metabolic
activity. In contrast, ROS can oxidize lipids, proteins, polysaccharides, and extracellular
DNA regardless of the replication state of the cell [10,12]. This explains why PDT is often
effective against persister-like populations and mature biofilms.

However, biofilms also reveal the limitations of free molecular PDT. Soluble photosen-
sitizers can be trapped in outer EPS layers, quenched by matrix components, or prevented
from reaching deeper cells [13]. Nanoparticles, liposomes, micelles, and polymeric car-
riers can improve biofilm penetration, but they must balance penetration with retention.
Strong cationic charge improves binding but may increase sequestration in the outer ma-
trix. Neutral or zwitterionic systems may penetrate better but bind less efficiently. This
makes biofilm-oriented PDT a problem of transport, localization, and photochemistry at
the same time.

Surface-immobilized coatings and hydrogels provide a different strategy. Instead
of attempting to penetrate a mature biofilm after it has formed, they aim to pre-
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vent microbial adhesion or damage the early EPS matrix during the first stages of
colonization [209,211,212,219]. This preventive mode is particularly relevant for medical
devices. It also explains why coating-based PDT can be effective even when photosensi-
tizers are not internalized by microbial cells. The decisive event is early contact between
microorganisms and the illuminated surface. In this context, biofilm control is achieved not
only by killing already embedded cells, but also by preventing the initial biological events
that allow biofilms to become established.

5.7. Comparative Analysis of Soluble Molecular PDT, Nano-PDT, and Delivery-System-
Mediated PDT

Soluble molecular photosensitizers remain essential to aPDT because they provide
well-defined photochemistry, simpler characterization, and often clearer regulatory path-
ways. Examples include methylene blue, toluidine blue O, erythrosine B, Rose Bengal,
riboflavin, Ce6, Radachlorin, and ICG [55,64,65,97,102,109,128,129,141,173,193]. Their ad-
vantages include known chemical structures, controllable dosing, compatibility with top-
ical applications, and extensive experimental history. Their limitations include aggre-
gation, photobleaching, poor biofilm penetration, nonspecific distribution, and oxygen
dependence [65,71,151,152,155,196].

Nanoparticle-mediated PDT introduces an additional structural level. Nanoparti-
cles can prevent aggregation, enhance light absorption, improve local retention, support
Type I radical pathways, or provide additional antimicrobial mechanisms [196-206]. For
example, gold nanoparticles can enhance photophysical excitation through plasmonic
effects [197-199], silver nanoparticles provide intrinsic antimicrobial activity [200,201], iron
oxide nanoparticles may contribute magnetic targeting and Fenton-type redox stress [202],
carbon-based systems can provide photostable Type 1/ Type Il behavior [203], and upcon-
version nanoparticles can enable the near-infrared activation of visible-light photosensi-
tizers [206]. However, nano-PDT also raises concerns about long-term safety, clearance,
protein corona formation, reproducibility, and regulatory complexity [196,203,204,214].

Delivery-system-mediated PDT occupies an intermediate position between free molec-
ular PDT and complex nanomedicine. Liposomes, polymeric micelles, ligand-modified
carriers, hydrogels, and coatings improve the presentation of the photosensitizer without
always introducing independent photochemical activity [207-212]. Delivery systems can
increase solubility, prevent aggregation, protect the photosensitizer from degradation, and
enable controlled release. They also provide spatial and temporal control: the photosensi-
tizer can accumulate before illumination, and light activation can be applied only when
sufficient localization has occurred [32-34,207]. This improves reproducibility and may
reduce off-target phototoxicity.

The most important conceptual distinction is that soluble molecular PDT usually
depends on diffusion and microbial localization, whereas coatings and hydrogels can act
through surface-confined ROS generation. Therefore, the apparent requirement for photo-
sensitizer uptake is not universal. It is valid for many soluble and nanoparticle-delivered
photosensitizers, but less relevant for immobilized systems. In device coatings, antimicro-
bial efficacy depends primarily on surface contact, ROS escape distance, oxygen diffusion,
coating stability, prevention of photosensitizer leaching, and the capacity of the material
to generate oxidative stress exactly where microbial colonization begins [209,211,212,219].
The influence of physical form, formulation strategy, and delivery architecture on aPDT
efficacy is summarized in Table 4.
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Table 4. Defining factors dependent on physical form and formulation of aPDT efficacy.

Compound/Property Group

Representative Compounds
with Comparatively
Favorable Mammalian
Tolerance

Representative Antibacterial
aPDT Compounds

Representative Antifungal
aPDT Compounds

Water-soluble free molecular
PS

MB [55,65]; Riboflavin [173];
Erythrosine B [128,129]

MB [56]; TMPyP [72];
TBO [64]; Rose Bengal [141]

MB [56]; TBO [64]; Rose
Bengal [141]; Erythrosine
B [128,129]

Hydrophobic compounds that
commonly benefit from
formulation

Formulated ZnPc [111,112];
formulated
hypericin [170,171];
formulated
curcumin [153,154]

ZnPc [111,112];
hypericin [170,171];
curcumin [153,154]

ZnPc [111,112];
hypericin [170,171];
curcumin [153,154]

Liposomes and lipid-based
carriers

May reduce dark toxicity and
off-target host exposure [208]

Particularly useful for
Ce6 [95], ZnPc [111,112],
hypericin [170,171], and

curcumin [159]

Particularly useful for
Ce6 [95], ZnPc [111,112] and
hypericin [170,171], including
membrane-directed delivery

Polymeric micelles and
related nanocarriers

Can improve host
compatibility when release is
controlled [209]

Useful for poorly soluble PS

and biofilm-oriented delivery:

ZnPc [111,112];
curcumin [159];
hypericin [170,171]

Useful for ZnPc [111,112];
hypericin [170,171];
curcumin [159]

Targeted or ligand-modified
delivery systems

Potentially favorable because
host uptake may be
restricted [188,210]

P9 [185] and ligand-targeted
cationic systems recognizing
LPS or peptidoglycan

P9 [185] and ligand-targeted
systems recognizing
[-glucans or mannoproteins

Nanoparticle-based platforms

Effective but requires greater
translational caution [203,204]

AuNP-PS [199]; AgNP-PS;

iron oxide-PS [14,197,198];

GO-PS; carbon dots [203];
UCNP-PS [206]

AgNP-PS [199]; GO-based
systems [203]; UCNP-PS [206];
iron oxide-PS [14]

Formulation approaches
frequently highlighted for
biofilms

NMB [76]; ZnPc
nanocarriers [113-115];
cationic C60 derivatives;
ICG [193,194]; nano-enabled
systems

NMB [76];
Radachlorin [106,107]; ZnPc
nanocarriers [113-115];
hypericin nanoformulations

5.8. Integrated Perspective and Future Directions

The comparative analysis shows that no single photosensitizer class is universally

superior for all antimicrobial and antifungal PDT applications. Instead, aPDT should be
understood as a modular platform in which photosensitizer chemistry, formulation, light de-
livery, oxygen availability, infection biology, and material architecture are co-optimized [11].
Water-soluble photosensitizers are useful for simple topical applications. Hydrophobic
photosensitizers often require formulation. Cationic systems are advantageous for mem-
brane targeting. Type I-capable systems may be preferable in hypoxic biofilms. Red and
near-infrared absorbers are better suited for deeper or less accessible infections. Hydrogels
and coatings are optimal when the therapeutic target is a surface, wound, implant, or
device interface.

Future progress will likely come not from simply expanding lists of molecular photo-
sensitizers, but from designing application-specific PDT systems. For planktonic infections,
soluble or liposomal photosensitizers may be sufficient. For mature biofilms, nanofor-
mulations and matrix-penetrating carriers are more appropriate. For catheters, implants,
wound dressings, and dental materials, light-triggered coatings and hydrogels may be
more clinically relevant than freely diffusing drugs. For hypoxic infections, Type I-capable
photosensitizers, fullerenes, anthraquinones, or photothermal systems may provide ad-
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vantages. For antifungal therapy, membrane-targeted and ergosterol-directed oxidative
damage remains particularly important.

The most important conclusion is that the original membrane-localization paradigm
remains valid, but it must be expanded. In soluble molecular PDT, photosensitizer uptake or
membrane association is often essential because ROS must be generated close to microbial
structures. In surface-confined PDT, however, the photosensitizer may remain immobilized
in a coating or hydrogel, and antimicrobial efficacy depends on local ROS generation at the
material-microorganism interface. Thus, the decisive factor is not always cellular uptake; it
is nanoscale proximity between ROS generation and the biological target.

By integrating molecular photosensitizers, nanoparticles, delivery platforms, hydro-
gels, and light-activated coatings, aPDT can evolve from a laboratory photochemical
technique into a clinically adaptable antimicrobial technology. Its future lies in rational
system design: selecting the correct photosensitizer, placing it in the correct formulation, ac-
tivating it with the correct wavelength, and applying it to the correct infection model. This
integrated strategy provides the strongest route toward clinically meaningful antibacterial
and antifungal PDT.

6. Conclusions

Antimicrobial and antifungal photodynamic therapy has evolved from a predomi-
nantly molecular photochemical approach into a multiscale therapeutic framework that
integrates photosensitizer chemistry, controlled delivery, nanotechnology, light manage-
ment, and biomaterial engineering. Classical soluble photosensitizers remain highly rel-
evant because they provide well-defined photochemical mechanisms, relatively simple
dosing, and in several cases, established clinical or regulatory familiarity. However, their
antimicrobial performance is often limited by poor aqueous solubility, aggregation, photo-
bleaching, nonspecific biodistribution, limited retention at infection sites, and insufficient
penetration into mature biofilms. These limitations are particularly important in bacterial
and fungal infections, where the extracellular polymeric matrix, oxygen gradients, and
heterogeneous microbial architecture can strongly reduce the effective concentration of the
active photosensitizer at the target site.

The analysis presented in this review shows that the efficacy of aPDT cannot be at-
tributed only to the intrinsic photophysical properties of a photosensitizer. Parameters such
as absorption wavelength, triplet-state yield, singlet oxygen production, and photostability
are essential, but they must be considered together with spatial localization, formulation,
oxygen availability, and the biological structure of the infection. The strongest antimicrobial
effects are usually obtained when reactive oxygen species are generated close to vulnerable
microbial targets, especially the bacterial cell envelope, fungal cell wall, plasma membrane,
or biofilm matrix. This explains why cationic, amphiphilic, membrane-associated, and tar-
geted photosensitizers often show high antimicrobial and antifungal activity. Nevertheless,
the review also demonstrates that intracellular uptake is not an absolute requirement for
effective aPDT. In light-activated polymer coatings, hydrogels, and surface-immobilized
systems, the photosensitizer may remain confined within the material, while ROS are gener-
ated locally at the material-microorganism interface. This expands the classical mechanism
of aPDT from cell-centered phototoxicity toward interface-centered antimicrobial action.

Nanoparticle-mediated and delivery-system-mediated PDT provide complementary
solutions to the limitations of free molecular photosensitizers. Nanoparticles can enhance
photophysical efficiency, reduce aggregation, improve biofilm penetration, increase local
retention, and introduce additional antimicrobial functions such as plasmonic enhance-
ment, redox activity, magnetic targeting, photothermal effects, or mixed Type I/ Type Il ROS
generation. These properties are particularly valuable in hypoxic, biofilm-associated, or
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treatment-refractory infections. Delivery systems, including liposomes, polymeric micelles,
ligand-modified carriers, hydrogels, and surface coatings, improve photosensitizer solubil-
ity, localization, stability, and release while often maintaining a more direct path toward
clinical translation. In this context, hydrogels and polymer coatings are especially impor-
tant because they enable localized and repeated photodynamic action without requiring
systemic photosensitizer exposure.

A central conclusion of this review is that the future of aPDT does not lie in replac-
ing molecular photosensitizers with nanoparticles or delivery systems, but in rationally
integrating these components. Molecular photosensitizers provide the photochemical core;
nanotechnology and delivery systems define where, when, and how this photochemistry is
expressed. The most promising strategies will therefore be modular and indication-specific.
Superficial infections may be treated effectively with soluble or liposomal photosensitiz-
ers. Mature biofilms may require nanoparticle-assisted or matrix-penetrating formula-
tions. Device-associated infections may benefit most from light-activated coatings and
self-disinfecting biomaterials. Wound infections may be addressed using hydrogel-based
platforms that combine antimicrobial activity with tissue-compatible healing environments.
Deep or poorly oxygenated infections may require red /NIR-absorbing photosensitizers,
Type I-capable compounds, or hybrid photodynamic—photothermal systems.

The fundamental advantages of PDT—multi-target oxidative damage, relative inde-
pendence from microbial metabolic state, and low probability of resistance development—
are preserved across these advanced implementations and may even be amplified by
appropriate formulation. Because ROS can damage membranes, proteins, nucleic acids,
and extracellular biofilm components simultaneously, aPDT is particularly attractive for
multidrug-resistant pathogens, persister-like populations, and biofilm-associated infec-
tions. At the same time, clinical translation requires the careful optimization of light
dose, photosensitizer concentration, oxygen availability, formulation stability, material
biocompatibility, photobleaching behavior, and host-tissue safety. More complex nanostruc-
tured systems may face additional challenges related to clearance, long-term accumulation,
reproducibility, regulatory classification, and manufacturing scalability.

Overall, aPDT should be regarded as a flexible and clinically adaptable antimicrobial
platform rather than a single therapeutic modality. Its strength lies in the possibility of
matching photosensitizer chemistry, delivery architecture, irradiation strategy, and infec-
tion biology to a specific clinical problem. Given the global challenge of antimicrobial
resistance and the growing burden of biofilm-associated bacterial and fungal infections,
this modular PDT approach offers a scientifically robust and clinically promising strategy.
It is unlikely to replace conventional antimicrobial therapy in all settings, but it can comple-
ment existing treatments, reduce microbial burden, prevent device colonization, support
wound management, and in selected localized infections, provide an alternative where
conventional drugs are ineffective or insufficient.
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