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Abstract: After photodynamic therapy entered clinical practice, research and development flourished rapidly, and scientists
endeavored to develop novel photosensitizers and to overcome the technology's limitations. This effort yielded numerous important
advances, among them new generations of photosensitizers, increased clinical applications, nanotechnology-based systems to improve
treatment efficacy, greater selectivity against diseased tissue, and combinations with other minimally invasive treatments. Researchers
have also developed stimulus-responsive delivery systems, disease-targeting methodologies, and approaches that enhance the
penetration depth of activating light. Collectively, these advances have greatly enhanced a technology that remains relatively new.

The main application of photodynamic therapy remains the treatment of neoplasms. Many innovations initially developed in cancer
research also find their way into other realms, including microbial, fungal, and viral infections; acne; wet age-related macular
degeneration; atherosclerosis; psoriasis; environmental sanitization; pest control; and dermatology. Combining photodynamic therapy
with other treatments offers three main benefits: greater efficacy via additive or synergistic effects, a low likelihood of resistance, and
rapid development as a targeted, high-precision treatment. Combinations with established techniques, including chemotherapy and
radiotherapy, may augment their therapeutic utility. Photodynamic therapy has also proved valuable in mop-up surgery.

Published and preclinical studies, clinical trials, clinical applications, and post clinical case reports have established combination
technologies. These technologies have attracted considerable research interest because they can be applied with relative ease, enhance
treatment outcomes, and are rapidly advancing toward clinical relevance. They combine photodynamic therapy with chemotherapy,
photothermal therapy, magnetic hyperthermia, cold plasma therapy, sonodynamic therapy, immunotherapy, or radiotherapy.
Photochemical internalization is an important mechanism in several of these combinations.

Keywords: photodynamic therapy, sonodynamic therapy, photothermal hyperthermia, magnetic hyperthermia, anticancer,
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I. Introduction

Photosensitizers are compounds that absorb light energy and transfer it to oxygen in its triplet ground state, producing singlet
oxygen. Other reactive oxygen species then form in biological media. Activated by light, many photosensitizers also interact
directly with cell membranes and cytoplasmic components, including monosaccharides, nucleic acids, amino acids, DNA, RNA,
glycans, and proteins. Photodynamic therapy (PDT) begins with a photosensitizer (PS) absorbing light, resulting in direct
reactions and oxygen-dependent reactions taking place in the cell membrane and cytoplasm, respectively, leading to cell death via
apoptosis or the destruction of cells by necrosis. For PDT to be selective, the PS must selectively accumulate at the disease site
and within diseased cells and leave healthy cells essentially untouched or only slightly accumulated.
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Early studies showed that organic photosensitizers incorporating porphyrins and phthalocyanines preferentially accumulated in
tumor tissue over normal host tissue. PDT was thus introduced as an anticancer treatment [1]. As the technology was pushed into
clinical practice, researchers looked to improve this preferential accumulation [2]. This led to extensive research into the selective
delivery of PSs to diseased cells and sites while avoiding the delivery to healthy tissue, which remains a major focus of PDT
research [3]. A main type II mechanism of PDT also relies on sufficient oxygen levels. Researchers soon realized that many
disease sites had poor oxygen levels, or were hypoxic, and this was a problem in cancerous tumors as well as bacterial and fungal
infections. Hypoxia limits PDT's action, and research on methods that enhance oxygen levels in the disease microenvironment has
been undertaken [4].

Another limitation of PDT is the distance that light can penetrate human tissue to reach the PS and initiate the PDT reaction,
which is only 2-5 mm [5]. Most skin disorders and other shallow diseases are suitable for effective treatment, but diseases deeper
than 5 mm, or in dark tissues such as the liver, spleen, pancreas, and bone, cannot be treated with PDT, unless optical fibers are
used to deliver the light. This remains true even with the use of near-infrared light within the therapeutic window. Optical fibers
can reach some of the deep diseases and activate the PS [6,7]. The method may require costly infrastructure, and thus, is
technology-intensive and less accessible to financially disadvantaged patients [8].

Sonodynamic therapy (SDT) was developed as a newer form of PDT to counter the limited light penetration of PDT [9]. In SDT,
it is the ultrasound that activates the sensitizer (called the sonosensitizer) instead of light. Ultrasound can pass through the body
and reach dark tissues and bones [9]. Research has therefore focused on using SDT to treat periodontal and bone diseases, as well
as diseases in dark tissues such as the liver, spleen, and pancreas. X-ray-induced PDT (XPDT or PDTX) offers another method of
overcoming the limited penetration of visible light used in standard PDT. In this method, nanomaterial agents are excited by X-
rays, and emit visible light, which then activates the PSs [10]. Magnetic hyperthermia therapy (MGH) is already in clinical use to
treat glioblastoma multiforme in the deep brain. It circumvents the tissue penetration problem because high frequency alternating
magnetic field can pass through the skull and brain tissue, and it can heat glioblastoma tumors that contain magnetic nanoparticles
[11]. This review addresses several combinations of PDT and MGH and the limited antimicrobial research in this area.

In most clinical PDT treatments, the PS is still administered directly to the patient and reaches the diseased tissue through
systemic circulation [12]. Current research increasingly employs nanomaterials to deliver and deliver PSs to diseased tissue, and
this is aimed at enhancing targeted delivery with increased selectivity for diseased cells over healthy host tissue [13]. Their small
size provides a high surface-area to volume ratio, which allows them to adsorb, carry and deliver large amounts of PSs. As with
porphyrin and phthalocyanine organic dye PSs, evidence suggests that the enhanced permeability and retention effect can promote
nanomaterial accumulation in tumor tissue [14]. Nanoparticles have thus received extensive study as a means of enhancing PDT
via more targeted PS delivery [13]. Some nanoparticles also act as PSs and promote reactive oxygen species formation [15].
These materials do not require organic dye PSs to elicit activity at the disease site, but when organic dye PSs are added, the
resulting nanoconjugates show strong reactive oxygen generation and PDT activity [15].

Nanomaterials also support combination treatments that include PDT [16]. Researchers generally develop nanoconjugates that
incorporate features needed for PDT and for the second treatment method [17,18]. To combine PDT with MGH, for example,
magnetic nanoparticles are loaded with a PS [19]. The resulting nanoconjugate responds to a high-frequency alternating magnetic
field by producing heat, raising the temperature to above the tolerance limits of diseased cells in the local tissue. For PDT
combined with photothermal hyperthermia therapy (PTT), photothermal nanoparticles are loaded with a PS. Light irradiation then
causes the nanoconjugate to raise the temperature beyond the tolerance limit of diseased cells in the local tissue [20]. In combined
PDT and chemotherapy, nanoparticles carry both a suitable chemotherapy drug and the PS. The nanoconjugate delivers both
agents to the disease site, supporting their simultaneous action [21]. This paper also examines PDT combined with cold
atmospheric pressure plasma (CAP) therapy. CAP does not always require nanomaterials, but nanomaterials can carry and deliver
the PS when the two treatments are combined [22].
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1. Mechanism of Action of PDT

Photodynamic therapy (PDT) comprises three main components: a photosensitizer (PS), visible light, and oxygen. Individually,
they are harmless, but together, they generate highly reactive oxygen species (ROS). ROS are reactive compounds formed from
molecular oxygen (02), water (H20), and hydrogen peroxide (H202). They include hydroperoxyl radicals (HO2¢), superoxide
anions (O2+—), hydroxyl radicals (OHe), and singlet oxygen (*102). Singlet oxygen, also called dioxygen(singlet) or dioxidene, is
a gaseous inorganic compound. It is the main active species in PDT [23,24].

1.1 The mechanism of PDT comprises two main pathways:

Type I mechanism: The excited PS transfers energy or electrons to biomolecules, resulting in the production of free radicals and
other ROS that damage and destroy cancer cells [25].

Type II mechanism: The PS transfers energy directly to molecular oxygen, producing singlet oxygen, which is a strong oxidant
that damages cancer cells [26].

PDT effectiveness depends on oxygen concentration, PS structure, and tissue conditions. Photodamage can cause cell death by
apoptosis, which is programmed cell death, or necrosis, which is the result of severe cellular injury [27,28,29]. Several processes
contribute to cell death, including the release of cytochrome ¢ from damaged mitochondria, which activates apoptosis. Singlet
oxygen does not directly "destroy cancer cells", but rather triggers pathways that result in cell death, including apoptosis.
Autophagy can protect cells by recycling damaged mitochondria before they release cytochrome c.

Most organic compounds exist in the singlet ground state, but molecular oxygen has a triplet ground state and can become excited
to a singlet state. As a result, excited PS molecules do not usually damage organic cellular structures directly, but they mainly
interact with oxygen dissolved in the cytoplasm [30]. The type II pathway is considered the main process responsible for PDT
activity, and the relative contribution of the two pathways depends on several factors, including oxygen concentration, tissue
dielectric constant, tissue pH, and PS structure [31].

The type of cell death also depends on the location of the PS within the cell. Mitochondrial damage can lead to apoptosis, while
damage to cell membranes, followed by the loss of membrane integrity can lead to necrosis. Injury to lysosomes or the
endoplasmic reticulum can induce autophagy [31,32].

2. Innovative strategies of PDT
2.1. Photosensitizers

The PS is introduced into the body as a compound with little or no effect in the dark. Its main role is to direct pathological cells
into a programmed cell death [33,34]. After a suitable time, the PS reaches a greater concentration in tumor tissue than in nearby
healthy tissue. The tumor area is then exposed to light at a wavelength that matches the PS absorption maximum, usually above
500 nm. The light source must output within the dye's absorption band to be able to initiate the required photochemical reaction.

When the PS has absorbed a photon, its molecule transitions from the ground state to an excited singlet state. Two important
pathways can deactivate the molecule, returning it to the ground state. In one pathway, the excited PS emits the excess energy as
light, a process known as fluorescence. The measurement of fluorescence from the drug accumulated in tumor tissue can help to
support a precise diagnosis by identifying the shape, size, and location of the cancerous lesion .

In the second pathway, the excited PS transitions to the triplet state. The triplet state can persist for hundreds of microseconds,
allowing for the PS to interact with oxygen. Oxygen normally exists in the triplet state, and it can deactivate the excited PS while
generating singlet oxygen. This deactivation pathway produces singlet oxygen, which is highly efficient in damaging cancer cells
during PDT [35].

For use in cancer diagnosis or treatment, a PS should satisfy several conditions:
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Selective accumulation in tumor tissue: The PS should be selectively accumulated in tumors while limiting the exposure of
healthy tissue. No phototoxicity in healthy tissue: The PS should not produce phototoxic effects in healthy tissues exposed to
light. Suitable absorption bands: The PS absorption bands should not overlap those of natural body pigments (e.g., melanin and
hemoglobin) and should avoid strong water absorption near the infrared region. Efficient singlet oxygen production: The PS
should produce singlet oxygen and other oxidative agents efficiently since these reactions are needed to destroy cancer cells.
Limited side effects: The PS should not cause serious adverse effects that could harm the patient. Low toxicity and rapid removal:
Most PSs also accumulate in host organs, including the liver. Since these organs are not generally exposed to the treatment light,
they generally remain undamaged. The PS should have low toxicity and should be removed from the body easily after treatment,
reducing side effects and the burden on the patient.

2.2 Anticancer Photodynamic Therapy

In cancer treatment, PDT can kill cancer cells and slow tumor growth by limiting cell proliferation. The method relies on the
preferential buildup of the photosensitizer (PS) in cancer tissue. After light exposure, the PS promotes the formation of reactive
oxygen species, which destroy cancer cells within the disease microenvironment. The clinical approach started with the direct
administration of hematoporphyrin and hematoporphyrin derivatives that showed some preferential accumulation after systemic
circulation [36]. Current research focuses on targeted PS delivery through nanomaterials, although some groups still administer
free PSs without nanocarriers. One example involves coumarin incorporated into amphoteric nano capsules. These organic
nanomaterials support systemic distribution through their amphiphilic nature, while the hydrophobic PS promotes accumulation at
diseased sites [37].

A comparison of a new zinc (II) phthalocyanine-quinoline conjugate with Photofrin demonstrates the direct approach without a
nanomaterial carrier [38]. In that study, the zinc (II) phthalocyanine-quinoline conjugate was administered to cell lines as a
solution in N, N-dimethylacetamide containing 3.8% polyoxyethylene-35-castor oil. Photofrin was administered in phosphate
buffered saline. Compared with free PSs, nanoparticle carriers can improve solubility, biodistribution, cellular uptake, retention,
delivery to targeted cancer cells, reduce self-degradation and support combination treatments that include PDT. These benefits
have been demonstrated in various studies using metal nanoparticles that are enclosed within different shells that contain the PS
[39]. Silver and gold nanoparticles are among the most studied examples [40]. Metal oxide nanoparticles have also been
extensively studied as carriers of organic dye PSs in targeted anticancer PDT [41]. Iron oxide nanoparticles are particularly prized
for magnetic hyperthermia, magnetic tumor targeting, and magnetic resonance imaging-assisted anticancer PDT
[42,43,44,45,46,47].

The main goal of nanomaterial-mediated PDT is controlled, cancer cell-specific, and stimulus-responsive PS release, which may
allow metastatic cancer cells to be identified and destroyed before they develop into tumors [46,47]. Many studies have thus
examined PDT methods that target metastatic cells. Photoimmunotherapy combines PDT with immunotherapy by linking the PS
to a monoclonal antibody or a biologically recognizable antibody fragment. The conjugate binds selected antigens and supports
precise drug delivery, and also induces an anticancer immune response [48]. In another study, a peptide that cysteine protease
Cathepsin B can cleave was used to attach the PS Verteporfin to gold nanoparticles. After cancer cells had internalized the
nanoconjugate, the peptide linker was cleaved and released the PS [49].

2.3 Antimicrobial Photodynamic Therapy

PDT began as a cancer treatment, but it is now used against many conditions. Antimicrobial PDT is one of its main applications,
targeting bacterial, fungal, and viral infections. It is also used for environmental sanitization and pest control [50]. Researchers
have studied antimicrobial PDT against viral infections, including the recent COVID-19 pandemic [51], as well as bacterial [52]
and fungal infections [53]. Other studies have looked at its use in environmental sanitization [54]. Examples of antibacterial PDT
include treatments for periodontal disease [55,56], superficial wounds [57], and burns [58]. The method may be valuable in
developing countries, where bacterial infections cause many deaths and widespread antibiotic use is accelerating the rise of
bacterial resistance [59].
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Biofilm formation contributes to resistance in some bacterial and fungal infections. This process includes planktonic microbial
quorum sensing [60], adhesion to a surface, colony development, maturation, and biofilm formation. Microbes can later detach
from the biofilm and also attach to another site, where the cycle starts again as the biofilm expands [61,62]. During its life cycle,
bacterial cells are suspended within or embedded in the biofilm. The biofilm contains an extracellular polymeric substance matrix,
composed of polysaccharides, proteins, peptides, nucleic acids, and lipids. This structure makes the embedded bacterial cells
difficult to reach [63,64,65]. Antibacterial PDT can overcome this resistance mechanism by breaking down the extracellular
polymeric substance matrix and exposing the bacterial cells within it [66,67].

Nanoconjugates that contain PSs are the most widely reported strategy for antibacterial PDT, compared with the use of free PSs
[68]. Their design allows the PS to remain loosely bound within the conjugate while retaining its ability to produce reactive
oxygen species [69]. Some nanoparticles can also act as antibacterial PDT PSs without an additional carrier. Common examples
include porphyrin [70] and phthalocyanine nanoparticles [71], metallic silver [72] and gold nanoparticles [73], copper sulfide
nanoparticles [74], and nanographene, zinc [75], and iron oxides [76]. Many magnetic metal chalcogenide nanomaterials can
convert light and magnetic energy into heat, and thus, they are used in combined therapies involving PTT, MGH, and PDT. Iron
oxide nanoparticles, for example, have been applied in combinations of MGH, PTT, and PDT [63]. Studies have also found that
nanographene oxide and copper sulfide nanoparticles can act as both PTT and PDT agents [70,76].

For antibacterial PDT, carefully designed nanoconjugates can release the PS in response to infection-related conditions, which
include the lower pH, limited oxygen supply, and altered levels of enzymes and hydrogen peroxide found in biofilms compared
with normal tissue [77,78].

3. Applications of Photodynamic Therapy

Acne develops when hair follicles become blocked with oil and dead skin cells, allowing bacteria and fungi to grow, especially on
the face. Antibacterial PDT may treat these infections [70]. Wet age-related macular degeneration results from abnormal blood
vessels growing at the back of the eye and damaging the macula [79]. PDT destroys these vessels, allowing for new vessels to
develop normally [80]. Atherosclerosis occurs when plaque builds up along the inner arterial lining, causing the arteries to thicken
or harden [81]. Psoriasis causes rapid skin-cell growth, which leads to an itchy scalp and flaky skin. [82]. Recent viral pandemics,
particularly the COVID-19 pandemic, have increased interest in antiviral PDT [83]. Studies demonstrate that PDT can destroy
viruses, bacteria, and fungi [84]. It has been tested for environmental sanitation, including the treatment of work surfaces, where
the reactive oxygen species produced by PDT can kill microorganisms. The method has been studied as a pesticide against insect
larvae [85]. PDT now extends beyond cancer and bacterial infections to acne [86,87], wet age-related macular degeneration
[88,89], atherosclerosis [90,91], psoriasis [92,93], and antiviral therapy [94,95]. These antiviral applications include treatment of
herpes [96,97] and COVID-19 [98]. Research has also examined PDT for environmental sanitation [99] and pest control [100].
The method is among the most widely used therapeutic techniques in dermatology [101,102].

4. Combinations of Photodynamic Therapy

PDT is a minimally invasive method for treating an expanding range of diseases [103]. Some limits affect its performance. These
include poor solubility of photosensitizers (PSs), shallow tissue penetration by the activating light, and low oxygen levels in many
disease sites. Other concerns include insufficient PS delivery after systemic circulation and poor selectivity at the tissue and cell
levels [104]. These problems can limit PDT efficacy in vivo, even when a PS performs well in vitro. Combining PDT with other
minimally invasive treatments has been studied as a way to improve its performance in these areas [105]. The aim is to increase
efficacy and clinical use of the combined treatment.

The term combination has broad use in drug development. In this review, it refers to the use of several technologies, each with
established therapeutic applications. The non-invasive and minimally invasive methods discussed here act through different
physical and biological mechanisms. They can target different cell organelles, processes and produce several biological responses.
The combined actions can produce complex effects that enhance one another, act independently, and interfere with one another.
Combination therapies are therefore classified according to their effect on efficacy. If the combined treatment is more effective
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than the sum of its separate effects, the result is synergistic. Equal efficacy produces an additive effect. Lower efficacy than the
summed individual effects may indicate antagonism [106]. For example, an in vitro study used PDT with meso-tetrakis(3-
hydroxyphenyl) chlorin as the PS and tested it with the drugs carboplatin, cisplatin, and oxaliplatin. The use of the methyl thiazole
tetrazolium assay demonstrated synergy between oxaliplatin and three cancer cell lines. [107].

One cause of drug resistance is the failure of drugs to enter target cells [108]. To improve endocytosis and overcome doxorubicin
resistance, researchers prepared a nanoconjugate using a doxorubicin-loaded calcium carbonate core and a shell of human serum
albumin linked to the PS. The combined treatment produced a synergistic increase in antiproliferative activity in vitro [109]. By
contrast, a more than two decades old proposal for combining radiotherapy with PDT indicated a generally additive effect [110].
Later studies have largely supported this finding [111]. A sub additive result was reported for PDT using methylene blue
combined with erlotinib chemotherapy against human epidermoid carcinoma A431 cell lines in vitro [112].

5. Applications of Nanomaterials in Combination Therapies with Photodynamic Therapy

Before nanotechnology became widely used, studies of PDT mostly relied on the direct administration of free PSs. After
remaining in systemic circulation for a period, these agents often accumulated preferentially in cancer tissue, increasing their
concentration at the disease site. This selective distribution followed by photosensitization and the production of reactive oxygen
species, forms the basis of PDT. It allows greater PS to reach diseased tissue and cells, than healthy cells in other parts of the
body. As PDT moved towards clinical use, the level of preferential accumulation achieved by free organic dye PSs, proved too
low to provide the required degree of disease targeting and selectivity. Early combination treatments used free PSs together with
another therapeutic agent, either through separate administration or directly mixing the agents without nanomaterials. Many
examples of this approach have been reported [113,114].

Nanotechnology not only improves PS selectivity for diseased cells over host tissue; it also supports combinations of PDT with
other noninvasive treatments and can increase therapeutic efficacy [13]. This progress led to new strategies for target-cell
specificity based on carefully designed nanoconjugates that contain PSs. PTT and MGH are often combined with PDT, and both
already depend on nanomaterials. Nanotechnology has extended PDT beyond cancer treatment, to bacterial, fungal and viral
infections. By increasing target specificity, nanomaterials can reduce the systemic dose needed to deliver large amounts of PS to
diseased tissue and cells, which may help limit the development of resistance, especially among microbial pathogens [109].
Greater selectivity for diseased cells has supported combinations of PDT with chemotherapy. One possible benefit is reuse of
chemotherapy drugs that became ineffective after resistance developed against them [109].

Although these systems vary widely in their design and fabrication, nanomaterials used to deliver PSs and other drugs fall into
two main groups: organic and inorganic nanoparticles [115]. Organic nanoparticles include those made from carbon compounds,
while inorganic nanoparticles include particles made from metals and metal chalcogenides [116]. More broadly, organic
nanoparticles are produced from carbon-based compounds, whereas inorganic nanoparticles are made from noncarbon materials
[117]. The boundary between these groups is not fixed. Some researchers classify carbon-based materials, including graphene,
fullerenes, and carbon nanotubes, as inorganic rather than organic nanoparticles [118,119]. PSs can be added to nanoparticles
through surface adsorption, absorption, covalent attachment or encapsulation. Incorporating the PS can increase preferential
accumulation, as disease cells can take up and retain these particles through the enhanced permeability and retention effect.
Nanoconjugates can also improve the stability and biocompatibility of systems containing PSs and other drugs, helping prevent
immune responses during systemic circulation.

6. Combinations of Photodynamic Therapy with Chemotherapy

Chemotherapy refers to the use of chemical compounds to destroy rapidly growing cells in the body. It is used to treat both cancer
and microbial infections [120]. Most chemotherapy drugs currently used in clinical practice originated from basic research that
examined natural sources. This work was followed by chemical and biochemical studies, including synthesis and structural
modification, to support structure-activity research and improve drug efficacy and selectivity [121]. Candidate compounds reach
clinical use through preclinical testing and clinical trials. The growing problem of drug resistance has encouraged research into
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PDT and other treatment options [120,122], many of which have produced encouraging clinical results [123]. Chemical changes
to established drugs are one way to address chemotherapy resistance. More recently, combining chemotherapy drugs with PDT
has gained attention because the approach may reduce resistance, increase treatment effects and selectivity [122]. Chemotherapy
includes both antibiotic and anticancer treatments. Antibiotic chemotherapy targets infectious agents, while anticancer
chemotherapy targets malignant cells. Resistance has affected both forms to varying degrees [120].

Combining antibiotic chemotherapy with PDT has generally improved activity against several microbial pathogens [124]. One
example is an in vivo study of third-degree burn wounds, using the PS protoporphyrin IX with ceftriaxone sodium, a broad-
spectrum antibiotic. Photoactivation produced large amounts of reactive oxygen species and caused a synergistic reduction in the
growth of methicillin-resistant S. aureus, E. coli, and P. aeruginosa [125]. In another study, PDT with the PS Chlorin-e6 was
combined with ciprofloxacin. The treatment improved bacterial growth inhibition and showed promise as an approach for urinary
tract infections [126]. Optimization studies also examined antibacterial PDT with ciprofloxacin, amikacin, and colistin, as shown
in Figure 3. For E. coli suspensions treated with ciprofloxacin, the strongest bactericidal effect occurred with 100 pg/mL Chlorin-
e6 and a light energy dose of 120 J/cm2 [127].

The combined use of PDT with antibiotic chemotherapy, involving methylene blue as the PS and ciprofloxacin as the antibiotic,
resulted in synergistic effects. Biofilm reduction depended on the light dose but not on the PS concentration, reaching 10"-5.4 for
S. aureus and 107-7 for E. coli [128]. More recently, combining ciprofloxacin 1 with antibacterial PDT based on positively
charged porphyrin 4 and phthalocyanine PS complexes 5 produced log10 biofilm reductions of 7.05 for S. aureus and 7.20 for E.
coli. The PS-to-antibiotic concentrations were 8 uM to 2 pg/mL and 8 pM to 4 pg/mL, respectively [129]. Several reviews have
reported synergistic effects when PDT is combined with chemotherapy. Ahmed El-Hussein et al. (2021) for example, found that
most chemotherapy drugs used with PDT produced synergistic effects against lung cancer [130]. Reviews by Pérez-Laguna et al.
(2019) also described benefits from combining aPDT with antibiotic chemotherapy, including shorter treatment periods, lower
antibiotic doses and toxicity, and reduced development of drug resistance [127,131].

7. Photochemical Internalization

Photochemical internalization (PCI) was first developed to deliver macromolecular drugs into the cytosol. The method also
supports PS entry into diseased cells by enclosing the PSs in endocytic liposome vesicles [132,133]. After the vesicles have
entered the cell cytosol, light activation causes photodynamic breakdown of their membranes. This releases both the aqueous core
contents and the compounds incorporated into the membrane bilayer into the cytosol. In PCI, the PS concentration within the
vesicle membrane must be high enough to cause photodynamic rupture but low enough to avoid PDT-induced cell death [134].
Many studies have examined PCI-mediated chemotherapy drug delivery [135]. For example, PCI delivery increased the
effectiveness of bleomycin [136]. The light-triggered release of chemotherapy drugs via PCI may provide an effective
combination of PDT and chemotherapy [137]. For PDT, liposomal PS formulations contain enough PS to rupture the endocytosed
liposome and induce PS-mediated cell death. Treatment of wet macular degeneration provides one example. It uses a liposomal
formulation of benzoporphyrin derivative, marketed as Visudyne®, with a PS concentration high enough to ablate macular cells
[138]. Another liposomal formulation contains meso-tetrakis(3-hydroxyphenyl)chlorin and is marketed as Foscan® for the
palliative treatment of head and neck cancers [139]. In a recent review, Rak et al. (2023) described liposomal phthalocyanine
complexes of aluminum, silicon and iron, marketed as Photosens, Phthalocyanine-4 and Phtalox, respectively, for anticancer and
antibacterial use, along with other liposomal formulations [140].

The main distinction between PCI and liposomal PS-formulation PDT may be the PS-to-lipid ratio. A low ratio should open the
PCI vesicle through photodynamic action, without causing additional PS-mediated cell ablation. For PDT, the ratio must also be
high enough to produce cell death. This view agrees with a recent review that defined PCI as a specialized PDT method for
combining PDT with chemotherapy and immunotherapy, among other treatments [141].
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8. Combinations of Photodynamic Therapy with Photothermal Therapy

Nanoparticles can convert absorbed light into heat through resonance involving their low-lying conduction electrons [142,143].
This photothermal conversion forms the basis of photothermal hyperthermia therapy, which has possible uses against cancer [144]
and microbial infections [145]. Combining this treatment with PDT can increase therapeutic efficacy, often through synergistic
effects [146,147]. When nanoconjugates carry and release therapeutic agents, photothermal conversion can provide an external
trigger for releasing PDT PSs and chemotherapy drugs from the nanoconjugate [148]. Among the many nanomaterials that show
plasmon resonance and photothermal conversion, gold nanoparticles are among the most studied. Gold nanorods have the highest
photothermal conversion efficiency [149]. Each nanorod has two plasmonic resonance absorption bands in its electronic
absorption spectrum: a strong band in the near-infrared region and a weaker band in the blue region [150]. The near-infrared band
is used to activate nanorods for photothermal conversion [151]. Some metal chalcogenide nanostructures, including copper sulfide
nanoparticles, provide both photothermal conversion and reactive oxygen species generation, and are therefore well suited for
combined PTT and PDT [152]. Light penetration into tissue limits PTT as well as PDT, and this also restricts their combined use
[153]. Some reviews describe PDT as a way to increase the sensitivity of the cancer microenvironment to PTT [126]. Others
report mutual enhancement, with PTT-generated heat improving tissue perfusion and oxygenation [147].

Nanoparticles capable of photothermal conversion can be loaded with PS molecules to combine PTT and PDT in a single
nanomaterial system [154]. In one study, superparamagnetic iron oxide nanoparticles were coated with 3-aminopropyl silane and
loaded with indocyanine green as the PS. The resulting nanoconjugate had a superparamagnetic iron oxide core and a shell
containing 3-aminopropyl silane and labile indocyanine green. Under combined PTT and PDT conditions, in vitro treatment
completely eradicated Gram-negative P. aeruginosa and produced a 7-log reduction in Gram-negative E. coli [155]. The
nanoconjugate was ineffective against Gram-negative K. pneumoniae and Gram-positive S. epidermis. Temperature
measurements and reactive oxygen species assays confirmed that both PTT and PDT were active in the study. The self-assembly
of zinc (II) phthalocyanine functionalized with a 3-(dimethylamino) phenoxy group (6) produces phthalocyanine nanoparticles.
These particles are made entirely from the organic dye PS and can convert light into heat through plasmonic effects. The reaction
scheme appears in Figure 5. The particles act as both PS and photothermal agents, enabling PTT and PDT together. Under brief
655 nm laser irradiation and at an ultralow nanomolar concentration, this combination completely inhibited methicillin-resistant
S. aureus growth [156]. The study confirms that organic dye PS self-assembly can generally produce nanostructures with
photothermal conversion ability. In a separate study, an indocyanine green PS nanostructure was coated with poly(2-
(dimethylamino)ethyl methacrylate) to create a positively charged particle. It showed strong photothermal and photodynamic
antibacterial effects and eradicated P. gingivalis in vitro and in vivo [157]. Although recent reports identified several challenges,
this combination can lower cytotoxicity, improve the solubility of drugs and PSs, and increase therapeutic effects through synergy
[154].

9. Combinations with Magnetic Hyperthermia

Magnetic hyperthermia involves exposing magnetic nanoparticles to a high-frequency alternating magnetic field, which raises the
temperature of the surrounding medium [158]. Like photothermal hyperthermia, it has gained attention as a treatment method for
cancer [159] and microbial infections [160]. Researchers have also examined its possible use against atherosclerosis and
thrombosis [161]. Magnetic hyperthermia does not face the light-penetration limits associated with photothermal hyperthermia.
Alternating magnetic fields pass through biological materials with relative ease, reaching depths greater than 500 mm [162].
Clinical translation is illustrated by work at MagForce Charité Hospital in Berlin, where magnetic hyperthermia trials were
conducted in patients with glioblastoma multiforme, prostate tumors, and pancreatic tumors [163]. The method has also been
combined with PDT for cancer treatment, with promising findings [164]. In both PDT-photothermal hyperthermia and PDT-
magnetic hyperthermia, PDT produces reactive oxygen species, while the hyperthermia method supplies heat. The first
combination uses photothermal heating, while the second uses magnetic heating. Few studies have examined magnetic
hyperthermia combined with PDT against microbial infections compared with its use in cancer and other conditions [50]. The
limited research may reflect the complex equipment and infrastructure required. Photothermal hyperthermia needs much less
costly and specialized equipment.
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A direct magnetic field has also been paired with PDT using chlorin e6-loaded, mesoporous silica-capped iron oxide magnetic
nanoparticles. Although this approach did not generate heat through an alternating magnetic field, it moved the magnetic particles
deeper into the biofilm [165]. In another study, superparamagnetic iron oxide nanoparticles were capped with curcumin as the PS.
The resulting nanoconjugate showed effective magnetothermal conversion under a high-frequency alternating magnetic field
alone. It also produced strong PDT activity under blue light alone, without the alternating magnetic field, and eradicated
planktonic S. aureus. However, the study did not investigate magnetic hyperthermia and PDT together through simultaneous
exposure to the alternating magnetic field and blue light. Even so, it completed the key preliminary work. The researchers capped
the nanoparticles with curcumin and measured the PDT effect and magnetothermal conversion curves separately, creating a basis
for combined magnetic hyperthermia and PDT against bacteria [166]. Several research reports describe nanomaterial-based
approaches, although reviews of PDT combined with MGH remain scarce. One example involves liposomes containing magnetic
iron oxide nanoparticles in their hydrophilic core and the organic dye PS meso-tetra(3-hydroxyphenyl) chlorin within the
membrane bilayer [167]. Another involves a Janus Nanobullet in which chlorin €6 is released from mesoporous silica heads in
response to changes in pH and redox potential. A disulfide bond connects the PS to the nano bullet heads [168].

10. Combinations of Photodynamic Therapy with Cold Atmospheric Pressure Plasma

Cold atmospheric pressure plasma develops when gas flows between electrodes at a high direct or alternating voltage. The
discharge has high concentrations of reactive gas species, including reactive oxygen species, which are also formed during PDT
photosensitization [157]. Electric field causes electron removal from gas molecules and the formation of cations, radicals, and
free electrons. Collisions with these particles and gas molecules lead to further ionization, radical formation, and electron release
as the gas flows. The process takes place at nearly ambient temperature and pressure with only a slight temperature increase.
These characteristics define CAP, whose components can destroy diseased cells on contact. CAP discharge can be applied
directly to wounds during in vivo and clinical treatment [158]. In vitro studies have also applied it to the surface of growth media
containing bacterial test cell lines [159]. Researchers have combined CAP therapy with PDT in basic studies [22] and preclinical
research [160]. Interest in this method has grown because plasma produces reactive oxygen and nitrogen species under ambient
conditions. The resulting reactive gases can be applied directly to disease sites or transferred to suitable stabilizing media, frozen
at ultralow temperatures, and stored for later use [161]. These properties support combinations of CAP with other noninvasive
treatments, including PDT [162], chemotherapy [163], and electrochemotherapy [164]. Such combinations have been studied for
antibacterial treatment during burn and wound healing [165], tissue regeneration [166], and environmental antiseptic sanitation
[167].

CAP technology has shown strong potential for anticancer applications [79,163]. Over the past two decades, research on its use
against bacterial infections has also increased, with highly promising findings [168,169]. The World Health Organization has
identified PDT and CAP therapy as leading new technologies for removing bacterial pathogens amid the growing problem of drug
resistance [170]. Recent studies have examined the combined use of PDT and CAP against several bacterial infections. For
instance, an adhesion and sealer penetration study using the pushout method found that combining CAP with PDT produced a
positive effect. However, the study found no link between adhesion and sealer penetration [171].

The role of equipment and device design in studies of combined CAP and PDT treatment has also been emphasized. After a
plasma device proved unsuitable in a comparative study of CAP and antimicrobial PDT, researchers recommended further work
with improved study designs [172]. A later study conducted under different conditions found that CAP and PDT increased
pushout bond strength [173]. The first study of its kind reported that combining CAP and PDT produced a synergistic increase in
vitro against skin and wound pathogens [174]. Reviews of PDT combined with CAP remain limited [175]. Still, several reports
have described new approaches that unite the two treatments. One example used a self-assembled polymer nanoconjugate
containing pheophorbide as the PS, together with CAP, to improve activity against human papillomavirus (HPV)-positive cervical
cancer [22]. In another study, curcumin and methylene blue served as PSs in combination with CAP and increased PDT activity
against E. faecalis from molar root canal infections [176]. CAP is already used clinically in plasma medicine [177], while PDT
has many FDA-approved clinical applications [178]. Their combined use therefore has strong clinical potential and may reach
clinical practice rapidly.
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11. Combinations of Photodynamic Therapy with Sonodynamic Therapy

Besides radiation therapy, which produces ionizing radiation, magnetic hyperthermia [146] and SDT [9] have emerged as
treatments that may address the limited light penetration of PDT. Magnetic hyperthermia changes part of the energy from a high-
frequency alternating magnetic field into heat through magnetic nanoparticles placed in the target tissue [11,146]. SDT has a
mechanism similar to PDT, but it uses low-energy ultrasound, which penetrates tissue more deeply than light [179]. The treatment
activates an SDT sensitizer with ultrasound to kill diseased cells by producing reactive oxygen species [180]. This creates
oxidative stress and disrupts the biochemical systems that maintain cellular redox balance.

Combining the two methods is conceptually straightforward. Light and ultrasound can be applied at the same time after the
sonosensitizer has accumulated at the disease site. Many compounds identified as sonosensitizers also function as PSs [181].

Several reviews have examined combined PDT and SDT treatments for cancer and bacterial infections [182,183]. Research
interest is growing in diseases that affect bone and tissues with limited light access, including osteosarcoma [179], osteomyelitis
[184], periodontal disease [185], pancreatic disease [186], hepatic disease [187], and brain disease [188]. As with PDT, SDT
works by generating reactive oxygen species. Sonoporation has an important role in the absorption, distribution, and retention of
the sonosensitizer [189]. The growing number of patents and clinical case studies indicates that clinical translation has begun. For
example, Harbin Engineering University and Harbin Medical University filed a patent in 2011 [190]. An earlier patent was filed
by Science Group Pty. Ltd. [191].

Curcumin has been widely studied as a sonosensitizer for atherosclerosis [192,193] and bacterial infections [194]. One study
examined curcumin as a possible sono-PS for photo-SDT and found improved antibiofilm activity and wound healing in mice
infected with A. baumannii [195]. The study demonstrates how one sensitizer can be used in combined SDT and PDT. Rose
Bengal [196] and Chlorin e6 [197] can both act as PSs and sonosensitizers, although their activity differs. Combined
sonodynamic therapy and PDT using Rose Bengal and Chlorin e6 at molar ratios of 1:1 and 1:3 produced a synergistic increase in
reactive oxygen species and improved activity against methicillin-resistant S. aureus [198]. This work shows how two sono-PSs
can be used together, with each responding mainly to one form of stimulation. Both compounds, however, can respond to light
and ultrasound. These findings support synergistic increases in antibacterial activity and ROS production.

12. Combinations of Photodynamic Therapy with Inmunotherapy

PDT [199] and SDT [200] can activate host immunity. The resulting immune response, however, may not be strong enough to
stop bacterial or tumor growth and metastasis [201]. Antitumor immunity involves checkpoint proteins on cancer cells binding to
proteins on T-cell membranes. This interaction prevents T cells from attacking the cancer cells. Checkpoint blockade
immunotherapy stops these proteins from binding, allowing the induced immune response to act against the tumor [202]. The
treatment uses inhibitors that attach either to checkpoint proteins or to their targets on T cells, blocking the interaction [203].
Figure 6 illustrates the mechanism of checkpoint blockade immunotherapy.

Combining SDT or PDT with checkpoint blockade immunotherapy can strengthen innate antitumor immunity and improve
treatment efficacy. Reviews have identified this effect as one reason for using the combined approach [94,204]. In one study,
hematoporphyrin monomethyl ether was used as the sonosensitizer with the immune-modulating adjuvant R837. Both agents
were enclosed in the same liposome. The treatment stopped primary xenograft growth and prevented lung metastasis in breast and
colorectal cancer models [205]. Another study used a cell membrane-coated nanometal-organic framework containing a
sonosensitizer together with the R837 adjuvant. This combination produced a similar synergistic increase in treatment efficacy
[206].

Pang et al. (2019) reported the first antibacterial use of this technology. They developed cell membrane nanovesicles containing a
sonosensitizer and antibodies that neutralize the alpha-toxin of methicillin-resistant S. aureus. The antibodies were genetically
engineered onto the vesicles’ outer surface [207]. This study introduced a new approach to antibacterial immunotherapy that
combines SDT with other noninvasive treatments. The authors described it as a bioinspired strategy designed to disarm bacterial
pathogens rather than kill them, drawing on the natural biology of bacterial immunity. PDT is a localized treatment, but its
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combination with immunotherapy could support the treatment of systemic bacterial infections by inducing strong systemic
immunity [208].

12. Combinations of Photodynamic Therapy with Radiotherapy

Along with chemotherapy and surgery, ionizing radiation has long been one of the main clinical treatments for cancer [100,209].
PDT has been shown to increase the effects of radiotherapy, possibly because both treatments generate radicals and cause
oxidative stress [210]. Radiotherapy and SDT can penetrate human tissue more deeply, whereas the light needed to activate PDT
photosensitizers (PSs) reaches only about 2-5 mm into normal tissue [5]. Combining PDT or SDT with radiation therapy therefore
provides a basis for further research [211]. Browning et al. (2021) found that SDT reduced tumor perfusion and vascularization
when combined with chemotherapy and radiation. It also improved Kaplan-Meier survival curves in a treatment model that used
gemcitabine as the anticancer drug [212]. Reviews have examined studies [100] and clinical trials [209] on PDT combined with
radiotherapy. These reviews found greater anticancer efficacy with the combined treatment, but they included little discussion of
antibacterial uses. Further research is needed. The reviews raise questions about light, ultrasound, radiation, and PS dosimetry,
showing that current results remain limited by several technical challenges.

13. The Future of PDT

Interest in PDT continues to grow, supported by research groups in many countries. Current work focuses on developing new
PSs, studying PDT mechanisms at the molecular level, improving treatment through combined therapies, and identifying possible
clinical uses [163]. Many countries have approved PDT PSs and light applicators for clinical use, but the number of approved
indications remains small. Pharmaceutical companies and research institutes are expected to continue clinical trials that assess
PDT as both an addition to and a replacement for standard oncological and non-oncological treatments. Optical methods and
nanotechnology will remain important for characterizing target tissues, setting the PDT dose, and measuring treatment outcomes.
Combined treatments, personalized planning, and dosimetry will also remain central to PDT research. In 1993, Canada became
the first country to approve Photofrin® for bladder cancer. The Netherlands and France soon approved the drug for advanced
esophageal and lung cancer. Germany focused on early-stage lung cancer, while Japan expanded Photofrin® use to cancers of the
esophagus, stomach, and cervix, as well as cervical dysplasia. Canadian clinical trials showed that PDT with Photofrin® greatly
reduced bladder cancer recurrence after surgery. Photosensitivity and urinary symptoms remained common side effects. The
results supported further studies on dose optimization. In 1995, the FDA approved Photofrin® for partially obstructive esophageal
cancer after successful phase III clinical trials. Compared with Nd-YAG laser ablation, PDT produced longer tumor responses and
more complete responses with fewer treatment sessions. One year later, Biel’s studies of early head and neck cancers reported
complete responses in patients with superficial laryngeal tumors and tumors at other head and neck sites. In 1997, the largest
study of PDT for superficial esophageal cancer showed a clear reduction in dysplasia among patients with Barrett’s esophagus.

Another major development came in 1999, when the FDA approved verteporfin (Visudyne®) for submacular neovascularization
linked to AMD. Around the same time, dermatologists began using PDT with ALA and MAL to treat actinic keratosis, with high
rates of effectiveness.

Between 2001 and 2005, the European Medicines Agency (EMA) approved Foscan® for advanced squamous cell carcinoma of
the head and neck. Studies of verteporfin PDT for hemangiomas reported substantial improvements in patients’ conditions.
Research also began on PDT for cholangiocarcinoma (CC) and on newer drugs, including Tookad® and its derivative WST-11.
These agents opened a new treatment period because they activate rapidly within blood vessels.

In 2006, studies of Photofrin® PDT for lung cancer found increased VEGF and MMP expression. The findings suggested that
blocking these factors could improve treatment results. In 2007, PDT was applied in dermatology and microbiology. Studies of
actinic cheilitis and Bowen’s disease reported high effectiveness with MAL-based PDT. In 2009, PDT was identified as a
promising treatment for localized nasopharyngeal carcinoma (NPC). Studies of anal cancer also showed that Photofrin® PDT was
effective and could reduce pain and treatment-related complications. Between 2010 and 2015, further studies assessed 5-ALA and
mTHPC PDT for potentially malignant oral diseases and papilloma acuminata. PDT was also shown to treat warts and peri-
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implantitis effectively. A 2015 study comparing MAL PDT with imiquimod for actinic lesions found both treatments effective,
although patients preferred MAL PDT. In 2016, studies confirmed the safety and effectiveness of HPPH PDT for early laryngeal
disease. PDT with hemoporfin also produced substantial improvement in patients with port-wine stains. In 2017, PDT showed
high effectiveness for vulvar lichen sclerosus. In 2018, it was used successfully to treat rosacea. A 2019 study found that
combining PDT with minimally invasive spinal stabilization procedures for vertebral compression fractures (VCF) could improve
mechanical stability. Research during the past five years has shown that PDT can treat warts and lower their recurrence rate. In
2022, studies of PDT for herpetic gingivitis reported clear improvements in patients’ conditions. In 2023, indocyanine green
(ICG) PDT for keloids effectively reduced the cellular activity of keloid fibroblasts. Research on PDT against SARS-CoV-2 also
confirmed that the treatment is safe and can reduce viral infectivity.

PDT is a promising cancer treatment, but several barriers limit its effectiveness and remain under active study. One of the main
challenges is the shallow penetration of light. PDT uses the light needed to activate the photosensitizer, which can only reach
limited depths in tissue.

Another major limitation of PDT is the toxicity of photosensitizers, particularly prolonged photosensitivity. This effect may
continue for several weeks after treatment. To lower this risk, researchers are developing newer photosensitizers that leave the
body more quickly. ALA derivatives are one example. They are broken down faster than older photosensitizers, which shortens
the period when patients remain sensitive to light. Researchers are also developing photosensitizers that respond only to selected
light wavelengths. This feature may reduce accidental activation by sunlight [164]. The nonspecific spread of photosensitizers
through the body creates another serious concern. These drugs may damage healthy tissues near the tumor. Several methods are
being studied to direct photosensitizers toward cancer cells. Monoclonal antibodies can bind to specific targets on tumor cells and
carry the drug to them. This may reduce drug buildup in healthy tissues. Nanotechnology has also produced promising results.
Nanoparticles can transport photosensitizers, improve their delivery to tumors, and raise drug levels at the treatment site. One
example is a nanoparticle containing protoporphyrin IX (PpIX). Such carriers have shown greater treatment effects and lower
toxicity in nearby healthy tissues [165]. Tumor hypoxia is another significant limitation due to its ability to reduce the efficacy of
PDT. The photodynamic reaction requires oxygen to create ROS or reactive oxygen species that are responsible for destroying
cancerous cells. Many tumors, especially large tumors, have poorly oxygenated regions which considerably reduce the
effectiveness of treatment. Several approaches attempt to overcome the challenge by introducing oxygen-releasing substances
close to the tumor during treatment either before or during the photobleaching process. Researchers are also developing
photosensitizers that operate efficiently in low-oxygen environments. These new photosensitizers may prove effective in PDT
treatment of poorly oxygenated tumors.

The above developments will further increase the clinical applicability of PDT and its potential. PDT is particularly valuable for
superficial tumors and as a rescue therapy for treatment-resistant diseases. The new photosensitizers, methods of using
nanoparticles, and improved methods of light delivery will define the future development of PDT as a cancer treatment.

1I1. Conclusions

PDT has evolved over time from simple observations of the effects of light on the human body to a complex treatment involving
new and sophisticated techniques for disease control and management. PDT is based on the use of photosensitizers that are
activated by light of a specific wavelength to generate reactive oxygen species that target and destroy abnormal cells. PDT has
become widely accepted and used in the treatment of skin cancer, head and neck cancer, bladder cancer, and gastrointestinal
cancer after years of extensive clinical trials.

Developing new photosensitizers with increased targeting specificity to cancerous cells and reduced photosensitivity is among the
most significant achievements in the field of PDT. The new photosensitizers have reduced unwanted side effects and enhanced
patient compliance due to a shorter duration of photosensitivity. Additionally, the combination of new photosensitizers and laser
technologies has enabled clinicians to target cancerous cells with more precision, minimizing tissue damage during the PDT
treatment. These developments have ultimately improved the overall efficacy of PDT therapy in clinical practice.
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Several challenges in the application of PDT present significant barriers to its clinical use and require further research. For
example, light does not penetrate far into the tissues during PDT treatment. Therefore, clinicians can only use PDT to target
superficial tumors. Researchers are working on alternative methods of delivering light to the targeted cells including the use of
longer wavelengths, fiber optics, and innovative agents for increasing light diffusion. Another challenge in the application of PDT
is the photosensitivity of the skin to light even weeks after administration of certain photosensitizing agents. This occurrence
significantly limits the PDT-treated patients from engaging in outdoor activities. Newer photosensitizing agents with reduced
photosensitivity effects and shorter duration act as an elixir to this problem.

Developing alternative and more effective photosensitizers that selectively target cancerous cells while avoiding healthy cells is
another significant challenge in the field of PDT. Ideally, photosensitizing agents with targeting mechanisms should be used in
cancer treatment to increase the accuracy of PDT. Another opportunity exists in the combination of PDT with immunomodulatory
agents, gene therapy, and other targeted treatment to maximize efficacy and ensure long-term remission of cancer.

The establishment of standard PDT protocols in preclinical and clinical cancer research presents an opportunity for maximizing
the efficacy and safety of treatment. It is critical that clinicians devise treatment regimens based on drug dosage, photosensitizing
agents, wavelength, and exposure time to achieve maximum efficacy of PDT for different applications including cancer treatment.
Understanding the cellular and molecular mechanisms of PDT will also enhance clinical applicability of PDT in fighting cancer.
The overall role of PDT in clinical oncology will be enhanced in the future by a more comprehensive understanding of its
application in patient management.
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