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This study aimed to assess the efficacy of antimicrobial photodynamic therapy (aPDT) with chitosan
nanoparticles (CNPs) for decontamination of dental implants inoculated with Aggregatibacter
actinomycetemcomitans (A. actinomycetemcomitans). In this in vitro study, CNPs containing
indocyanine green (ICG) were synthesized and characterized. Sandblasted large-grit acid-etched (SLA)
titanium implants (n=54) were inoculated with A. actinomycetemcomitans, and randomly assigned
to 6 groups (n=9) for decontamination: (I) negative control (PBS rinse for 60 s), () positive control
[exposure to 0.2% chlorhexidine (CHX) for 5 min], (lll) exposure to 0.25 mg/mL ICG at 37 °C for 5 min,
(IV) exposure to 0.25 mg/mL ICG followed by 808 nm diode laser irradiation for 60 s, (V) exposure to
0.25 mg/mL ICG-loaded CNPs, (V1) exposure to 0.25 mg/mL ICG-loaded CNPs followed by 808 nm
diode laser irradiation for 60 s. The A. actinomycetemcomitans colonies were counted, and data were
analyzed by one-way ANOVA and Tamhane test (alpha=0.05). The test groups showed a significant
reduction in colony count compared to the negative control (P <0.05). Laser plus ICG-loaded CNPs
and CHX had comparably the highest decontamination efficacy. This study demonstrated that aPDT
with ICG-loaded CNPs significantly reduced the A. actinomycetemcomitans colony count on dental
implants, showing comparable efficacy to CHX.
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Peri-implantitis is a common complication after implant treatment. It is an irreversible process characterized
by bone loss >3 mm apical to the most! coronal portion of the intraosseous part of an implant, bleeding or pus
discharge on probing, increased pocket depth (=6 mm), pain and/or fistula!-®. Microbial plaque accumulation
around dental implants is the most important factor in pathogenesis of peri-implantitis’. In case of continuation
and no treatment, peri-implantitis can lead to implant mobility and failure?. The prevalence of peri-implantitis
ranges from 13 to 26%°.

The most important steps in treatment of peri-implantitis include elimination of bacterial biofilm with
minimal or no damage to the implant surface, detoxification of bacterial products, controlling the inflammatory
reactions, and regaining osseointegration’. Although the clinical guidelines of the European Federation of
Periodontology about the treatment of peri-implantitis mainly focus on non-surgical treatment, and suggest
surgical approach as the next option, research is ongoing to find non-invasive modalities for this purpose, which
are better accepted by both dental clinicians and patients'.
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Elimination of biofilm from the implant surface can be achieved by several chemomechanical methods
(periodontal curettes, ultrasonic instruments, air-powder abrasion, and citric acid) as well as systemic antibiotic
therapy!!. The conventional techniques have shortcomings such as altering the implant surface, generation of
bacterial resistance, and limitations in complete microbial plaque removal'2. Laser irradiation and antimicrobial
photodynamic therapy (aPDT) were also recently suggested for treatment of peri-implantitis’.

Following its successful application for treatment of periodontitis, aPDT was suggested for elimination of
bacteria in treatment of peri-implantitis'®. Antimicrobial PDT is a photo-chemical decontamination technique
operating based on activation of a photosensitizer with laser light and subsequent generation of cytotoxic reactive
oxygen species, which are toxic for bacterial cells and can eliminate them. The light required for activation of
photosensitizer should have a specific color and wavelength”. Previous studies reported different effects of aPDT
as an adjunct for treatment of peri-implantitis”14-1°. Also, aPDT is a safe and non-invasive method that does
not damage the implant surface”17!8, Nonetheless, the conventional aPDT has limitations as well. For instance,
its efficacy is limited to light-accessible areas, which are usually smaller than few tens of millimeters. Due to this
limitation, aPDT can only be used for surface or subsurface lesions, as in skin cancers, and it is not favorably
effective for deeper lesions. Also, photosensitizers may accumulate and cause tissue damage following light
exposure. Furthermore, molecular oxygen should be necessarily present in order for the aPDT to exert its effect;
while, some lesions are hypoxic and have low oxygen levels, which may lower the efficacy of aPDT. Furthermore,
application of photosensitizers can make the skin and eyes super-sensitive to light for a relatively long period of
time, which is another drawback of aPDT°.

A recent systematic review and meta-analysis showed that adjunctive aPDT had insignificant clinical efficacy
compared with mechanical debridement alone for non-surgical treatment of peri-implantitis, and reported that
complete resolution of peri-implantitis with non-surgical periodontal therapy was unpredictable?’. Also, the
currently available photosensitizers are not ideal. They have inadequate therapeutic penetration depth and poor
water insolubility?!.

The aforementioned limitations in the efficacy of aPDT highlight the need for new photosensitizers with
favorable antibacterial properties to improve the clinical outcomes of treatment of peri-implantitis with
aPDT¥2L,

Application of nanoparticles (NPs) may be able to eliminate the current challenges of aPDT and improve
its performance. Small size and large contact area increase the efficacy of NPs and prevent the accumulation
of photosensitizer in areas far from the target site, and enhance the efficacy of free radicals as such. Also, NPs
can accumulate closer to the target site due to their increased permeability while preserving their effect. NPs
can also improve the water solubility of photosensitizers and enhance the delivery of the required dose of
photosensitizer to the target site with minimal damage to the adjacent tissues??. Moreover, NPs can minimize
the photodegradation of photosensitizer during delivery and fast dispersion at the target site?2.

Considering the superior penetration depth of 808 nm diode laser in deep tissues and consequently superior
regeneration and repair of injured host cells, indocyanine green (ICG) is an appropriate photosensitizer for aPDT.
It is a non-toxic anionic cyanine-type photosensitizer. However, instability is its main drawback. It has high water
solubility and highly absorbs 810 nm wavelength. The negative charge of the bacterial outer membrane affects
the attachment of ICG and its efficacy as a photosensitizer in aPDT. Slight contraction of ICG due to this negative
charge may reduce the binding to microorganisms and hinder its efficacy as a photosensitizer in aPDT?3.

Chitosan nanoparticles (CNPs) have several advantages such as biodegradability, no toxicity, and low
immunogenicity. The positive charge of CNPs neutralizes the negative charge of ICG, causing better contraction
of ICG®. According to previous studies, CNPs, as a cationic amino-polysaccharide and a water-soluble polymer,
have ideal properties for delivery of photosensitizers in aPDT?*?. Although the benefits of aPDT in treatment of
peri-implantitis have been well documented in the literature?®?’, the efficacy of application of CNPs as a carrier for
ICG remains to be elucidated. Thus, this study aimed to assess the efficacy of aPDT with CNPs for decontamination
of dental implants inoculated with Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) as
one of the microorganisms isolated from the peri-implantitis biofilm”%. We hypothesize that aPDT with ICG-
loaded CNPs will result in a more significant reduction in A. actinomycetemcomitans colony count compared to
conventional treatments, such as chlorhexidine (CHX).

Materials and methods

This in vitro experimental study was conducted on 54 sandblasted large-grit acid-etched (SLA) titanium implants
purchased from ACH Medical Company (G. DIFF Implant; ACH Medical Co. Republic of Korea) with 4.5 mm
diameter and 14 mm length contaminated with A. actinomycetemcomitans. Only one type of photosensitizer
(ICG) and one single bacterial species (A. actinomycetemcomitans) were used in this study to focus specifically
on photodynamic interaction under standardized conditions.

Sample size

The minimum sample size was calculated to be 9 in each group according to a previous study by Sayar et al.?,
and assuming a=0.05, p=0.2, mean standard deviation of the percentage of reduction in colony count to be
11.26, and effect size of 0.61 using one-way ANOVA power analysis of PASS 11.

Synthesis of ICG-loaded CNPs
ICG-loaded CNPs were synthesized by the microfluidic method as thoroughly explained elsewhere®. The drug
loading efficiency was 3.51%.
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Characterization of ICG-loaded CNPs

As explained elsewhere®, the morphology and nanoscale size of CNPs were determined by scanning electron
microscopy (Seron Technology, Korea) and dynamic light scattering (Zetasizer, Malvern, UK). Also, visible-
ultraviolet spectrophotometry (Shimatzo, Japan) was performed to determine the loading of ICG onto CNPs>!.

A. actinomycetemcomitans biofilm formation on titanium implants

SLA titanium implants with 4.5 mm diameter and 14 mm length were purchased from Biogensis GDIFF ACH
Medical Company (Biogensis GDIFF ACH Medical Co., Republic of Korea). A. actinomycetemcomitans
(ATCC33384) was obtained from the Microbiology School of Tehran University of Medical Sciences in
lyophilized form, and cultured on tryptic soy agar containing 3% yeast extract. It was then incubated in an
anaerobic jar (anaeroPack/CO2) with 5% CO2 at 37 °C for 48 h?®. The implants were inoculated with 1 mL of A.
actinomycetemcomitans bacterial suspension with a final concentration of 107 colony forming units (CFUs)/mL
in tryptic soy broth and incubated in an anaerobic jar with 5% CO2 at 37 °C?%. The implants were then rinsed
with 5 mL of sterile phosphate buffered saline (PBS) to eliminate planktonic bacteria. The implants were then
randomly assigned to 6 groups as follows (n=9):

Group I: Inoculated implants did not undergo any intervention. They were only rinsed with sterile PBS for
60 s (negative control group).

Group II: Inoculated implants were rinsed with PBS for 60 s, and were then exposed to 0.2% chlorhexidine
(Iran Najo, Tehran, Iran) for 5 min (positive control group).

Group III: Inoculated implants were rinsed with PBS for 60 s, and were then exposed to 0.25 mg/mL ICG*
for 5 min in the dark at 37 °C.

Group IV: Inoculated implants were rinsed with PBS for 60 s, and were then exposed to 0.25 mg/mL ICG
for 5 min in the dark at 37 °C. Subsequently, they underwent diode laser irradiation (Konftec, New Taipei,
Taiwan) with 808 nm wavelength, 250 mW power, and 29.85 J/cm? energy density with 8 mm tip at 1 mm
distance from the implants for 60 s in a circular manner (the laser handpiece was held at 1 mm distance from
the implant surface by using a base and a clamp. The implant was firmly held from the cover screw by a rotating
rod connected to a small motor).

Group V: Inoculated implants were rinsed with PBS for 60 s, and were then exposed to 0.25 mg/mL ICG-
loaded CNPs for 5 min in the dark at 37 °C.

Group VI: Inoculated implants were rinsed with PBS for 60 s, and were then exposed to 0.25 mg/mL ICG-
loaded CNPs for 5 min in the dark at 37 °C. Subsequently, they underwent diode laser irradiation with 808 nm
wavelength, 250 mW power, and 29.85 J/cm? energy density at 1 mm distance with 8 mm tip for 60 s in a circular
manner.

Assessment of antibacterial activity
The implants were transferred into microtubes containing 1 mL of modified tryptic soy broth. To eliminate the
biofilm from the implant surface, microtubes containing implants were sonicated (Sinaptec, Germany) with
50 Hz frequency and 150 W power for 30 s. Next, 10 uL of the suspension was transferred to a 96-well round-end
micro-titer plate (TPP, Trasadingen, Switzerland) containing 90 uL of modified tryptic soy broth. After 10 times
serial dilution, 100 pL of each concentration (dilution) was cultured on sheep blood agar plates, and the plates
were incubated in an anaerobic jar at 37 °C and 5% CO?2 for 48 h.

The number of colonies in each group was then counted according to the method described by Miles et al.*3,
and reported as CFUs/mL. The antimicrobial effect was determined by the percentage of reduction in colony
count after culture. The microbiologist and the statistician were blinded to the treatments of the study groups.

Statistical analysis

Due to normal distribution of data as confirmed by the Shapiro-Wilk test (P>0.05), the colony count among
the groups was compared by one-way ANOVA followed by the Tamhane test for pairwise comparisons (due to
non-homogeneity of the variances as shown by the Levene’s test). P<0.05 was considered statistically significant.

Results

Table 1; Fig. 1 present the measures of central dispersion for the colony count in the study groups. As shown,
the highest colony count was noted in the negative control group followed by the ICG group, and the lowest
colony count was found equally in aPDT with ICG-loaded CNPs and CHX groups. One-way ANOVA revealed
a significant difference in colony count among the groups (P=0.000). Pairwise comparisons by the Tamhane
test (Table 2) showed that the colony count in the negative control group was significantly higher than that in all
other groups (P=0.000); it had the greatest difference with aPDT with CNPs, and the smallest difference with
the ICG group. The colony count in the positive control group was significantly lower than that in the ICG group
(P=0.011). The colony count in the ICG group was significantly higher than that in aPDT with ICG-loaded-
CNPs group (P=0.004), and ICG-loaded CNPs (P=0.022) groups. The colony count in the aPDT with ICG
group was significantly higher than that in aPDT with ICG-loaded CNPs group (P=0.013). The colony count
in the ICG-loaded CNPs group was significantly lower than that in the ICG group (P=0.022). Also, aPDT with
ICG-loaded CNPs group showed significantly lower colony count than the ICG alone (P=0.004). No other
significant differences were found (P> 0.05).

The calculated logarithmic reduction values (relative to PBS) were as follows:

o CHX:log:10(66.78) — log10(1.47) = 1.824-0.168 = 1.656 log reduction.
o ICG: log10(66.78) - log10(5.18) =1.824-0.714=1.110 log reduction.
o PDT with ICG: log16(66.78) - log10(2.80) = 1.824-0.447 = 1.377 log reduction.
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Group Mean | Std. Deviation | Std. Error | Lower Bound | Upper Bound | Minimum | Maximum
PBS 66.7778 | 6.74125 2.24708 61.5960 71.9596 51.00 74.00
CHX 1.4667 | 0.46098 0.15366 1.1123 1.8210 0.80 2.10
ICG 5.1844 | 2.16071 0.72024 3.5236 6.8453 3.20 10.40
PDT with ICG 2.8000 | 1.10567 0.36856 1.9501 3.6499 1.60 5.00
ICG-loaded CNPs 1.8667 | 1.00499 0.33500 1.0942 2.6392 0.70 4.00
PDT with ICG-loaded CNPs | 0.9667 | 0.62048 0.20683 0.4897 1.4436 0.30 2.30
Total 13.1770 | 24.39932 3.32033 6.5173 19.8368 0.30 74.00

Table 1. Measures of central dispersion for the colony count in the study groups (n=9). PDT: photodynamic
therapy ICG: indocyanine green CNP: chitosan nanoparticles.

d b "
CHX ICG PDT + ICG ICG-CNPs PDT + ICG-CNPs

Fig. 1. Mean colony-forming Units (CFU/ml) PER treatment groups.

o ICG-loaded CNPs: log1(66.78) — logi10(1.87) =1.824-0.272=1.552 log reduction.
o PDT with ICG-loaded CNPs: log14(66.78) — 10g10(0.97) =1.824 - (-0.013) = 1.837 log reduction.

The log reduction values demonstrated that PDT with ICG-loaded CNPs achieved the highest bacterial reduction
(1.837 log), comparable to CHX (1.656 log reduction), and greater than ICG alone or PDT with ICG.
Figure 2 demonstrates the logarithmic reductions (log, ; CFU) in the experimental treatment groups.

Discussion
This study assessed the efficacy of aPDT with CNPs for decontamination of dental implants inoculated with A.
actinomycetemcomitans.

Aside from the aforementioned limitations, conventional aPDT lacks bacteria-specific targets, which can
result in off-target generation of heat and reactive oxygen species, damaging the healthy cells and compromising
the efficacy of treatment. The efficacy of aPDT can be significantly enhanced by incorporating NPs as adjuvants.
Targeted aPDT by using photosensitizers loaded with nanomaterials and modified with cationic groups or
corresponding bacterial ligands may boost the efficacy of antibacterial therapy. NPs offer unique advantages due
to their small size, large surface area, and their ability to be functionalized with various chemical groups'®?!.

The present results showed that aPDT with 808 nm diode laser and ICG-loaded CNPs significantly decreased
the A. actinomycetemcomitans colony count compared to the negative control group. Also, the results indicated
that use of aPDT and ICG photosensitizer also caused a significant reduction in colony count compared to the
negative control group. Antimicrobial PDT with ICG-loaded CNPs showed the highest antimicrobial efficacy
while ICG alone had the lowest antibacterial efficacy after the negative control group. This difference can be due
to the antimicrobial activity of chitosan, increased contact surface area of photosensitizer when loaded onto
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CHX 65311117 2.25233 0.000 | 56.0973 74.5249
ICG 61.59333" 2.35969 0.000 | 52.4945 70.6921
PBS PDT with ICG 63.97778" 2.27711 0.000 | 54.8073 73.1483
ICG-loaded CNPs 64.91111° 2.27192 0.000 | 55.7325 74.0897
PDT with ICG-loaded CNPs | 65.81111° 2.25658 0.000 | 56.6056 75.0166
ICG -3.71778" 0.73645 0.011 | -6.6483 -0.7873
PDT with ICG —-1.33333 0.39930 0.098 | -2.8274 0.1608
ohx ICG-loaded CNPs -0.40000 0.36856 0.995 | -1.7620 0.9620
PDT with ICG-loaded CNPs | 0.50000 0.25766 0.672 | -0.3972 1.3972
PDT with ICG 2.38444 0.80906 0.169 | -0.5618 5.3307
ICG ICG-loaded CNPs 3.31778 0.79433 0.022 | 0.3877 6.2478
PDT with ICG-loaded CNPs | 4.21778" 0.74935 0.004 | 1.2984 7.1371
PDT with ICG ICG-loaded CNPs 0.93333* 0.49805 0.711 | -0.7791 2.6458
PDT with ICG-loaded CNPs | 1.83333 0.42262 0.013 | 0.3133 3.3534
ICG-loaded CNPs | PDT with ICG-loaded CNPs | 0.90000 0.39370 0.451 | —0.4988 2.2988

Table 2. Pairwise comparisons of the groups regarding colony count by the Tamhane test. *: significant at the
0.05 level.
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Fig. 2. Log,, CFU and log reduction per treatment groups.

CNPs, and activation of photosensitizer with laser??%. Near infrared (NIR) light offers several advantages, such
as improved biosafety and deeper tissue penetration. Resultantly, NIR-responsive photosensitizers have attracted
considerable attention®*. ICG was used as the photosensitizer in the present study due to its optimal properties,
acceptablelight absorption in 700-800 nm wavelength (NIR spectrum), and maximum absorption at 800-810 nm
wavelength?%. ICG offers considerable advantages with respect to biosafety and metabolic modalities. It has been
clinically approved and is considered safe for use. ICG can generate abundant reactive oxygen species following
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exposure to 808 nm NIR light, making it a promising candidate for NIR antimicrobial therapy®*. However,
ICG has drawbacks such as very short circulatory lifetime, water instability, photodegradability, photobleaching
properties, thermal degradation, and tendency to bind to lipoproteins, resulting in rapid clearance in vivo,
limiting its clinical application?*34. ICG photosensitizer has a negative charge. Thus, its encapsulation in CNPs,
which are inexpensive, non-toxic, biodegradable, and a naturally occurring cationic polysaccharide, would
enable ICG to easily bind to the bacterial cell membrane and increases its bactericidal effect*>2%%.

Sayar et al.2? assessed the effect of aPDT with toluidine blue and 635 nm diode laser, and ICG and 808 nm
laser on A. actinomycetemcomitans biofilm formed on Laser-Lok titanium discs. They demonstrated that both
protocols significantly decreased the bacterial biofilm compared to the control group. Their results were in line
with the present findings; however, the present study was conducted on actual dental implants and CNPs were
used as carriers for ICG, highlighting the optimal efficacy of aPDT with ICG for implant surface decontamination.

Rahman et al.'® demonstrated that application of aPDT did not alter the implant surface and effectively
decreased the number of microorganisms involved in peri-implantitis, such as A. actinomycetemcomitans,
Porphyromonas gingivalis, and Prevotella intermedia. Clinically, aPDT as an adjunct to mechanical debridement
showed promising results in management of peri-implantitis at least in the short term'?.

Shi et al.** evaluated the synergistic efficacy of aPDT and photothermal therapy with prefabricated NPs
containing photosensitizer and a poly-cationic brush for treatment of periodontitis. They reported that NPs
containing ICG and polycationic brush had excellent absorption in Porphyromonas gingivalis (involved
in periodontitis), and was successful as a carrier for ICG. Moreover, the results showed that ICG-loaded
polycationic brush +laser had the highest antibacterial efficacy while ICG and polycationic brush alone had the
lowest antibacterial efficacy compared to the control group, which was in agreement with the present findings.
It should be noted that NPs, particularly positively-charged NPs, play a role in increasing the efficacy of aPDT
and reducing the adhesion of microorganisms, especially Gram-negative microorganisms, which are mainly
responsible for periodontal disease. They paid special attention to the positive electric charge of NPs, which
resulted in greater inhibition of Gram-negative microorganisms and synergistic effects with aPDT, which was
similar to the effect of CNPs in the present study. Rad et al.** assessed the expression level of rcpA gene as a
virulence factor involved in A. actinomycetemcomitans biofilm formation after aPDT using ICG-loaded CNPs.
They showed that aPDT with ICG-loaded CNPs decreased the expression level of rcpA gene by 13.2 folds. Also,
a significant difference existed in this respect between aPDT with ICG-loaded CNPs and ICG alone, which was
similar to the present findings although they assessed gene expression while bacterial count was measured in the
present study. Ghasemi et al.!® assessed the effects of aPDT with laser or light emitting diode (LED) compared
with CHX on A. actinomycetemcomitans biofilm formed on titanium discs. They demonstrated that aPDT
with LED and photosensitizer decreased the count of microorganisms on disc surfaces; nonetheless, colony
count reduction was significantly greater in 0.2% CHX group. In the current study, aPDT with photosensitizer
decreased the colony count. Also, aPDT with ICG-loaded CNPs caused a significantly greater reduction in
colony count, comparable to the effect of CHX with no significant difference. Karimi et al.’® assessed the effect
of aPDT on SLA titanium discs inoculated with Eikenella corrodens and A. actinomycetemcomitans. The
results revealed a significant reduction in colony count of both microorganisms following aPDT, compared
with the negative control group; also, 0.2% CHX yielded a significantly lower colony count compared to aPDT.
The present results indicated that application of positively charged CNPs along with aPDT and photosensitizer
(ICG) was as effective as CHX (i.e., the gold standard) in reduction of A. actinomycetemcomitans count in vitro,
which is a promising finding. Considering the cytotoxic effects of CHX on osteoblasts and host cells'”373, it
appears that using aPDT with ICG-loaded CNPs yields comparable, if not superior, antimicrobial results. This
combination appears to be a better alternative to CHX, as it lacks the associated cytotoxicity. Therefore, it may
serve as a safer option for clinical application in treatment of peri-implantitis.

It should be noted that Karimi et al.*® used toluidine blue as the photosensitizer in their study and assessed
titanium discs while ICG was used as the photosensitizer in the present study and dental implants were evaluated
to better simulate the clinical setting. Nagahara et al.* evaluated the antibacterial activity of aPDT with ICG-
loaded nanospheres as a new photosensitizer and 805 nm low-level diode laser against Porphyromonas gingivalis.
They indicated that ICG-loaded nanospheres adhered to the surface of Porphyromonas gingivalis, and aPDT
caused a significant reduction in Porphyromonas gingivalis count. Nonetheless, ICG +laser irradiation, laser
irradiation alone, ICG alone, and ICG-loaded nanospheres alone had no significant effect on bacterial count.
Porphyromonas gingivalis is a Gram-negative obligate anaerobe, and the electric charge of poly(lactic-co-
glycolic) acid along with ICG was negative. Thus, the adopted aPDT protocol against Porphyromonas gingivalis
was weaker compared to when CNPs are used. Addition of chitosan changes the electric charge to positive,
resulting in greater antibacterial activity against Gram-negative microorganisms. The positive charge of ICG-
loaded CNPs used in the present study and their different synthesis protocol may explain the difference between
the present results and those of Nagahara et al.*. Also, they used 0.05 mg/mL concentration of ICG while the
ICG concentration was 0.25 mg/mL in the present study; this difference along with assessment of different
microorganisms, and different time of colony counting (after 7 days in their study versus 48 h in the present
study) may be other reasons for the variable results®!. Divakar et al.1® assessed the efficacy of silver-conjugated
CNPs as a coating for titanium dental implants. They reported that this coating had sound inhibitory effect
on proliferation of Streptococcus mutans and Porphyromonas gingivalis. Their results were in agreement with
the present findings regarding optimal antibacterial activity of chitosan, although the type of microorganisms
differed in the two studies. Saffarpour et al.” compared the effects of Er: YAG laser, PDT with ICG and diode
laser, toluidine blue, LED, and 2% CHX on A. actinomycetemcomitans on SLA implants. They demonstrated
that aPDT with ICG and 810 nm diode laser with 300 mW power significantly decreased the colony count. Also,
CHX was the most effective among all tested modalities. Their results regarding the optimal efficacy of aPDT
were in accordance with the present findings; however, they did not use NPs; while, in the present study, aPDT
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with ICG-loaded CNPs was as effective as CHX. Finally, it may be stated that using positively charged CNPs as
a carrier for ICG significantly enhanced the decontamination efficacy of aPDT.

Bacteria in a biofilm are considerably more resistant to treatments compared to their planktonic form due
to the protective nature of the biofilm matrix, which hinders penetration of therapeutic agents and protects the
bacteria against the immune system of the host*!. Thus, the biofilm form of A. actinomycetemcomitans was used
in the present study to better simulate the clinical setting.

In vitro design was the main limitation of this study, which limits the generalizability of the findings.
Photosensitizers applied in vitro are easy to control and can be uniformly applied. However, distribution of
photosensitizer in vivo may be affected by tissue perfusion, saliva, or biofilm matrix. Also, the laser wavelength
and energy density should be more precisely controlled in vivo due to tissue absorption and beam scattering
in tissues. Also, aPDT is an oxygen-dependent phenomenon and well oxygenated media could be prepared in
vitro. There are no host interactions and controlled, reproducible conditions can be prepared in vitro. In vitro
models do not put live subjects at risk. However, they cannot capture the inherent complexity of organ systems
and the internal environment of the human body. Scientific hypotheses must demonstrate their safety through
in vitro experiments before being applied to humans*>*3. Also, only one type of photosensitizer, one type of
microorganism, and one laser wavelength were assessed in the current study. Future studies are required on
the efficacy of aPDT with different photosensitizers loaded on CNPs against other microorganisms in peri-
implantitis by using different low-level laser wavelengths. Furthermore, the efficacy of other nanoparticles as a
carrier for photosensitizers may be investigated in future studies. Finally, animal studies and subsequent clinical
trials are required to verify the present findings in the clinical setting.

Conclusion
This study demonstrated that aPDT with ICG-loaded CNPs significantly reduced the A. actinomycetemcomitans
colony count on dental implants, showing comparable efficacy to CHX.

While the in vitro results are promising, further clinical trials are necessary to confirm the effectiveness of
this treatment in a real-world clinical setting.

Data availability
The data are in the “supplementary “file.
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