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Dental caries in children is largely associated with Streptococcus mutans biofilms,
which may be controlled using minimally invasive antimicrobial photodynamic
therapy (aPDT). This scoping review aimed to map the current evidence regarding
the application of aPDT against Streptococcus mutans biofilms for pediatric caries
prevention. The review was conducted in accordance with the PRISMA-ScR
guidelines using ScienceDirect, PubMed, ProQuest, and SpringerLink. The
literature search covered studies published between January 2021 and July 2026,
with eligibility restricted to original, English-language, full-text research articles
investigating aPDT against Streptococcus mutans or cariogenic biofilms. A total of
2,365 records were identified from the four databases. After duplicate removal and
exclusion of studies available only as abstracts, 429 articles underwent title and
abstract screening. Eligible studies were subsequently assessed in full text
according to the predefined selection criteria, resulting in the inclusion of eight
original studies in the qualitative synthesis. The included studies generally reported
reductions in Streptococcus mutans viability and biofilm formation following aPDT.
Individual studies also reported reductions in bacterial virulence factors, enhanced
enamel remineralization when aPDT was combined with titanium tetrafluoride, and
improved antimicrobial performance using nanotechnology-based delivery
systems. The available evidence suggests that aPDT may have potential as an
adjunctive minimally invasive approach for controlling cariogenic biofilms in
pediatric dentistry. However, because the evidence is predominantly laboratory-
based, well-designed clinical studies are needed to establish its long-term efficacy,
safety, and clinical applicability in children.
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1. INTRODUCTION

Dental caries is among the most common chronic diseases worldwide and continues
to impose a substantial public health burden despite advances in preventive dentistry
(Giacaman et al., 2022; Pitts et al., 2021). Global epidemiological evidence shows that
untreated caries in primary teeth affects approximately 9% of the world's child population
and ranks among the ten most prevalent health conditions globally, while untreated caries
in permanent teeth affects more than 2.4 billion people worldwide (Barranca-Enriquez &
Romo-Gonzélez, 2022). The prevalence of Early Childhood Caries (ECC) increases
markedly with age, ranging from 12-27% among children aged 2-3 years and reaching 27-
48% in those aged 4-6 years (Ribeiro & Paster, 2023). Besides causing pain and infection,
dental caries negatively affects nutrition, speech development, school attendance, and
quality of life, while creating considerable economic burdens for families and healthcare
systems. These findings show that dental caries remains a persistent global health
challenge, particularly during early childhood when prevention is most critical. Given the
high burden of childhood caries, preventing disease progression has become a central
focus of pediatric dentistry (Han et al., 2025).

The development of dental caries is strongly associated with the establishment of
cariogenic biofilms, in which Streptococcus mutans recognized as an important cariogenic
microorganism (Spatafora et al., 2024). This bacterium adheres efficiently to tooth
surfaces, synthesizes extracellular polysaccharides that facilitate biofilm maturation,
produces organic acids through carbohydrate metabolism, and survives in acidic
environments, thereby contributing to enamel demineralization and lesion progression.
Molecular studies have consistently shown that Streptococcus mutans is strongly
associated with severe early childhood caries (S-ECC), particularly among children
younger than 36 months of age (Lu et al., 2023). Interactions between Streptococcus
mutans and other microorganisms, especially Candida albicans, may further enhance
biofilm pathogenicity and increase caries severity (Li et al., 2023). Because primary teeth
possess thinner enamel and dentin than permanent teeth, biofilm-mediated
demineralization can progress rapidly in children.

Conventional caries prevention relies primarily on mechanical plaque removal,
fluoride therapy, and antimicrobial agents such as chlorhexidine (Katrak et al., 2026).
Although these approaches have shown clinical effectiveness, their success often
depends on patient compliance, which may be difficult to achieve in young children.
Moreover, prolonged use of chemical antimicrobials may be associated with undesirable
effects, including tooth staining, taste alteration, mucosal irritation, and concerns regarding
bacterial adaptation. These limitations have encouraged the development of minimally
invasive antimicrobial strategies capable of disrupting cariogenic biofilms while potentially
reducing reliance on conventional antimicrobial agents. Among these approaches,
antimicrobial photodynamic therapy (aPDT) has attracted increasing attention because it
combines a photosensitizer with light of an appropriate wavelength to generate reactive
oxygen species that inactivate microorganisms through multiple cellular targets (Polat &
Kang, 2021). Experimental evidence suggests that the localized action of aPDT may
reduce bacterial viability with limited effects on surrounding tissues. However, its safety
and clinical effectiveness in pediatric patients require further investigation.

In recent years, growing research has investigated various photosensitizers, light
sources, and nanotechnology-based delivery systems to improve the antimicrobial
performance of aPDT against Streptococcus mutans (Panda et al.,, 2024). Natural
compounds such as curcumin, phycocyanin, emodin, and Brazilian green propolis, as well
as conventional photosensitizers including toluidine blue O, have shown encouraging
antibacterial activity in experimental studies (Afrasiabi et al., 2022; Fiegler-Rudol et al.,
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2025). In addition, nanoparticle formulations and combination therapies have been
developed to enhance photosensitizer stability, improve penetration into mature biofilms,
and increase treatment efficacy. Nevertheless, the available evidence remains scattered
across different experimental models, treatment protocols, irradiation parameters, and
outcome measurements. Moreover, the available evidence is predominantly derived from
in vitro and ex vivo studies, with limited evidence directly involving pediatric clinical
populations. To date, no comprehensive scoping review has specifically mapped the
recent evidence regarding the application of antimicrobial photodynamic therapy against
Streptococcus mutans biofilms with particular emphasis on its potential role in pediatric
dentistry.

Therefore, this scoping review aims to map and synthesize evidence on the use of
antimicrobial photodynamic therapy against Streptococcus mutans biofilms relevant to
pediatric dentistry, focusing on photosensitizers, treatment protocols, antimicrobial
outcomes, and technological approaches such as nanotechnology-based delivery
systems and combination therapies. The review also identifies evidence gaps, particularly
the limited pediatric clinical evidence, to inform future research on the potential application
of aPDT in pediatric caries prevention.

2. METHODS

This scoping review was conducted following the Preferred Reporting ltems for
Systematic Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR)
guidelines (Peters et al., 2020). The review process followed the stages of identifying the
research question, identifying relevant studies, selecting eligible studies, charting the data,
and collating, summarizing, and reporting the findings. The eligibility criteria and review
scope were structured using the Population, Concept, and Context (PCC) framework. The
population comprised Streptococcus mutans biofilms or cariogenic biofilms, the concept
focused on antimicrobial photodynamic therapy (aPDT), and the context was pediatric
dentistry and caries prevention.

A literature search was conducted in four electronic databases: ScienceDirect,
PubMed, ProQuest, and SpringerLink. The search was conducted in July 2026 and
covered studies published from January 2021 to July 2026. The search strategy was
adapted to the indexing and search functions of each database using combinations of
keywords related to antimicrobial photodynamic therapy, Streptococcus mutans, biofilm,
caries, and pediatric dentistry.

Studies were included if they were original research articles published in English
between January 2021 and July 2026, available in full text, and investigated the use of
aPDT against Streptococcus mutans or cariogenic biofilms relevant to caries prevention
in pediatric dentistry. Studies were excluded if they were review articles, unrelated to
aPDT, did notinvolve Streptococcus mutans or cariogenic biofilms, were published before
2021, were not written in English, did not provide full-text access, or were not original
research.

A total of 2,365 records were identified from the four databases, comprising 456
records from ScienceDirect, 23 from PubMed, 1,682 from ProQuest, and 204 from
SpringerLink. After the removal of duplicate records and studies available only as
abstracts, 429 records remained for eligibility assessment. The study selection process
was conducted by all authors in accordance with the predetermined eligibility criteria.
Following full-text assessment, 421 articles were excluded based on the eligibility criteria,
resulting in 8 studies being included in the final review.

The screening and study selection procedures were conducted by all authors, and
all decisions regarding study eligibility were discussed and agreed upon collectively. Data
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charting was performed according to the established review procedures to ensure that
relevant information from each included study was consistently recorded and synthesized.
The review protocol was developed for the purposes of this scoping review but was not
registered in a public review registry. Figure 1 shows the identification and selection
process of studies through the databases.

Identification of Studies via Databases and Register
< . o
8 Records identified through:
8 Elsevier (n = 456)
s PubMed (n = 23)
‘q:: ProQuest (n = 1.682)
) Springer (n = 204)
Total database searching (n = 2.365)
()
E Records after duplicates and abstract-
g only records removed
S (n=2.360) Records excluded:
« Review articles, systematic reviews, and
meta-analyses, Non-antimicrobial
$ photodynamic therapy studies Non-
- Streptococcus mutans biofilm / non-
:‘;f Records screened cariogenic biofilm s_tudies, Published before
% Full-text articles assessed for eligibility 2021, Non-English language, Full text
S (n = 429) unavailable, Not original research
kS o . o . Records inclusion:
~g Studies included in qualitative synthesis Original research, English language,
3 Included (n = 8) Publication year 2021-2026, Full-text
£ available

Figure 1. PRISMA Flow Diagram.

3. RESULTS AND DISCUSSION

This scoping review included eight original research studies investigating the use of
antimicrobial photodynamic therapy (aPDT) against Streptococcus mutans and cariogenic
biofilms in experimental models relevant to caries prevention in pediatric dentistry. The
selected studies were conducted in three countries, including Iran (n = 5), Brazil (n = 2),
and India (n = 1). Based on study design, seven studies were conducted in vitro and one
study was conducted ex vivo. The experimental models included bacterial suspensions,
single and dual-species biofilms, primary tooth dentin, and enamel surfaces. No
randomized clinical trials or in vivo human studies meeting the eligibility criteria were
identified.

The included studies evaluated a wide range of photosensitizers and delivery
systems for aPDT. Conventional photosensitizers included toluidine blue O (TBO),
phycocyanin, curcumin, nano-curcumin, erythrosine, Brazilian green propolis, and emodin,
whereas several studies investigated advanced formulations, including curcumin-loaded
nanocapsules, nanoliposome-loaded improved toluidine blue O (NLITBO), and emodin-
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chitosan nanoparticles. The light sources included red LEDs, blue LEDs, and diode lasers,
with reported wavelengths ranging from 450 to 650 nm.

The primary outcomes evaluated across the included studies consisted of bacterial
viability measured by colony-forming units (CFU), biofilm biomass, reactive oxygen
species (ROS) generation, minimum inhibitory concentration (MIC), zone of inhibition
(ZQl), extracellular DNA (eDNA), lactic acid production, expression of virulence-
associated genes such as gffB, and enamel remineralization. Across the included studies,
aPDT generally reduced Streptococcus mutans viability, biofilm-related outcomes, or
bacterial metabolic activity under the respective experimental conditions. The magnitude
of the observed effects varied according to the photosensitizer, concentration, light source,
irradiation parameters, comparator, and outcome measure. Several investigations also
reported changes in virulence-related outcomes, including reductions in eDNA, lactic acid
production, and gtfB expression, while the study combining TBO-mediated aPDT with TiF4
reported increased enamel Ca/P ratios.

The evidence was predominantly generated using laboratory-based experimental
models. One study evaluated S. mutans on primary tooth dentin, while other studies used
human enamel disks or enamel slabs, bacterial suspensions, or laboratory biofilms. These
findings suggest that aPDT may have potential relevance to pediatric dentistry, particularly
for controlling S. mutans and cariogenic biofilms, although the observed effects were
obtained under experimental conditions and require further validation in clinical pediatric
populations. Accordingly, the available evidence suggests potential applicability of aPDT
as an adjunctive approach in pediatric caries prevention, but its clinical effectiveness in
children cannot yet be established based on the predominantly in vitro and ex vivo
evidence. The characteristics and principal findings of the included studies are shown in
Table 1.

Table 1. Characteristics and principal findings of studies evaluating antimicrobial
photodynamic therapy (aPDT) against Streptococcus mutans and cariogenic biofilms.
Light source

Authors Study Setting Photosensitizer Comparator
and wavelength
Alkidsawy et In vitro; mature TBO with Red LED, 630 Untreated
al. (2026) S. mutans naringenin (NAR) nm, 60 J/cm? control, TBO
biofilm alone, NAR
alone, LED
alone, TBO +
LED, and 0.2%
CHX
Abbasianfar et In vitro; S. Phycocyanin Diode laser, 635 Untreated
al. (2024) mutans (2.5, 5, and 10 nm; 400 and 500 control and
bacterial model mg/mL) mwW phycocyanin
without laser
Moradi et al. In vitro; S. Phycocyanin Diode laser, 635 Saline control,
(2024) mutans and (PC) or TBO nm PC alone, TBO
Lactobacillus combined with alone, FV
acidophilus sodium fluoride alone, and TiF4
dual-species varnish (FV) or alone
biofilm on TiF4
human enamel
disks
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Light source

Authors Study Setting Photosensitizer and wavelength Comparator
Erckmann et In vitro; S. Curcumin-loaded Diode laser; Untreated
al. (2025) mutans- zein wavelength not  control, nano-

contaminated
primary tooth
dentin

nanocapsules
(nano-curcumin)

specified in the
provided article
text

curcumin alone,
and diode laser
alone

de Oliveira et

In vitro; single-

Brazilian green

Light irradiation

Extracts/fractio

al. (2023) and dual- propolis extracts parameters not ns without
species biofilms (BGP-AF and specified in the aPDT and
of S. mutans BGP-AG) provided article  control groups
and Candida text
albicans
Ahrari et al. In vitro; Curcumin, nano- Blue LED, 450 0.12% CHX
(2024) planktonic and curcumin, and nm positive control
S. mutans erythrosine and PS/light-
biofilm cultures free negative
control
Panda et al. In vitro; S. Nanoliposome-  Red light, 650 2%
(2024) mutans loaded improved nm, 0.1 W/cm?, 9- chlorhexidine
suspension TBO (NLITBO) 9.1 J/lcm?,90 s gluconate and
untreated/contr
ol conditions
Pourhajibaghe Ex vivo; S. Emodin-chitosan Blue laser, Untreated/contr
retal. (2022) mutans biofilm nanoparticles wavelength not ol biofilm
on enamel (Emo-CS-NPs)  specified in the
slabs provided article

text

Table 2. Main outcomes and principal findings.

Authors Main Outcomes Principal Findings
Alkidsawy etal. CFU, crystal violet NAR showed a synergistic interaction with
(2026) biofilm biomass low-concentration TBO (FICI = 0.375).

NAR + TBO-mediated aPDT significantly
reduced viable counts and biofilm
compared with the control and enhanced
the effect of low-concentration TBO.

Abbasianfar et
al. (2024)

CFU/mL

The greatest bacterial reduction was
observed with 2.5 mg/mL phycocyanin
combined with a 500 mW diode laser.
Higher laser power was associated with

greater bacterial reduction, while the effect
of aPDT decreased with increasing
phycocyanin concentration.

Moradi et al.
(2024)

Biofilm reduction, Ca/P

ratio, FESEM

TBO-mediated aPDT combined with TiF4
showed superior antibiofilm activity among
the combined treatments and produced the
highest Ca/P ratio.
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Authors Main Outcomes Principal Findings
Erckmann et al. CFU, cytotoxicity, Nano-curcumin and PDT-treated nano-
(2025) physicochemical curcumin significantly reduced S. mutans

properties

CFU compared with controls. The PDT-
enhanced formulation produced the
greatest reduction, although the difference
from non-photosensitized nano-curcumin
was not statistically significant.

de Oliveira et al.
(2023)

CFU, ROS, cytotoxicity,
regrowth, color stability

BGP-mediated aPDT produced reductions
greater than 3 log10 CFU/mL in single- and
dual-species biofilms, generated singlet
oxygen, and delayed microbial regrowth
after 24 h. BGP-AF showed 72.41% oral
keratinocyte viability.

Ahrari et al. CFU/mL

(2024)

PDT with curcumin and erythrosine
significantly reduced S. mutans viability in
planktonic and biofilm forms. The highest
cell killing was observed with curcumin 3
g/L and erythrosine 250 pmol/L, whereas
nano-curcumin showed lower antibacterial
activity.

ZOl, MIC,
physicochemical
characteristics

Panda et al.
(2024)

NLITBO showed antibacterial activity
without light based on ZOI and
demonstrated a MIC of 0.6 ug/mL under
the reported photodynamic conditions. Its
Z0Ol was comparable to that of 2%
chlorhexidine gluconate.

Pourhajibagher
et al. (2022)

ROS, cell viability,
metabolic activity,
eDNA, lactic acid, gtfB
expression

Emo-CS-NPs-mediated aPDT generated
ROS and significantly reduced S. mutans
viability and metabolic activity. It also

reduced eDNA levels by 48%, lactic acid

production by 72.4%, and downregulated
gifB expression by 7.8-fold compared with
the control.

One of the most consistent observations emerging from this review is that the
antimicrobial efficacy of aPDT depends greatly on the selection of the photosensitizer and
the method used to deliver it. Alkidsawy et al. (2026) reported that combining naringenin
with toluidine blue O (TBO) enhanced antibacterial activity, allowing lower concentrations
of TBO to produce antimicrobial effects comparable with higher doses while reducing
Streptococcus mutans biofilm (p<0.0001). This finding suggests that photosensitizer
combinations may improve treatment efficiency without increasing chemical exposure,
although the relevance of this approach to pediatric treatment requires further clinical
evaluation (Silva et al., 2023). Similarly, Panda et al. (2024) reported that nanoliposome-
loaded improved toluidine blue O (NLITBO) exhibited physicochemical stability together
with antibacterial activity comparable to chlorhexidine, indicating that nanocarrier systems
may influence photosensitizer performance under experimental conditions. The potential
for improved penetration into mature biofilms should be interpreted cautiously because
direct evidence of deeper biofilm penetration was not established across the included
studies. Collectively, these studies suggest that optimizing the chemical composition and
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delivery system of photosensitizers may influence the antimicrobial performance of aPDT,
although its clinical effectiveness remains to be established (Raphaelle et al., 2021).

The findings further indicate that naturally derived photosensitizers may represent
an area for further investigation in pediatric caries prevention. Abbasianfar et al. (2024)
reported that phycocyanin-mediated aPDT reduced Streptococcus mutans, with the
greatest antibacterial effect achieved using 2.5 mg/mL phycocyanin activated by a 500
mW diode laser, indicating that irradiation parameters and photosensitizer concentration
may both influence antimicrobial activity under the tested conditions. Likewise, Ahrari et
al. (2024) found that both curcumin- and erythrosine-mediated aPDT reduced bacterial
viability in planktonic and biofilm forms, whereas nano-curcumin showed comparatively
lower antibacterial activity under the tested conditions. In addition, de Oliveira et al. (2023)
reported that Brazilian green propolis-mediated aPDT reduced Streptococcus mutans
biofilms by more than 3 log10 CFU/mL while generating singlet oxygen and maintaining
the reported level of oral keratinocyte viability. Together, these findings suggest that
naturally derived photosensitizers warrant further investigation as potential alternatives to
conventional antimicrobial agents, but their suitability for repeated pediatric use and long-
term caries prevention cannot yet be established from the available laboratory evidence
(Dogru & Akglin, 2026).

The application of nanotechnology has also provided experimental evidence for
alternative photosensitizer delivery systems in antimicrobial photodynamic therapy.
Erckmann et al. (2025) evaluated curcumin-loaded nanocapsules on primary tooth dentin
contaminated with Streptococcus mutans and reported cytocompatibility together with
antibacterial activity. Importantly, this was the only study included in the review that directly
used primary tooth substrates, making its findings particularly relevant when considering
pediatric dentistry, although they do not constitute direct evidence of clinical effectiveness
in children. Photodynamic activation further enhanced bacterial reduction, although the
difference from non-photosensitized nano-curcumin was not statistically significant.
Similar findings were reported by Panda et al. (2024), where nanoliposome-loaded TBO
demonstrated antibacterial activity and physicochemical stability under the tested
conditions. These findings indicate that nanotechnology may offer alternative approaches
to photosensitizer delivery, but evidence regarding superior delivery, long-term safety, or
clinical benefit remains limited.

Combination therapy emerged as an important theme identified in this review
because several studies indicated that aPDT may have additional effects when combined
with other preventive agents. Moradi et al. (2024) reported that TBO-mediated aPDT
combined with titanium tetrafluoride (TiF,) produced antibiofilm activity and the highest
enamel Ca/P ratio among the evaluated combined treatments. This finding suggests that
combining antimicrobial treatment with fluoride-based interventions may simultaneously
influence biofilm control and enamel mineral characteristics under experimental
conditions. However, the observed Ca/P changes should not be interpreted as evidence
that aPDT directly restores carious lesions or provides superior clinical remineralization in
children. The integration of antimicrobial and remineralization-related effects may warrant
further investigation in pediatric caries prevention, particularly in early enamel lesions, but
clinical studies are needed to determine whether such combinations provide additional
benefits over established preventive treatments.

Beyond reducing bacterial viability, several studies reported effects of aPDT on
virulence-related outcomes associated with cariogenic biofilms. Pourhajibagher et al.
(2022) reported that emodin-chitosan nanoparticle-mediated aPDT reduced biofilm-
associated activity while simultaneously decreasing extracellular DNA production,
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reducing lactic acid synthesis, and downregulating the gifB virulence gene. Because
extracellular DNA contributes to biofilm structural stability and gtfB is responsible for
glucan production that facilitates bacterial adhesion, suppression of these virulence
factors may contribute to reduced biofilm development under experimental conditions. In
addition, lower lactic acid production may reduce acidogenic activity relevant to enamel
demineralization. These observations suggest that the effects of aPDT may extend
beyond direct bacterial viability to several measurable biofilm-associated characteristics.
However, whether these laboratory findings translate into reduced caries development or
broader clinical protection remains uncertain, particularly in the absence of pediatric
clinical or in vivo evidence.

The studies included in this review also provide preliminary laboratory evidence
regarding the biological compatibility of selected aPDT formulations. Erckmann et al.
(2025) reported favorable cytocompatibility of curcumin-loaded nanocapsules together
with antibacterial activity on primary tooth dentin, while de Oliveira et al. (2023) reported
oral keratinocyte viability following exposure to Brazilian green propolis-mediated aPDT.
These findings are relevant because preventive interventions in children should minimize
tissue damage while preserving oral tissues. Unlike systemic antibiotics, aPDT acts locally
through photoactivation-dependent generation of reactive oxygen species, which may limit
antimicrobial activity to the treated area under controlled conditions. Nevertheless, the
available cytocompatibility findings were obtained from limited experimental models and
short-term assessments, so they cannot establish long-term biocompatibility or suitability
for repeated preventive use in children.

Despite the generally favorable laboratory findings, several limitations of the
available evidence should be acknowledged. Seven of the eight included studies were
conducted using in vitro experimental models, whereas only Pourhajibagher et al. (2022)
employed an ex vivo design, and no eligible in vivo investigations or randomized clinical
trials involving pediatric patients were identified. Furthermore, substantial heterogeneity
was observed in the evaluated photosensitizers, laser wavelengths, irradiation power,
exposure duration, delivery systems, and outcome measurements, making direct
comparison between studies difficult. Differences in experimental protocols may also
influence antimicrobial performance, thereby limiting the generalizability of individual
findings to clinical settings. Laboratory conditions cannot fully reproduce the complexity of
the oral environment, where saliva, host responses, dietary factors, and multispecies
biofiims may influence treatment outcomes. Therefore, standardized experimental
protocols together with well-designed clinical trials involving children are required before
the clinical effectiveness and routine use of aPDT in pediatric dentistry can be determined.

4. CONCLUSION

Antimicrobial photodynamic therapy (aPDT) may represent a potential minimally
invasive approach for controlling Streptococcus mutans and cariogenic biofilms relevant
to pediatric dental caries. Across the eight included studies, various photosensitizers,
including toluidine blue O, phycocyanin, curcumin, Brazilian green propolis, emodin, and
nanotechnology-based formulations, generally demonstrated antimicrobial or antibiofilm
activity under the respective experimental conditions, with some studies also reporting
changes in bacterial virulence-related outcomes and enamel mineral characteristics.
These findings suggest that optimization of photosensitizer formulations, irradiation
parameters, and delivery systems may improve the performance of aPDT, although its
effectiveness for pediatric caries prevention has not yet been established. However, the
available evidence was predominantly derived from in vitro and ex vivo studies, with no
eligible pediatric clinical or in vivo human studies identified. Therefore, conclusions
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regarding routine clinical use, long-term efficacy, safety, or clinical caries-preventive
benefits in children cannot yet be drawn. Standardized protocols and well-designed clinical
studies involving pediatric populations are needed to determine the clinical effectiveness
and applicability of aPDT before its implementation in routine pediatric dental practice.
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