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Abstract

Background: To systematically evaluate the effect of photodynamic therapy (PDT) on shear bond 
strength (SBS) of orthodontic brackets compared to conventional bonding methods through meta-
analysis of in vitro studies. Materials and Methods: This systematic review and meta-analysis, 
following PRISMA guidelines, synthesized in vitro studies comparing the shear bond strength 
of orthodontic brackets following photodynamic therapy pretreatment versus conventional 
methods, utilizing a comprehensive, peer-reviewed search strategy across four databases up 
to December 2025. Random-effects meta-analysis was performed using Hedges’ g with 95% 
confidence intervals. Heterogeneity was assessed using I² statistic and Q-test. Subgroup analysis 
by photosensitizer type, sensitivity analysis, and publication bias assessment were conducted 
with subsequent trim-fill adjustments. Results: Eight in vitro studies comprising 13 PDT-control 
comparisons with 317 samples were included. Overall meta-analysis revealed significantly lower 
SBS for PDT groups compared to controls (Hedges’ g = -4.17, 95% CI: -6.350 to -3.361, P < 
0.001). Substantial heterogeneity was observed (I² = 93.3%, Q = 166.645, P < 0.001). Subgroup 
analysis showed Methylene Blue PDT had the strongest negative effect (g = -5.795, P < 0.001), 
also Riboflavin PDT (k=3) demonstrated a significant negative effect (g = -3.54, P = 0.012). Mean 
SBS was 15.27 MPa for PDT groups versus 19.67 MPa for controls. Significant publication 
bias was detected (Egger’s test: P = 0.0003); while trim-fill justification remained significant 
in case of significantly lower SBS for PDT groups compared to controls. Conclusion: PDT, 
particularly with Methylene Blue photosensitizer, significantly reduces shear bond strength 
compared to conventional methods. Curcumin-based PDT shows more favorable bond strength 
profiles. Clinical application requires careful consideration of photosensitizer selection 
and bonding protocol optimization. [GMJ.2026;15:e4164] DOI:10.31661/gmj.v15i.4164
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Introduction 

Photodynamic therapy (PDT) rep-
resents a promising, non-invasive ap-

proach in modern dentistry that utilizes a 
photosensitizing agent activated by light 
of a particular wavelength to produce re-
active oxygen species, such as singlet ox-
ygen, which effectively destroy targeted 
pathogenic microbes or abnormal cells 
while sparing healthy tissue [1, 2]. This 
method has gained attention due to its 
ability to provide selective antimicrobial 
action across a broad spectrum, minimal 
risk of inducing resistance in bacteria, and 
compatibility as an adjunct to convention-
al treatments. PDT finds applications in 
multiple dental fields, including the man-
agement of periodontal and peri-implant 
infections, endodontic disinfection, con-
trol of cariogenic bacteria, and treatment 
of oral malignancies or premalignant 
conditions [2, 3]. Clinical investigations 
demonstrate its value as a supplementa-
ry tool in reducing bacterial burdens in 
persistent infections, though challenges 
remain regarding optimal photosensitizer 
delivery, light penetration, and protocol 
standardization to ensure consistent out-
comes [1-4].
The utilization of fixed orthodontic appli-
ances presents significant challenges for 
maintaining optimal oral hygiene, elevat-
ing the risk of bacterial biofilm accumula-
tion, enamel demineralization manifesting 
as white spot lesions, and periodontal in-
flammation [5]. In response to these clini-
cal concerns, antimicrobial photodynamic 
therapy (aPDT) has emerged as a promis-
ing adjunctive strategy, employing a pho-
tosensitizing agent activated by specific 
light to exert antimicrobial effects [6, 7]. 
Research explores its application through 
direct clinical protocols for biofilm re-
duction and through innovative material 
science, such as incorporating photosen-
sitizers like cationic curcumin-doped zinc 

oxide nanoparticles or methylene blue 
into orthodontic adhesives to create bio-
active, plaque-resistant interfaces [5, 7]. 
Furthermore, investigations extend to the 
use of laser phototherapy to mitigate the 
compromised bond strength of brackets 
to bleached enamel [8]. This review syn-
thesizes current evidence on aPDT’s dual 
pathways in orthodontics, showing its po-
tential to enhance periodontal health and 
prevent enamel damage during compre-
hensive fixed appliance therapy [5, 6].
Studies have investigated the efficacy of 
different photosensitizers activated by 
PDT as enamel reconditioning agents 
prior to bracket rebonding, with findings 
suggesting that agents like rose bengal and 
riboflavin can yield shear bond strength 
outcomes comparable to traditional phos-
phoric acid etching [9]. Concurrently, 
research into treatments for demineral-
ized enamel, such as white spot lesions, 
indicates that both argon laser irradiation 
and photopolymerized resin infiltration 
are effective prophylactic regimens that 
enhance surface microhardness and bond 
strength when compared to fluoride appli-
cation or methylene blue-mediated PDT 
[10]. However, other evidence suggests 
that antimicrobial PDT protocols using 
photosensitizers like methylene blue or 
indocyanine green can negatively impact 
the bond strength of orthodontic brack-
ets to sound enamel when compared to 
untreated controls [11]. This reduction 
in bond integrity is not universal across 
all dental substrates, as demonstrated by 
research on hypoplastic primary teeth, 
where methylene blue-mediated antimi-
crobial PDT was found to improve the mi-
croshear bond strength of resin-modified 
glass ionomer cement relative to chemi-
cal disinfectants like sodium hypochlorite 
[12].   This systematic review and me-
ta-analysis aim to synthesize the available 
in vitro evidence to determine the com-
parative effect of PDT, employed as an 
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antimicrobial enamel pretreatment, on the 
shear bond strength (SBS) of orthodontic 
brackets relative to conventional bonding 
methods. The rationale for this investi-
gation is predicated on the increasing in-
terest in PDT as an adjunctive strategy to 
mitigate biofilm-related complications, 
such as enamel demineralization and peri-
odontal inflammation, during fixed-appli-
ance therapy.

Methodology

The entire protocol of this study adhered 
to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses 
(PRISMA) guidelines [13].  This system-
atic review and meta-analysis exclusively 
considered in vitro studies that quantita-
tively compared the shear bond strength 
of orthodontic brackets bonded to dental 
substrates following a photodynamic ther-
apy pretreatment protocol against a control 
group subjected to a conventional bond-
ing method, with no restrictions placed on 
the year of publication. A systematic elec-
tronic search was conducted across four 
major bibliographic databases, PubMed/
MEDLINE, Scopus, Web of Science, and 
Embase, from their respective inceptions 
up to the search date in December 2025, 
utilizing a combination of controlled vo-
cabulary terms and free-text keywords 
related to three core concepts: photody-
namic therapy, orthodontic brackets, and 
shear bond strength. The search strategy 
was deliberately designed to be sensitive, 
employing Boolean operators (AND, OR) 
and, where applicable, database-specific 
field codes to capture all potentially rel-
evant records, and was peer-reviewed by 
a second investigator, with English lan-
guage filters applied.
The population was defined as any den-
tal substrate, including sound or demin-
eralized enamel, primary teeth, or dental 
ceramics, while the intervention encom-

passed any antimicrobial photodynamic 
therapy protocol involving a photosen-
sitizer and a light source for activation 
prior to adhesive application and bracket 
bonding. The comparator was required 
to be a standard, non-PDT pretreatment 
method for orthodontic bonding, such as 
phosphoric acid etching, and the primary 
outcome was necessarily the mean shear 
bond strength measured in megapascals 
(MPa) alongside its standard deviation, 
with studies reporting only other bond 
strength metrics or lacking extractable 
quantitative data being excluded.

Study Selection Process
All records retrieved from the database 
searches were imported into Excel soft-
ware for duplicate removal before the en-
suing unique citations were screened in a 
two-phase process. Initially, two review-
ers independently evaluated titles and ab-
stracts against the pre-defined eligibility 
criteria, with all records deemed poten-
tially relevant or those lacking sufficient 
abstract information proceeding to the 
second phase, which involved a full-text 
assessment of those articles conducted in-
dependently and in duplicate by the same 
reviewers, with any disagreements at ei-
ther stage resolved through discussion or, 
if necessary, consultation with a third se-
nior reviewer to reach a final consensus 9/
Figure-1).

Data Collection Process and Data Items
A standardized, pilot-tested data ex-
traction form was developed to ensure 
consistent and accurate capture of all rele-
vant data from the included studies, which 
was performed independently by two re-
viewers with any discrepancies reconciled 
by re-examination of the source article. 
The extracted data encompassed descrip-
tive study characteristics such as author, 
year, and substrate type; detailed interven-
tion parameters including photosensitizer 
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type, concentration, pre-irradiation time, 
light source specifications, wavelength, 
power density, and irradiation time; con-
trol group methodology; adhesive sys-
tem and bracket type used; sample size 
per group; and the critical outcome data 
of mean shear bond strength and its stan-
dard deviation for each experimental and 
control group, with corresponding authors 
contacted via email in cases of missing or 
unclear data.

Study Risk of Bias Assessment
The methodological quality and risk of 
bias of each included in vitro study were 
appraised using a modified version of the 
Cochrane Collaboration’s risk of bias tool 
[14], adapted for laboratory studies, which 
evaluated several domains: sample size 
calculation and specimen randomization, 
blinding of the operator during the bond-
ing procedure and the examiner during 
bond strength testing, standardization of 

Figure 1. PRISMA flowchart of study selection process 
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substrate storage conditions, accurate re-
porting of adhesive protocols, calibration 
of the testing machine, and completeness 
of outcome reporting. Two reviewers in-
dependently conducted this assessment, 
assigning judgments of ‘low risk’, ‘high 
risk’, or ‘unclear risk’ for each domain, 
and subsequently generating an overall 
risk of bias classification for the study, 
with inter-reviewer agreement measured 
and disagreements settled through con-
sensus.

Synthesis Methods
The quantitative synthesis was performed 
by calculating the standardized mean dif-
ference using Hedges’ g as the effect size 
measure for each individual PDT-control 
comparison, along with its 95% confidence 
interval, to account for potential variations 
in testing equipment and protocols across 
studies. All meta-analytic computations 
were conducted under a random-effects 
model, which assumes that the true effect 
sizes vary across studies due to differing 
experimental conditions, with the pooled 
effect estimate and its confidence interval 
derived using the inverse-variance method 
and the between-study variance estimated 
via the DerSimonian-Laird estimator. Sta-
tistical heterogeneity was quantified using 
the I² statistic, interpreted as the propor-
tion of total variability attributable to be-
tween-study variation rather than chance, 
and complemented by the Cochran’s Q 
test, with significance set at P < 0.10, 
while the pre-planned subgroup analysis 
based on photosensitizer type was per-
formed to explore potential sources of the 
observed heterogeneity. All analyses were 
performed in Python 3 with packages of 
statsmodels, scipy, and matplotlib.

Reporting Bias Assessment and Certainty 
Assessment
The potential for small-study effects and 
publication bias was evaluated through vi-

sual inspection of a funnel plot for asym-
metry and formally tested using Egger’s 
weighted linear regression test, with a 
significance level of P < 0.10 indicating 
potential bias; subsequently, the Duval 
and Tweedie nonparametric trim-and-fill 
procedure was employed to impute the-
oretically missing studies and compute 
an adjusted pooled effect size estimate. A 
sensitivity analysis was conducted using 
the leave-one-out method to determine 
the influence of any single study on the 
overall pooled estimate by iteratively re-
moving one study at a time and recalcu-
lating the meta-analysis, thereby assessing 
the robustness and stability of the primary 
findings.

Results

Of the 1,532 records initially identified 
through systematic searching, 437 du-
plicate citations were removed, leaving 
1,095 unique records for title and abstract 
screening. Following this initial assess-
ment, 1,075 records were excluded as 
clearly irrelevant to the research question, 
yielding 20 articles that underwent full-
text retrieval and detailed eligibility eval-
uation. Upon full-text review, 13 studies 
were excluded for the following reasons: 
six did not report shear bond strength as 
a primary quantitative outcome, four uti-
lized PDT as part of the adhesive system 
rather than as a pretreatment protocol, two 
had non-extractable data, and one study 
used an irrelevant comparator. Conse-
quently, eight in vitro studies, comprising 
a total of 317 samples and contributing 13 
discrete PDT-control comparisons, satis-
fied all pre-defined eligibility criteria and 
were included in the final quantitative 
synthesis and meta-analysis.
Based on the reviewed studies, the effect 
of PDT on the SBS of orthodontic brackets 
is contingent upon the specific application 
protocol and photosensitizer used. When 
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employed as an antimicrobial treatment 
on sound enamel, PDT using methylene 
blue (MB) or indocyanine green signifi-
cantly reduces SBS compared to untreated 
controls [11]. Similarly, for enamel con-
ditioning, MB-mediated PDT consistently 
results in lower bond strength than con-
ventional phosphoric acid (PA) etching [9, 
10, 15]. However, alternative photosensi-
tizers show promise; enamel conditioning 
with riboflavin (RF) or rose bengal (RB) 
activated by PDT can yield SBS compa-
rable to traditional PA etching [9, 10]. In 
specialized contexts, such as on hypoplas-
tic primary teeth, MB-PDT as a disinfec-
tant produced the highest bond strength 

among other disinfectants, though still 
lower than an untreated control [12]. Con-
versely, on demineralized enamel, MB-
PDT was detrimental to bond integrity 
[10]. Modifying the adhesive resin itself 
with RF or RB for PDT aims primarily for 
antibacterial effects, with bond strength 
outcomes requiring further quantification 
[16] (Table-1). 

Overall Meta-Analysis
The meta-analysis synthesized data from 
13 PDT-control comparisons across 8 
in vitro studies. Using a random-effects 
model, the overall effect size (Hedges’ 
g) was -4.28 (95% CI: -5.57 to -2.99, P 

Table 1. Characteristics of Included Studies for Meta-Analysis on PDT and Orthodontic Shear Bond Strength

Study Photosensitizer / 
Method

Enamel 
Condition / 

Focus

Bond Strength 
Outcome Failure Mode / Notes

Kamran MA, 
2022 [9]

Curcumin, 
Riboflavin, 
Rose Bengal, 
Methylene Blue 

PDT

Rebonding 
metallic brackets

PA highest; RP/
RBP similar; CP 

lowest

Mostly adhesive; RP/
RBP viable

Alnazeh AA, 
2026 [17]

Methylene Blue 
PDT + diode

Demineralized 
enamel (WSL)

MB-PDT lowest; 
Resin infiltration 

highest

MB-PDT least 
favorable

Mirhashemi 
AH, 2021 

[11]

Methylene Blue 
/ Indocyanine 
Green PDT

Sound enamel 
bracket bonding

Control highest; 
Both PDTs reduced

Mostly adhesive; 
enamel porosity

Alshami AA, 
2021 [12]

Methylene Blue 
APDT

Hypoplastic 
primary teeth 
RMGIC

Control highest; 
APDT best among 

treatments

APDT mainly adhesive 
failures

Alqerban A, 
2021 [16]

Riboflavin / Rose 
Bengal modified 
adhesive + PDT

Orthodontic 
bonding + 

antibacterial

0.1% RF/RB 
suitable; High DC

Significant ARI 
differences; 

Antibacterial
Hameed MS, 
2021 [15]

Methylene Blue 
PDT

Conditioning 
metallic brackets

TER highest; PDT 
lowest Predominantly adhesive

Alnazeh AA, 
2023 [10]

Riboflavin PDT; 
Er,Cr:YSGG

Conditioning + 
CeO₂ adhesive

PA + CeO₂ 
highest; RF-PDT 

comparable

ARI mostly 1-2 for RF-
PDT

Alkhudhairy 
F, 2023 [18]

Riboflavin / 
Curcumin PDT

Caries-affected 
dentin (CAD) 

disinfection prior 
to composite 

bonding

CHX, Er,Cr:YSGG, 
Riboflavin PDT, 
and Diode Laser 
groups performed 

comparably.

Er,Cr:YSGG, Diode 
laser, and Riboflavin 
PDT are potential 
alternatives to CHX 
for CAD disinfection 

without compromising 
shear bond strength.
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< 0.0001), indicating a statistically signif-
icant, large negative effect, meaning that 
PDT treatment resulted in significantly 
lower shear bond strength (SBS) com-
pared to control treatments. However, the 
analysis revealed substantial heteroge-
neity (I² = 93.3%, τ² = 4.17), suggesting 
considerable variability in effect sizes be-
tween the included studies, likely due to 
differences in protocols, photosensitizers, 
and experimental substrates.

Subgroup Analysis by Photosensitizer 
Type
Subgroup analysis revealed differential ef-
fects based on the type of photosensitizer 
used. Methylene Blue PDT (k=6) showed 
a significant, large negative effect on SBS 
(g = -5.79, P < 0.0001). Similarly, Ribofla-
vin PDT (k=3) also demonstrated a signif-
icant negative effect (g = -3.54, P = 0.012). 
The effects for Curcumin (g = -9.36, P = 
0.082), Rose Bengal (g = -1.42, P = 0.005), 
and Indocyanine Green PDT (g = -1.26, P 
= 0.002) were negative, with Rose Bengal 
and Indocyanine Green reaching statisti-
cal significance. The I² values for all sub-
groups remained high (>94% for most), 
indicating significant residual heteroge-
neity even within specific photosensitizer 

categories, as shown in Figure-2.

Sensitivity Analysis
A leave-one-out sensitivity analysis con-
firmed the robustness of the overall find-
ing, as the removal of any single study did 
not qualitatively change the direction or 
significance of the summary effect, with 
Hedges’ g estimates ranging from -3.61 to 
-4.95. However, Egger’s test for publica-
tion bias yielded a statistically significant 
result (intercept = -3.41, P = 0.0001), and 
visual inspection of the funnel plot indi-
cated asymmetry, suggesting a potential 
bias where studies with smaller sample 
sizes or larger standard errors showing 
more negative effects may be over-repre-
sented in the literature (Table-2).

Publication Bias Assessment
Egger’s test indicated significant publi-
cation bias (intercept = -6.50, P < 0.001), 
suggesting a lack of studies reporting 
smaller negative or positive effect sizes. 
The analysis imputed 11 missing stud-
ies on the right side of the funnel plot, 
increasing the total to 24. The adjusted 
random-effects model showed a substan-
tial reduction in the pooled effect size, 
from Hedges’ g = -4.28 (95% CI: -5.57, 

Figure 2. Forest plot of overall meta-analysis of PDT effect on SBS. The forest plot includes multiple entries from Kamran et al. (2022), 
each representing different PDT interventions from the same study respectively from up to down: Curcumin, Riboflavin, Rose Bengal, and 
Methylene Blue as photosensitizer 
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-3.00) to g = -1.55 (95% CI: -2.36, -0.74), 
a 63.7% change. This indicates that the 
original meta-analysis likely overestimat-
ed the negative impact of PDT on bond 
strength due to the absence of unpublished 
studies with less pronounced or favorable 
outcomes, as shown in Figure-3.

Quality of studies
Only one study (Kamran et al., 2022) 
demonstrated low risk of bias due to ex-
plicit reporting of sample size calculation, 
specimen randomization, blinding of both 
the operator during bonding and the ex-
aminer during shear bond strength test-
ing, standardized protocols, and complete 
outcome reporting. The remaining studies 
exhibited unclear risk of bias overall, pri-
marily because of insufficient details.

Discussion

The present systematic review and me-
ta-analysis focused on the impact of PDT 
on SBS of orthodontic brackets in in vi-
tro settings, revealing a significant overall 
reduction in SBS for PDT-treated groups 
compared to conventional bonding ap-
proaches (Hedges’ g = -4.855, P < 0.001), 
with mean SBS values of 15.27 MPa ver-
sus 19.67 MPa, respectively. This negative 

effect was particularly pronounced with 
methylene blue as the photosensitizer, 
whereas riboflavin showed no notable dif-
ference, and rose bengal exhibited a more 
favorable profile. These findings align 
with individual in vitro investigations 
that frequently report diminished bond 
strengths following PDT application, es-
pecially with certain photosensitizers like 
methylene blue or indocyanine green, 
which alter enamel surface characteristics 
and reduce adhesive efficacy while still 
often yielding clinically acceptable rang-
es in some cases. However, our aggregat-
ed evidence from multiple comparisons 
highlights a more consistent and substan-
tial compromise in bond integrity than 
isolated studies might suggest, emphasiz-
ing the need for photosensitizer-specific 
considerations when integrating PDT into 
orthodontic protocols to minimize bracket 
failure risks.
In contrast, systematic reviews and me-
ta-analyses exploring PDT in other den-
tal contexts, such as antimicrobial appli-
cations against cariogenic bacteria or in 
peri-implantitis management, generally 
demonstrate positive outcomes, includ-
ing effective microbial reduction and 
improved clinical parameters like prob-
ing pocket depth and bleeding on prob-

Table 2. Leave-One-Out Sensitivity Analysis

Omitted Study Hedges’ g (95% CI) I²
Overall -4.17 (-6.350 to -3.361) 93.3%

Kamran et al. - Curcumin -4.011 (-5.420 to -2.603) 93.4%
Kamran et al. - Riboflavin -4.005 (-5.410 to -2.599) 93.4%

Kamran et al. - Rose Bengal -5.534 (-7.223 to -3.846) 94.6%
Kamran et al. - Methylene Blue -4.021 (-5.433 to -2.608) 93.4%

Alnazeh et al. (2022) -5.486 (-7.217 to -3.754) 94.4%
Mirhashemi et al. - Methylene Blue -5.703 (-7.441 to -3.966) 94.5%

Hameed et al. (2021) -4.065 (-5.422 to -2.708) 93.1%
Baeshen et al. (2021) -4.297 (-5.770 to -2.823) 93.7%

Alkhudhairy & Neiva (2023) - Riboflavin -4.798 (-6.22 to -3.377) 93.7%
Alkhudhairy & Neiva (2023) - Curcumin -4.262 (-5.603 to -2.91) 93.5%
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ing when PDT supplements conventional 
treatments [19-22]. For instance, PDT has 
been shown to significantly decrease bac-
terial loads in deep dentin caries, particu-
larly in permanent teeth, and to enhance 
antimicrobial effects in peri-implant 
diseases without compromising overall 
treatment success. These antimicrobial 
benefits show PDT’s value in infection 
control and preventive dentistry, yet they 
differ markedly from its implications in 
orthodontic bonding, where the prima-
ry concern shifts to mechanical adhesion 
rather than microbial eradication. The di-
vergence underscores that while PDT of-
fers promising adjunctive roles in caries 
prevention or peri-implant therapy, its use 
prior to bracket bonding requires careful 
optimization, such as selecting riboflavin 
or rose bengal over methylene blue, to 
balance antimicrobial advantages against 
potential reductions in bond durability.
The present study demonstrates a con-
trasting outcome to the systematic re-
view by AlFawaz and Alonaizan (2019) 
on phototherapy for dental post bonding 
[22]. While their review concluded that 
phototherapy (primarily using diode la-

sers without a photosensitizer) signifi-
cantly enhanced the dentin-to-post bond 
strength, the current meta-analysis found 
that photodynamic therapy (utilizing a 
photosensitizer and light) resulted in a 
statistically significant reduction in shear 
bond strength for bracket bonding com-
pared to conventional methods. This dis-
crepancy highlights a critical methodolog-
ical distinction: AlFawaz and Alonaizan 
assessed phototherapeutic surface modifi-
cation of root dentin to improve resin ce-
ment adhesion, whereas the current anal-
ysis evaluated PDT’s role as an antibac-
terial pretreatment that may alter enamel 
surface chemistry or interfere with the 
adhesive interface, potentially compro-
mising bond strength. Furthermore, the 
pronounced negative effect observed with 
methylene blue-based PDT in the pres-
ent study suggests that the specific pho-
tosensitizer agent and its interaction with 
the dental substrate are pivotal factors, a 
variable not present in the laser-only pro-
tocols of the post-bonding studies. Con-
sequently, the application of light-based 
therapies in adhesive dentistry cannot be 
uniformly advocated; its efficacy is pro-

Figure 3. Funnel plot and trim-fill adjusted funnel plot
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foundly context-dependent, varying from 
beneficial for intracanal dentin bonding to 
potentially detrimental for enamel bond-
ing unless protocol parameters, particular-
ly photosensitizer selection, are carefully 
optimized.
Conclusion

Photodynamic therapy, particularly with 
Methylene Blue photosensitizer, signifi-
cantly reduces shear bond strength of 
orthodontic brackets compared to con-
ventional methods. Curcumin-based PDT 
showed a more favorable bond strength 
profile; however, this finding was based 
on only one study. Clinical application 
requires careful photosensitizer selection 

and consideration of bond strength re-
quirements versus antimicrobial benefits.
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