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Abstract

Antimicrobial resistance is a critical global health issue exacerbated by biofilm-associated
infections that often resist conventional therapies. Photodithazine-mediated antimicrobial
photodynamic therapy (PDZ-aPDT) has emerged as a promising alternative, demonstrating
a broad-spectrum antimicrobial efficacy against multidrug-resistant bacteria and fungi,
including those in biofilms. This systematic review evaluates the efficacy, safety, and clinical
applications of PDZ-aPDT by synthesizing evidence from preclinical and clinical studies.
Databases including PubMed, Embase, Scopus, and Cochrane were systematically searched,
resulting in the inclusion of 13 studies for qualitative analysis. PDZ-aPDT consistently
reduced the microbial burden in various models, including oral candidiasis, denture
stomatitis, acne, and infections related to medical devices. Synergistic combinations with
conventional antimicrobials and adjunctive therapies (e.g., DNase I) further enhanced its
effectiveness. However, the evidence base remains limited by methodological variability,
small sample sizes, and short follow-up periods. Future research should focus on rigorous
clinical trials with standardized protocols and extended follow-up to establish definitive
efficacy and safety profiles, facilitating a broader clinical implementation in combating
antimicrobial resistance.

Keywords: antimicrobial photodynamic therapy; photodithazine; photodiathazine; antimicrobial
resistance; biofilm; Candida albicans; Staphylococcus aureus; denture stomatitis

1. Introduction

The rapid rise in antimicrobial resistance is recognized as one of the foremost global
public health threats of the 21st century [1,2]. Conventional antibiotics and antifungal
agents are increasingly compromised by the emergence and spread of multidrug-resistant
bacteria and fungi, making the treatment of common infections ever more challenging
and costly [3,4]. In addition to planktonic (free-floating) forms, many clinically relevant
microorganisms persist within complex biofilms, structured communities encased in an
extracellular matrix, that are inherently tolerant to traditional therapies and are a major
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cause of chronic and recurrent infections in the oral cavity, skin, and medical devices [5-7].
In the search for novel, effective alternatives to conventional antimicrobials, antimicrobial
photodynamic therapy (aPDT) has emerged as a promising non-antibiotic strategy. aPDT
relies on the administration of a photosensitizing agent followed by illumination with
light of a specific wavelength, which in the presence of oxygen leads to the generation of
highly reactive singlet oxygen and other reactive oxygen species (ROS) [8-10]. These ROSs
induce oxidative damage to microbial cell structures, ultimately resulting in cell death.
Importantly, aPDT has a multi-targeted mechanism of action and does not promote the
development of microbial resistance, making it attractive for the management of resistant
and biofilm-associated infections [11,12]. Among the various photosensitizers explored for
antimicrobial applications, Photodithazine (PDZ), a water-soluble chlorin e6 derivative, has
garnered increasing attention for its potent photodynamic activity, favorable safety profile,
and versatility across a range of clinical settings [13,14]. Figure 1 shows the structure of
PDZ. It is a bis-N-methylglucamine salt of chlorin e6. PDZ is a mixture of di-N-methyl-D-
glucosamine complexes, mainly containing Chl e6 (60%) along with Chl p6 and purpurins 7
and 18 [14].

CO,H
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Figure 1. Structure of PDZ (image created by the author using Microsoft Office Tools, Microsoft
Office 365).

PDZ is characterized by a high quantum yield of singlet oxygen upon red light ac-
tivation (typically at 660 nm), good tissue penetration, and minimal cytotoxicity in the
absence of light (dark toxicity). Its demonstrated antimicrobial spectrum is broad, en-
compassing Gram-positive and Gram-negative bacteria, drug-resistant pathogens such as
methicillin-resistant Staphylococcus aureus (MRSA), and fungal species including Candida
albicans, both in planktonic and biofilm states [15-21]. Recent experimental and clinical
studies have explored diverse applications of PDZ-aPDT, including the management of
oral candidiasis, denture stomatitis, periodontitis, cutaneous infections such as acne, and
device-related biofilms [17-21]. Innovative protocols combining PDZ-aPDT with adjuvant
therapies, such as enzymes (DNase I), antifungals (fluconazole, nystatin), or antibiotics
(metronidazole), have further expanded its potential, showing synergistic effects and an
enhanced disruption of biofilms and extracellular polymeric matrices [17-21]. Moreover,
PDZ’s clinical formulations (solutions and gels) allow for convenient topical application,
increasing its translational potential [18-20]. Despite these advances, the available evidence
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regarding the efficacy, safety, and optimal use parameters for PDZ-aPDT remains frag-
mented across a variety of preclinical and clinical models. No comprehensive synthesis has
yet to critically examine the range of experimental conditions, microbial targets, and clinical
indications in which PDZ-aPDT has been evaluated, nor has the quality of existing studies
been systematically assessed [17-22]. Therefore, the primary aim of this systematic review
is to comprehensively evaluate the efficacy and therapeutic applications of PDZ-aPDT
across preclinical and clinical studies. This review summarizes the infectious models in
which PDZ-aPDT has been tested, compares its antimicrobial effectiveness to standard ther-
apies and alternative photosensitizers, and analyzes key parameters influencing outcomes
such as photosensitizer concentration, light source specifications, and treatment protocols.
Additionally, it assesses the safety profile, host tissue response, and risk of resistance, while
identifying the potential of combinatorial and adjunctive strategies to improve clinical
efficacy. By highlighting methodological strengths and limitations in the current literature,
this review aims to clarify the role of PDZ as a photosensitizer, provide recommendations
for optimal application, and support further research and clinical translation in the context
of rising antimicrobial resistance.

2. Materials and Methods
2.1. Focused Question

The PICO framework [23] was used to guide the research question: Among indi-
viduals affected by microbial infections (Population), can an aPDT utilizing PDZ as a
photosensitizer (Intervention), when compared with standard antimicrobial therapies,
other photosensitizers, or the absence of aPDT (Comparison), result in more favorable
outcomes such as reduced microbial burden, increased antimicrobial effectiveness, or
enhanced clinical recovery (Outcome)?

2.2. Search Strategy

This review, registered with PROSPERO (ID: CRD420251085052) [24], was conducted
in accordance with the PRISMA 2020 [25] guidelines to maintain high standards of trans-
parency and methodological quality. A systematic search was carried out across multiple
electronic databases, PubMed/Medline, Embase, Scopus, and the Cochrane Library, to
identify the relevant literature on the use of PDZ-aPDT for managing microbial infections.
The comprehensive search strategy is illustrated in Figure 1. To capture all pertinent
studies, a team of three reviewers independently applied a predefined set of search terms
and MeSH descriptors focused on Photodithazine and antimicrobial photodynamic inter-
ventions. Only articles published in English were considered, regardless of the year of
publication. The selection process involved a two-step screening: an initial title and abstract
review followed by a full-text assessment, conducted independently by two reviewers
using established inclusion and exclusion criteria (summarized in Table 1). Additionally,
references of the included articles were manually screened to identify any further eligible
studies not captured in the database search.
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Table 1. Search syntax used in the study.

Source Search Term

Number of Results

(“Photodynamic Therapy” [MeSH Terms]
or “photodynamic therapy” [tiab] or
“photodynamic inactivation” [tiab] or
“light-based antimicrobial therapy” [tiab] or
“aPDT” [tiab] or “photoactivated
disinfection” [tiab] or “photo-inactivation”
[tiab] or “photoantimicrobial” [tiab]) and
(“Photodiathazine” [tiab] or photodithazine
[tiab] or “PDZ” [tiab]) and (“Anti-Infective
PubMed Agents” [MeSH Terms] or “microbial
infection” [tiab] or “bacterial infection”
[tiab] or “fungal infection” [tiab] or
“biofilm” [tiab] or “Candida” [tiab] or
“Staphylococcus” [tiab] or “Pseudomonas”
[tiab] or “Escherichia coli” [tiab] or
“antibacterial” [tiab] or “antifungal” [tiab]
or “disinfection” [tiab] or “infection control”

[tiab])

32

(“‘photodynamic therapy’/exp or
‘photodynamic therapy’:ti,ab or
‘photodynamic inactivation”:ti,ab or
‘light-based antimicrobial therapy’:ti,ab or
apdt:ti,ab or “photoactivated
disinfection’:ti,ab or
‘photo-inactivation’:ti,ab or
photoantimicrobial:ti,ab) and

Embase (“photodiathazine”:ti,ab or
photodithazine:ti,ab or pdz:ti,ab) and
(‘antiinfective agent’/exp OR ‘microbial
infection’:ti,ab or ‘bacterial infection’:ti,ab or
‘fungal infection’:ti,ab or biofilm:ti,ab or
candida:ti,ab or staphylococcus:ti,ab or
pseudomonas:ti,ab or ‘escherichia coli”:ti,ab
or antibacterial:ti,ab or antifungal:ti,ab or
disinfection:ti,ab or ‘infection control’:ti,ab)

46

(TITLE-ABS-KEY (“photodynamic therapy”
or “photodynamic inactivation” or
“light-based antimicrobial therapy” or
“aPDT” or “photoactivated disinfection” or
“photo-inactivation” or
“photoantimicrobial”)) and
(TITLE-ABS-KEY (“photodiathazine” or

Scopus “photodithazine” or “PDZ")) and
(TITLE-ABS-KEY(“anti-infective agents” or
“microbial infection” or “bacterial infection”
or “fungal infection” or “biofilm” or
“Candida” or “Staphylococcus” or
“Pseudomonas” or “Escherichia coli” or
“antibacterial” or “antifungal” or
“disinfection” OR “infection control”))

41
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Table 1. Cont.

Source Search Term Number of Results

(“photodiathazine” or “photodithazine” or
“PDZ”) and (“photodynamic therapy” or
“PDT” or “photodynamic inactivation” or
“photoactivated disinfection” or
“photo-inactivation” or
“photoantimicrobial” or “light-based
antimicrobial therapy”) and (“microbial 8
infection” or “bacterial infection” or “fungal
infection” or “biofilm” or “Candida” or
“Staphylococcus” or “Pseudomonas” or
“Escherichia coli” or “antibacterial” or
“antifungal” or “disinfection” or
“infection control”)

Cochrane
Library

2.3. Study Selection Process

To ensure methodological rigor and minimize the risk of bias, all retrieved studies
were independently evaluated through a structured, multi-phase screening process by three
authors. The initial screening of titles and abstracts was conducted using predefined inclu-
sion criteria tailored to the review’s objectives. Discrepancies or conflicts in study selection
were resolved through discussion and consensus to promote consistency and reliability in
the decision-making process. The inclusion criteria were specifically designed to identify
scientifically robust studies that investigated the antimicrobial efficacy of PDZ-aPDT. This
review included experimental studies, either in vitro or in vivo, that examined the antimi-
crobial or biofilm-disruptive effects of PDZ as the primary photosensitizer within aPDT
protocols. Eligible studies assessed outcomes such as bacterial or fungal load reduction,
microbial viability, or the disruption of pathogenic biofilms. Studies exploring synergistic
interactions between PDZ-aPDT and conventional antimicrobial agents, as well as those
employing control groups (e.g., no treatment, placebo, or alternative photosensitizers), were
also considered. Only studies that clearly reported the target microorganisms, described
the treatment parameters, and included post-treatment evaluations of antimicrobial efficacy
or biofilm response were included. Excluded from the review were non-peer-reviewed ma-
terials such as conference abstracts, case reports, editorials, opinion pieces, book chapters,
and unpublished theses. Studies lacking scientific rigor, not written in English, or lacking
relevant control or comparison groups were also excluded. In addition, research that did
not use PDZ as the photosensitizer, studies evaluating unrelated technologies or therapies,
and experiments involving non-pathogenic organisms or models lacking clinical relevance
were not considered.

2.4. Assessment of Risk of Bias in Included Studies

To ensure a transparent and unbiased selection process, the screening of titles and
abstracts identified during the database search was independently carried out by three
reviewers. Inter-reviewer reliability was quantified using Cohen’s kappa coefficient to
objectively measure the consistency of study inclusion decisions [26]. Discrepancies be-
tween reviewers were resolved through structured discussions aimed at reaching a con-
sensus. This systematic approach was implemented to minimize the risk of selection bias,
strengthen methodological integrity, and improve the overall reliability of the study iden-
tification process. The use of multiple independent reviewers and statistical agreement
measures enhanced the rigor of this review on PDZ-aPDT and its therapeutic applications.
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2.5. Quality Assessment

The methodological rigor of each included study was independently assessed by three
reviewers using a structured quality appraisal framework. This evaluation was based
on a predefined checklist consisting of nine critical domains, as outlined in Table 2. For
each criterion met, a score of 1 was assigned; unmet criteria were scored as 0. This binary
scoring approach produced a cumulative quality score for each study, with total scores
ranging from 0 to 9. Based on these totals, studies were categorized as having a high (0-3),
moderate (4-6), or low (7-9) risk of bias. Any discrepancies in scoring among reviewers
were discussed collaboratively, with input from a fourth reviewer when a consensus could
not be reached. The assessment process was guided by principles from the Cochrane
Handbook for Systematic Reviews of Interventions [27]. Results of the risk-of-bias analysis
are summarized in Table 2. No studies were excluded solely due to a high risk of bias. Of
the nine studies included, seven were classified as low risk. Studies rated as moderate
risk typically lacked adequate detail regarding control groups, statistical methods, or the
transparent reporting of outcomes and funding disclosures. Evaluation criteria included
the following: (1) clear documentation of the origin, purity, or synthesis method of PDZ
used in the study; (2) description of the administration protocol, including concentration of
PDZ, method of application, and incubation or exposure duration; (3) detailed reporting
of the light source used in aPDT, including key parameters such as wavelength, energy
dose (fluence), and exposure time; (4) evidence of microbial uptake or interaction with the
photosensitizer prior to light activation, where applicable; (5) comprehensive description
of experimental conditions, including microbial strain/species, culture methods, inocu-
lation models, application site and environmental parameters; (6) inclusion of relevant
control groups, such as untreated controls, light only, photosensitizer only, or comparator
antimicrobials; (7) use of appropriate and clearly described statistical methods for ana-
lyzing antimicrobial efficacy or biofilm disruption outcomes; (8) transparent reporting of
all measured outcomes, with no evidence of selective outcome reporting or unexplained
missing data; and (9) disclosure of funding sources and any potential conflicts of interest
that could influence the study design or interpretation.

Table 2. Evaluation of methodological quality and bias risk across included studies, with criteria

breakdown.

Criteria [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40]

1. 1 1 1 1 1 1 1 1 1 1 1 1 1

2. 1 1 1 1 1 1 1 1 1 1 1 1 1

3. 1 1 1 1 1 1 1 1 1 1 1 1 1

4. 1 1 1 1 1 0 1 1 0 1 1 1 0

5. 1 1 1 1 1 1 1 1 1 1 1 1 1

6. 1 1 1 1 1 1 1 1 0 1 1 1 1

7. 0 1 1 1 1 1 1 1 0 0 1 1 1

8. 0 0 1 0 1 1 1 1 1 0 1 1 1

9. 0 0 0 0 0 0 0 0 0 1 1 1 1

gé’ot"r‘l 6 7 8 7 8 7 8 8 5 7 9 9 8
Risk of Moderate Low Low Low Low Low Low Low  ModerateLow Low Low  Low

Bias
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2.6. Data Extraction

Following consensus on the final set of studies for inclusion, three reviewers indepen-
dently conducted data extraction using a predefined, standardized protocol to maintain
accuracy and consistency. For each selected study, critical information was collected, includ-
ing the first author, year of publication, study design, characteristics of the experimental
model or microbial species, and descriptions of both experimental and control conditions.
Where applicable, data on follow-up periods and key therapeutic outcomes, both primary
and secondary, were compiled. Particular attention was given to the technical parameters
of PDZ-aPDT, including the concentration of the photosensitizer, detailed specifications of
the light source (e.g., wavelength, power density, and total energy dose), mode of admin-
istration, and any adjunctive interventions (e.g., antibiotics). Procedural aspects such as
irradiation duration, application method, and frequency of treatment were also thoroughly
documented to enable meaningful cross-study comparisons.

2.7. Study Selection

In Figure 2, the PRISMA flow diagram illustrates the process of the study selection for
a systematic review. Initially, 127 records were identified through four databases (PubMed,
Embase, Scopus, and Cochrane Library). After removing 57 duplicate records, 70 records
remained for screening. Of these, 56 were excluded based on their titles or abstracts, leaving
14 reports to be retrieved and assessed for eligibility. All 14 reports were retrieved, and
upon assessment, one report was excluded because it was a case report [41]. Ultimately,
13 studies were included in the qualitative synthesis for the review.

[ Identification of studies via databases and registers J
\
- Records identified from: Record.s rf-:moved before
S PubMed (n = 32) screening:
E= _ Duplicate records removed
S Embase (n = 46) (n=57)
& Scopus (n =41) I Record rked as ineligibl
£ Cochrane (n = 8) ecords marked as ineligible
g by automation tools (n = 0)
) Records removed for other
reasons (n = 0)
—
A4
o
Records screened Records excluded
(n=70) >| (n=56)
\4
Reports sought for retrieval Reports not retrieved
—>
@ (n=14) (n=0)
is
@
e
3 \4
Reports assessed for eligibili
(n 2 14) gibility »| Reports excluded (n = 0)
—
A4
T s . .
o Studies included in review
‘_5, (n = 14) in qualitative synthesis
£

Figure 2. Prisma 2020 flow diagram.
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3. Results
3.1. Data Presentation

Tables 3-6 offer a detailed and organized presentation of the results from the nine
selected studies, encompassing an overall summary, important clinical outcomes, and
essential methodological information, including study designs and descriptions of treat-
ment groups.

Table 3. A general overview of the included research.

Study Country Type Site Aims

To evaluate the effect of ZER
combined with PDZ-aPDT on

Abreu-Pereira Brazil In vitro ) biofilms formed by
et al., 2025 [28] fluconazole-resistant and -susceptible
Candida albicans, including clinical
isolates.

To evaluate the efficacy of PDZ-aPDT
as a treatment for denture stomatitis
Brazil RCT - in patients, compared to
conventional topical nystatin therapy,
through a randomized clinical trial.

Alves et al., 2020
[29]

To evaluate the effectiveness of
PDZ-aPDT in treating oral
candidiasis in an immunosuppressed
mouse model by comparing it with
nystatin treatment and assessing its
effects on fungal viability, lesion
remission, tissue response, and
inflammatory cytokine expression.

Carmello et al.,

2016 [30] Brazil In vivo Tongue

To evaluate whether successive
applications of PDZ-aPDT affect the
susceptibility, resistance, or tolerance

Brazil In vitro - of Candida albicans in planktonic
cultures and biofilms, and to assess

the influence of fluconazole on

fungal recovery after treatment.

Dias et al., 2020
[31]

To evaluate the effect of ten
consecutive applications of sub-lethal
aPDT, mediated by PDZ and CUR,
Brazil In vitro - on the viability, ROS production, and
gene expression of Candida albicans in
both planktonic cultures and
biofilms.

To evaluate whether PDZ-aPDT or
CUR affects the expression of Candida
Brazil In vitro - albicans genes related to adhesion,
biofilm formation, and oxidative
stress responses in biofilms.

Dias et al., 2023
[32]

Jordao et al., 2020
[33]

To evaluate whether the application
of DNase I enzyme could enhance
the efficacy of PDZ-aPDT in treating
oral candidiasis in mice infected with
fluconazole-susceptible and -resistant
Candida albicans strains.

Jordao et al., 2023

[34] Brazil In vivo Tongue
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Table 3. Cont.

Study Country Type Site Aims
To evaluate the effects of combining
Jordio et al., 2024 . . DNase I'with aPDT on Candida
[35] Brazil In vivo Tongue  albicans gene expression and the local

inflammatory response in mice with
oral candidiasis.

Lee et al., 2024 [36] Korea In vivo

To evaluate the effectiveness of aPDT
using a topical Photodithazine gel
Acne and micro-LED irradiation in
lesions reducing inflammation caused by
acne bacteria (Cutibacterium acnes) in
a mouse model.

Quishida et al.,

2015 [37] Brazil In vitro

To evaluate the effectiveness of one
and three successive applications of
PDZ-aPDT and LED light against a
- multispecies biofilm of Candida
albicans, Candida glabrata, and
Streptococcus mutans formed on
denture base acrylic resin.

Souza et al., 2021

[38] Brazil In vitro

To analyze, in vitro, the effect of
PDZ-aPDT on the viability,
metabolism, and ROS production of
MSSA and MRSA strains.

In vitro
Brazil and
in vivo

Souza et al., 2024
[39]

To analyze, both in vitro and in vivo,
the effects of PDZ-aPDT on MRSA,
Larvae evaluating its impact on biofilms and
in an experimental infection model
using Galleria mellonella larvae.

Tavaresa et al.,

2018 [40] Brazil In vitro

To evaluate the effects of PDZ-aPDT,
alone or in combination with
metronidazole administration,
against biofilms of Fusobacterium
nucleatum and Porphyromonas
gingivalis.

aPDT—antimicrobial photodynamic therapy, RCT- randomized clinical trial, API—Antimicrobial Photodynamic
Inactivation, PDZ—Photodithazine®, CUR—Curcumin, ROS—reactive oxygen species, MSSA—Methicillin-
Sensitive Staphylococcus Aureus, MRSA—Methicillin-Resistant Staphylococcus Aureus, and PDZ-aPDT—
antimicrobial photodynamic therapy with Photodithazine®.

Table 4. Summary of principal results and study details.

Study Study Groups Main Outcomes
e  ZER + PDZ-aPDT reduced biofilm viability and
biomass in both fluconazole-susceptible and
-resistant Candida albicans strains.
e  ZER + aPDT achieved greater reductions in colony
Control. ZER counts (2.01 log10), total/insoluble biomass, and
¢ ¢ key biofilm components (proteins, polysaccharides,
. PDZ, LED, ZER + .
Abreu-Pereira and eDNA) compared to single treatments.
aPDT, ZER + . . .
etal., 2025 [28] e  Confocal microscopy confirmed a higher
PDZ, ZER + LED, . AR .
and aPDT proportion of dead cells in biofilms treated with

ZER + aPDT.

ZER enhances aPDT effectiveness by disrupting
the biofilm’s extracellular matrix, suggesting a
promising strategy against resistant Candida
biofilms.
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Table 4. Cont.

Study

Study Groups

Main Outcomes

Alves et al., 2020
[29]

aPDT, NYS

PDZ-aPDT was more effective than nystatin in
reducing the total microbiota on both palates and
dentures of patients with denture stomatitis.
Both aPDT and nystatin were equally effective in
reducing Candida species on the palate and denture,
with similar clinical improvement rates (about
53-54%).

Recurrence of denture stomatitis was observed in
both treatment groups during follow-up,
indicating a need for improved or additional
protocols.

aPDT using Photodithazine was safe and
well-tolerated, showing promise as an alternative
or adjunctive therapy for denture stomatitis.

Carmello et al.,
2016 [30]

aPDT (P+L+),
NYS, control
(P-L-), light only
(P-L+), PDZ only
(P+L-), and NC

PDZ-aPDT was as effective as nystatin in reducing
Candida albicans in oral candidiasis in mice, with
both treatments achieving about a 3 log10
reduction in fungal viability 24 h after therapy.
aPDT led to complete remission of oral lesions in
all treated mice, while nystatin resulted in only
partial lesion remission.

Histological analysis showed mild inflammation
and no tissue damage in aPDT-treated tongues,
suggesting the treatment is safe for host tissues.
aPDT promoted beneficial TNF-« expression and
lower levels of pro-inflammatory cytokines
compared to the control, indicating a positive
immunomodulatory effect.

Dias et al., 2020
[31]

P+L+
(photosensitizer +
light), P+L-
(photosensitizer
only), P-L+ (light
only), and P-L-
(no treatment),
with and without
fluconazole

- Successive PDZ-aPDT effectively inactivated
Candida albicans.

Complete inactivation was achieved after 3 cycles
for planktonic cells and 5 cycles for biofilms.
Biofilms were more tolerant to aPDT than
planktonic cells, requiring more treatment cycles
for full inactivation.

Combining aPDT with fluconazole further
enhanced antifungal efficacy, showing greater log
reductions in fungal viability compared to aPDT
alone.

No development of resistance or tolerance to aPDT
was observed in C. albicans after repeated
treatments; susceptibility increased, especially with
the antifungal present.
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Table 4. Cont.

Study Study Groups Main Outcomes
PDZ-aPDT was highly effective in reducing the
viability of Candida albicans biofilms, leading to the
complete absence of viable cells after seven
applications, while CUR-mediated aPDT led to
increased biofilm viability after repeated
P+L+ (PDZ + red treatments, suggesting possible resistance
LED), C+L+ induction.
(CUR + blue Higher intracellular ROS production was observed
LED), P+L- (PDZ in biofilms treated with PDZ-aPDT compared to
only), C+L- (CUR planktonic cells, indicating stronger oxidative
Dias et al., 2023 only), P-L+ (red stress in biofilm conditions.
[32] LED only), C-L+ Gene expression analysis showed that PDZ-aPDT
(blue LED only), increased SOD1 expression and reduced CAP1 and
P-L- (no ERG11 expression in biofilms, regardless of
treatment), and fluconazole presence, indicating an oxidative stress
C-L- (no response and potential impact on antifungal
treatment) resistance mechanisms.
Sub-lethal doses of CUR-aPDT could induce
resistance in C. albicans biofilms, while PDZ-aPDT
remained effective, highlighting the importance of
the choice of photosensitizer for controlling fungal
biofilms.
PDZ-aPDT reduced the expression of key Candida
albicans virulence genes (ALS1 and HWP1 for
adhesion/biofilm and CAP1, CAT1, and SOD1 for
P+L+ (PDZ + 0>.<idative stress re.sponse) in biofilms, esPeCially at
LED), P+L- (PDZ hlghe%‘ concentrations (200 mg/L) combined with
only), P-L+ (LED LED light.
! Both PDZ and CUR as photosensitizers with LED
only), P-L- (no light led to d lation of all evaluated
treatment), P+L+ light led to downregulation of all evaluated genes,
indicating a strong reduction in virulence and
(CUR + LED), adaptability to oxidative stress in C. albicans
Jordaoetal, 2020  P+L— (CUR o '
[33] only), P-L+ (LED )

only), and P-L—
(no treatment)
(each with
varying
concentrations
and fluences)

Reduction in gene expression was most
pronounced with higher photosensitizer
concentrations and higher LED fluence, but even
lower concentrations with higher light intensity
were effective.

The study supports that PDZ-aPDT can reduce the
virulence and oxidative stress adaptability of C.
albicans, suggesting potential as an alternative or
adjunctive treatment for fungal biofilm-related
infections.
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Table 4. Cont.

Study Study Groups Main Outcomes
Combining DNase I enzyme with PDZ-aPDT
enhanced treatment efficacy against both
DNase+P+L+ fluconazole-susceptible and -resistant Candida
(DNase + albicans in a mouse model of oral candidiasis, with
PDZ-aPDT), immediate fungal viability reductions of 4.26 log10
P+L+ (susceptible) and 2.89 log10 (resistant).
(PDZ-aPDT), The combination therapy led to near-complete
P+L— (PDZ remission of oral lesions and mild inflammation in
only), P—L+ both groups, outperforming PDZ-aPDT alone,
. (LED only), which achieved only partial lesion remission.
Jordao [e;c 4?1" 2023 DNase (DNase Microscopy showed that DNase + PDZ-aPDT
: only), P—L— (no reduced the presence of fungal polysaccharides
treatment), NIC+ and cells in tongue tissue to levels like healthy
(healthy, controls, suggesting effective biofilm and ECM
immunosup- disruption.
pressed), and Seven days after treatment, the combined therapy
NIC— (healthy, group maintained a lower fungal load and less
not immunosup- lesion recurrence than groups treated with
pressed) PDZ-aPDT alone or DNase alone, highlighting
DNase as a promising adjuvant for improving
aPDT outcomes in resistant fungal infections.
Combining DNase I with PDZ-aPDT reduced the
expression of Candida albicans virulence genes
(including genes related to adhesion, biofilm
matrix production, and oxidative stress response)
in both fluconazole-susceptible and -resistant
C(I)\Tnlg O(II;eIe;I_tliy_ strains, immediately and 7 days post-treatment.
. e combination therapy increased the loca
(mfe’cted Th bination therapy i d the local
untreated) P,+L+ production of inflammatory cytokines (IL-6,
(PDZ—anT) TNF-«, and MCP-1) in mouse oral tissue,
P+ (LED, particularly in infections with susceptible strains,
Jordao et al., 2024 only), P+L— suggesting an enhanced immunomodulatory and
[35] (sz’ only) host defense response.
DNase (DI\}T’a’se Reductions in gene expression and increased
only), and cytokine production correlated with improved
DNaZe;L P4l infection control and decreased recurrence of oral
esions in the treated mice.
(DNase + lesi in th d mi
PDZ-aPDT) This approach demonstrated that DNase I

enhances the efficacy of aPDT, offering a promising
strategy to improve outcomes against both
drug-susceptible and drug-resistant C. albicans
infections by targeting fungal virulence and
boosting host immunity.
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Table 4. Cont.

Study Study Groups Main Outcomes
PDZ-aPDT with micro-LED reduced the size and
number of acne lesions in a mouse model
compared to controls treated with LED or
photosensitizer alone.
Inflammatory biomarkers (IL-1«, IL-1f3, IL-8,
Normal control, TNF-«, TLR2, and MMP-2) showed marked
C. acnes only, decreases in both mRNA and protein levels after
FDT gel only, aPDT, with the most reduction after 15 min of
Lee ot al.. 2024 LED 10 min, LED trgatmen't. ’ ' ‘
[ 6], 15 min, aPDT 10 Histological and immunohistochemical analyses
min (FDT gel + revealed a pronounced reduction in inflammatory
LED), and aPDT cell infiltration and expression of key inflammatory
15 min (FDT gel + markers (NLRP3, caspase-1, SREBP1, IL-1«, and
LED) TNF-«) in skin tissue following aPDT, especially
with longer LED exposure.
PDZ-aPDT demonstrated a shorter required
incubation time and strong anti-inflammatory
effects, supporting its potential as a rapid and
effective treatment for acne-induced inflammation.
Three consecutive applications of PDZ-aPDT with
LED light reduced the viability and total biomass
of multispecies biofilms (composed of Candida
albicans, Candida glabrata, and Streptococcus mutans)
P+L+ (PDZ + formed on acrylic resin compared to a single
light), P+L— application.
(PDZ only), Metabolic activity of the biofilms was reduced after
Quishida et al., P—L+ (light both one and three applicat%ons., but the reduction
2015 [37] only), and P—L— was greater after thre?e app'hcatlons.
(untreated Confocal laser scanning microscopy revealed a
control), each visual increase in dead cells within the biofilm after
with one or three PDZ-aPDT, especially after three applications,
applications supporting the quantitative findings.
The study suggests that multiple sessions of
PDZ-aPDT are more effective for biofilm control on
denture materials, though further protocol
improvements are needed before clinical use.
PDZ-aPDT was efficiently internalized by both
MSSA and MRSA at all tested concentrations, with
15 min of incubation sufficient for uptake.
PDZ-aPDT resulted in complete bacterial
aPDT (PDZ + inactivgtion (no viable colo'n'ies) of both MSSA and
light), PDZ onl MRSA in most tested condltlon.s, except ajc the
s Y lowest fluences and concentrations, showin
light only, and imilar effecti dl ¢ i1 'b'g .
untreated control, snr'ular e ectlv.eness regardless of the antibiotic
Souzaetal.,, 2021  each with MSSA resistance pFoﬁle. . . ..
Reductions in bacterial metabolic activity and
[38] and MRSA, and . .
varying PDZ 1ncreasec.1 productlon.of ROS were observe'd after
. aPDT, with the magnitude of ROS production and
concentrations 1 o .
and light bgctenal inactivation being deper.ldent on both
fluences light fluence and PDZ concentration.

PDZ showed no cytotoxic effect in the absence of
light, supporting its safety profile, and the study
recommends specific combinations (>50 mg/L
PDZ and >25-50 ] /cm? light) for potential clinical
applications to treat superficial S. aureus infections.
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Study Study Groups Main Outcomes
PDZ-aPDT caused a reduction in MRSA biofilm
viability, up to 6.7 log10, with decreased metabolic
activity and increased ROS production but had
aPDT (PDZ + minimal effect on total biofilm biomass.
light), PDZ only, Confocal and electron microscopy showed PDZ
light only, effectively penetrated biofilms, and aPDT
untreated control produced a qualitative disruption of biofilm
(PBS), and MRSA structure despite persistent biomass, as measured
only (infection), by crystal violet staining.
Souza et al., 2024 each with In a Galleria mellonella in vivo model, optimized
[39] varying PDZ (lower) doses of PDZ and light improved larval
concentrations survival (up to 40% at 7 days), increased immune
and light cell (hemocyte) counts, and enhanced larval health

fluences, both
in vitro and
in vivo (Galleria

compared to infected controls.
The study demonstrates that PDZ-aPDT is effective
against MRSA biofilms in vitro and improves

mellonella) infection outcomes in vivo by both direct bacterial
inactivation and stimulation of the host immune
response, supporting its potential as an alternative
to antibiotics for drug-resistant infections.
PDZ-aPDT alone caused modest reductions in the
viability of mature biofilms, 1.12 log10 for F.
ligllz’::))TP%)IZ) inqy nucleatum and 2.66 log10 for P. gingivalis, with the
lig,ht only, ! greatest effect at 100 mg/L PDZ and red LED light.
untreated Con,trol Combining PDZ-aPDT with high-dose
MTZ only, and ’ metronidazole (MTZ) greatly enhanced the
aPDT + l\,/ITZ antimicrobial effect, achieving up to 3.94 log10
(combination reduction for F. nucleatum and up to 5 log10
Tavaresa et al., therapy), each at reduction for P. gingivalis biofilms.
2018 [40] VaryirI:gI”DZ and Neither aPDT nor MTZ alone was able to fully
MTZ disrupt biofilm structure, but their combination led
concentrations to l.)alctericidal activity, cpnﬁrmed by live/dead
for both F. ’ stalrupg and c.opfc?cal microscopy.
nucleatum and P. Local}zed aptlblotlc administration can act as an
ineivalis effective adjuvant to aPDT for controlling resistant
gbic%films anaerobic oral biofilms, highlighting the value of

combination therapies for periodontal and
peri-implant infections.

aPDT—antimicrobial photodynamic therapy, PDZ—Photodithazine®, ZER—Zerumbone, LED—Light Emitting
Diode, NYS—nystatin, NC—Negative Control, CUR—Curcumin, C+L+—CUR + LED, C+L——CUR only, C—L+—
LED only, C—L——no treatment (CUR group), P+L+—PDZ + LED (or light), P+L——PDZ only, P—L+—light
only, P—-L——mno treatment (PDZ group), NIC+—healthy, immunosuppressed control, NIC——healthy, non-
immunosuppressed control, FDT—topical Photodithazine gel, MSSA—Methicillin-sensitive Staphylococcus
Aureus, MRSA—Methicillin-resistant Staphylococcus Aureus, and MTZ—metronidazole.

Table 5. aPDT characteristics.

PS
Study Light Source Wavelength [nm] Energy Fl;l ence Dose/Concentration Incubation Time
[J/cm?] . . .
and Administration
Abreu-Pereira LED 600 50 PDZ 200 mg/L, after 20 min (ZER), then
etal., 2025 [28] ZER pretreatment PDZ
Alves et al., 2020 LED 660 50 PDZ 200 mg/L, topical 20 min
[29] on palate/denture
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Table 5. Cont.

PS
Study Light Source Wavelength [nm] Energy Fl;l ence Dose/Concentration Incubation Time
[J/em®] .. .
and Administration
Carmello et al., . .
2016 [30] LED 660 50 PDZ 200 mg/L, topical 20 min
. 20 min (pre-irr.),
Dias et al., 2020 LED 660 34 Pbz 2&._) mg./L.’ exposure time not
[31] planktonic/biofilm o
specified
Dias et al., 2023 . 20 min (pre-irr.),
[32] Red LED 660 18 PDZ 25 mg/L, in PBS 9 min LED
20 min (standard
Jordao et al., 2020 PDZ 100 or 200 mg/L, for group; check
[33] LED 660 37.5,50 applied to biofilms methods for
confirmation)
Jordao et al., 2023 PDZ 200 mg/L, 20 min (PDZ),
[34] LED 660 50 applied after DNase 5 min (DNase)
Jordao et al., 2024 PDZ 200 mg/L, 20 min (PDZ),
[35] LED 660 50 applied after DNase 5 min (DNase)
Leeetal, 2024 [36] ~ Micro-LED 650 Not stated PDZ, topical gel (conc. Not stated
not stated)
Quishida et al.,, PDZ 175 or 200 mg/L, .
2015 [37] LED 660 375 applied to biofilms 20 min
Souza et al., 2021 PDZ: 25,50, 75, and
[38] v Not stated Not stated 25,50, and 100 100 mg/L; planktonic 15 min
MSSA /MRSA strains
Biotable 25,50, and 100 PDZ: 50, 75 pg/mL o
Souza et al., 2024 . . L (in vitro biofilm); 5, 15 min (in vitro
Biopdi660 660 (in vitro); 10 =7 L
[39] (LED array) (in vivo) 0.25,and 2.5 x 10 and in vivo)
y pg/mL (in vivo)
PDZ: 50, 75, and 100
Tavaresa et al., mg/L; 5-day biofilm (F. 10 min (in
2018 [40] LED 660 50 nucleatum, P. darkness)

gingivalis)

LED—Light Emitting Diode, PDZ—Photodithazine®, ZER—Zerumbone, PBS—Phosphate-Buffered Saline, and

DNase—Deoxyribonuclease.

Table 6. Properties of Photodithazine as photosensitizer.

Property

Description/Details

Chemical Structure

Chlorin e6 derivative (second-generation photosensitizer)

Solubility

Water-soluble

Activation Wavelength

Red light, typically 660 nm

Mechanism of Action

Upon irradiation produces singlet oxygen and reactive oxygen species (ROS)

that damage cell walls

Spectrum of Activity

Effective against Gram-positive and Gram-negative bacteria, fungi (Candida
spp.), and biofilms

Formulation

Used as solution or topical gel

Typical Concentration

10-100 mg/L for in vitro studies; clinical gels up to 1%

Application/Incubation

Applied for 10-20 min before irradiation (pre-irradiation phase)

Light Dose Used Typically 50 J/cm?
Advantages High antimicrobial efficacy, low dark cytotoxicity, acts on drug-resistant

microbes, and biofilm action

Brand Name

Photodithazine®

Safety

Low toxicity in the absence of light

Source: [28-40], ROS—reactive oxygen species.
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3.2. Overview of Study Characteristics

Table 3 presents an overview of the included studies.

3.3. Main Study Outcomes

Table 4 presents the main outcomes of the included studies.

3.4. Characteristics of Light Sources and Photosensitizer Used in aPDT

Table 5 summarizes the essential methodological aspects of aPDT as applied in the
selected research, including a breakdown of light source specifications (wavelength, energy
fluence) and detailed information on the use of PDZ as the photosensitizer, such as its ad-
ministered concentration, delivery method, and pre-irradiation incubation period. Table 6
offers an in-depth overview of the chemical and functional attributes of PDZ relevant to its
application as a photosensitizer in aPDT protocols.

4. Discussion

4.1. Results in the Context of Other Evidence

Photodithazine® is a second-generation photosensitizer comprising an N-dimethylglucamine

salt derivative of chlorin e6, which improves water solubility, enhances cellular penetration,
and prevents aggregation at concentrations up to 120 mg/L compared to first-generation
photosensitizers [30,42—-45]. Optimally absorbing at 660 nm, it efficiently penetrates deeper
tissues and, when activated by red light, generates ROS through both Type I and Type II
photodynamic mechanisms, causing oxidative damage to microbial cellular structures such
as membranes, proteins, and nucleic acids [18,45-50]. Photodithazine® rapidly clears from
the body, reducing skin photosensitivity effects compared to conventional photosensitizers
like hematoporphyrin derivatives and localizes predominantly in the endoplasmic retic-
ulum and Golgi apparatus, disrupting critical cellular processes [42,43,47,48]. Its clinical
effectiveness is strongly supported by randomized trials demonstrating superior microbio-
logical efficacy in treating oral candidiasis, notably denture stomatitis, where PDZ-aPDT
achieved bacterial load reductions of 1.98 logo on the palate and 1.91 log;g on dentures,
substantially surpassing conventional nystatin treatment [30,49,50].

Similarly, preclinical murine studies confirmed its superior performance, achieving
complete remission of oral candidiasis lesions and a 3 logj reduction in Candida albicans
viability [35,36,51,52]. Recent studies have also revealed potential in acne treatment, with
Photodithazine® combined with micro-LED technology effectively reducing acne lesions
and key inflammatory biomarkers such as interleukin-1«, IL-13, tumor necrosis factor-«,
and TL-8 [16]. Moreover, Photodithazine® exhibits broad-spectrum antimicrobial activity,
including efficacy against methicillin-resistant and -sensitive Staphylococcus aureus strains at
low concentrations (75-100 mg/L), and importantly, it demonstrates effectiveness against
fluconazole-resistant Candida albicans strains. In biofilm-associated infections, it effectively
targets multispecies biofilms comprising Candida albicans, Candida glabrata, and Streptococcus
mutans, achieving substantial reductions in colony viability, with an enhanced efficacy
observed when combined with DNase I enzyme, resulting in a 4.26 logg reduction for
susceptible strains and a 2.89 logyg reduction for resistant strains [30-35]. Preclinical
safety evaluations in porcine models have confirmed minimal toxicity, showing only
mild inflammation without systemic adverse effects, rapid clearance, and negligible renal
accumulation [51,52].

Comparative studies with conventional antimicrobials like nystatin have shown equiv-
alent clinical outcomes but superior microbiological efficacy, although recurrence of infec-
tion indicates the necessity of maintenance or combination therapies. Despite promising
therapeutic potential, Photodithazine® faces limitations including inadequate deep tissue
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light penetration, reduced efficacy under hypoxic conditions, and requirements for special-
ized equipment and trained personnel, potentially limiting broader clinical implementation,
particularly in resource-constrained settings [53,54].

Regulatory approval for Photodithazine® has been obtained in Russia for various
clinical applications including malignant tumors and antimicrobial therapy, though limited
international acceptance highlights the need for standardized protocols and larger clinical
trials [54-56]. Ongoing research continues to explore promising future directions, includ-
ing combination therapies with DNase enzymes, antimicrobial peptides, conventional
antibiotics, and advanced nanotechnology-based delivery systems to enhance targeting
precision and minimize systemic exposure, as well as sophisticated micro-LED and fiber-
optic technologies for precise and improved illumination [57-63]. Further exploration of
fractionated light delivery and combined modalities like pulsed electric fields or ultrasound
may overcome current limitations, expanding Photodithazine®’s therapeutic reach. Thus,
Photodithazine® emerges as a valuable alternative or adjunctive approach to conventional
antimicrobials, addressing global antimicrobial resistance challenges through its favorable
safety profile, multi-target ROS-mediated mechanism, broad pathogen spectrum, and
continued technological advancements in therapeutic application [40-64].

4.2. Limitations of the Evidence

Despite encouraging results, the body of evidence supporting PDZ-aPDT is con-
strained by several notable limitations. First, significant heterogeneity exists among the
included studies, particularly regarding experimental models (in vitro, animal, or clinical),
photosensitizer concentrations, irradiation protocols, and outcome measures, making direct
comparison and synthesis challenging. Most of the available research is preclinical, with
only a few well-designed clinical trials, which restricts the ability to generalize findings
to broader patient populations. Short follow-up periods and small sample sizes further
limit insight into the long-term safety and sustained efficacy of PDZ-aPDT. Additionally,
inconsistencies in the reporting of adverse events and variable definitions of clinical end-
points may result in the underestimation of potential risks or overestimation of therapeutic
benefits. The lack of standardized control groups and limited direct comparisons with
established antimicrobial therapies or alternative photosensitizers create further uncer-
tainty regarding the relative efficacy of PDZ. Collectively, these limitations underscore the
need for future large-scale, rigorously designed clinical trials with standardized protocols
and long-term follow-ups to robustly determine the clinical value and safety profile of
PDZ-aPDT.

4.3. Limitations of the Review Process

Although this systematic review was conducted according to PRISMA 2020 guidelines
and incorporated rigorous methodological safeguards, several limitations of the review
process should be acknowledged. Restricting the search to English-language publications
may have introduced language bias and led to the exclusion of relevant studies published
in other languages. The omission of gray literature, such as conference proceedings, disser-
tations, and unpublished data, may also have contributed to publication bias, potentially
skewing results toward studies with positive or significant findings. Additionally, the
relatively small number of eligible studies, many of which were preclinical, limits the
ability to draw robust conclusions applicable to clinical practice. The marked heterogeneity
among study designs, intervention protocols, and outcome measures further precluded
the possibility of conducting a quantitative meta-analysis. While multiple independent
reviewers participated in screening and data extraction to reduce selection bias, the use
of subjective quality assessment tools introduces the potential for reviewer bias. Lastly,
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the variability in reporting and lack of long-term data in many included studies limits the
overall strength and generalizability of the review’s findings. A major limitation of this
systematic review is the heavy reliance on studies conducted by Dr. Pavarina’s research
group [28-35,37,40], which accounted for most of the included articles. The predominance
of data generated using similar methodologies and by overlapping teams of investigators
introduce an inherent risk of methodological and publication bias. This concentration of
evidence from a single research network may limit the generalizability of the findings and
could reduce the robustness and external validity of the conclusions drawn. Although these
studies provide valuable and consistent data, the lack of broader independent validation
underscores the need for future research from multiple centers and diverse clinical envi-
ronments to confirm and expand upon these results. Therefore, the present review should
be interpreted primarily as a call for further independent studies rather than as a basis
for definitive clinical recommendations. Broader multicenter investigations are needed to
validate and extend these findings before widespread clinical adoption can be advised.

4.4. Implications for Practice, Policy, and Future Research

The findings of this systematic review highlight significant implications for clinical
practice, policy-making, and future research. Clinically, PDZ-aPDT presents a promising
alternative or adjunct treatment for multidrug-resistant infections, biofilm-associated con-
ditions, and superficial microbial infections such as oral candidiasis, denture stomatitis,
and acne. Practitioners should consider integrating PDZ-aPDT into their treatment pro-
tocols while carefully selecting parameters based on available evidence. From a policy
perspective, there is a critical need to fund and promote large-scale clinical trials to establish
standardized guidelines and streamline regulatory approval processes for Photodithazine-
based therapies, considering the urgency of antimicrobial resistance. Additionally, policies
supporting specialized training in photodynamic therapy techniques could improve im-
plementation efficacy. Future research should prioritize addressing gaps identified in this
review through rigorous randomized controlled trials with larger patient populations,
standardized treatment protocols, and investigations into optimal therapeutic parameters.
Exploring the potential synergistic effects of PDZ-aPDT with other antimicrobials, DNase
enzymes, and advanced delivery systems such as nanotechnology is also essential. Re-
search aimed at overcoming current technical limitations, such as tissue penetration and
efficacy in hypoxic environments, will further enhance the broader clinical applicability of
PDZ-aPDT, thereby advancing patient care and public health outcomes.

5. Conclusions

This systematic review demonstrates that PDZ-aPDT is a promising therapeutic strat-
egy with the potential for managing multidrug-resistant microbial infections, biofilm-
associated conditions, and superficial infections including oral candidiasis, denture stom-
atitis, acne, and device-related infections. PDZ-aPDT exhibits broad-spectrum antimicro-
bial activity, favorable safety profiles, and minimal risk of inducing microbial resistance.
Nevertheless, the existing body of evidence is limited by methodological heterogeneity,
predominantly preclinical data, small sample sizes, and a lack of standardized treatment
protocols. Thus, further high-quality clinical trials with rigorous methodology, larger
patient populations, and long-term follow-up are essential to confirm efficacy, optimize
treatment parameters, and ensure safety. Continued exploration into adjunctive and syner-
gistic therapies, innovative delivery systems, and technological improvements for deeper
tissue penetration and enhanced effectiveness under hypoxic conditions will further solid-
ify the role of PDZ-aPDT as a valuable adjunct or alternative to conventional antimicrobials,
effectively addressing the global challenge of antimicrobial resistance.
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