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Background: This study sought to evaluates the efficiency of anti-microbial activity of acrylic resins doped with
different concentrations of Undaria pinnatifida after activation with light-emitting diode (LED) at producing
photodynamic damage to multispecies biofilm-producing microbiome.

Material and methods: In this study, bioinformatics tools and computer simulation molecular modeling were used
to evaluate the capacity of ferredoxin (FDX), an electron acceptor in metabolic pathways of U. pinnatifida, which
can discharge electrons produced from photo-excited chlorophyll-a (Chl-a) by LED irradiation. Acrylic resin discs
containing different concentration of U. pinnatifida (0, 0.5, 1, and 2%) were fabricated and were subjected to LED
irradiation immediately before each experiment. After continuously rinsed (up to 30 days), the antimicrobial
activity of acrylic resins doped with U. pinnatifida following photo-activation was determined by disc agar
diffusion, biofilm formation inhibition, and eluted component assays versus bacterial species linked to caries that
constitute a mixed biofilm including Streptococcus mutans, S. sanguinis, and Lactobacillus acidophilus, as well as
Candida albicans as main etiology of candidal stomatitis.

Results: Modeling and a virtual screening analysis of FDX indicated that it is a stable protein with an iron-sulfur
center that can discharge electrons produced from photo-excited Chl-a and transfers them to FDX-NADP™* re-
ductase for NADP™* reduction in photosystem I, which is essential in the Calvin cycle for carbon assimilation.
FDX acts as an electron transfer agent in the redox reactions. The results showed that growth inhibition zones
were not seen around acrylic resin discs in any group. In biofilm test, the colony counts of all test micro-
organisms significantly decreased (36%-87%) by an increase in the percentage of U. pinnatifida in acrylic resins
after photo-activation (P < 0.05). Acrylic resins doped with 2% wt. U. pinnatifida following photo-activation
using LED was inhibited biofilm formation by the test microorganisms, up to 30 days of rinsing.

Conclusion: Based on the results presented here, an acrylic resin containing U. pinnatifida, even at the lowest
concentration, following photo-activation using LED have antimicrobial properties against planktonic and bio-
film forms of the cariogenic microorganisms as well as C. albicans.

1. Introduction

Orthodontic treatments have become very popular due to improving
oral function or health, appearance, and social acceptance [1]. Poly-
methyl-methacrylate (PMMA) resins are the most popular material used
in orthodontic treatments for construction of removable appliances and
retainers [2]. Although PMMA resins have the desired properties for use
in orthodontics, the porous surface and irregularities of removable

appliances and retainers made of PMMA resins are the facilitator factors
in the accumulation of microorganisms that can cause the broad ma-
jority of oral problems including acrylic resin contact stomatitis, gin-
gival inflammation, and dental caries [3,4].

It has been revealed that Streptococcus spp. has been involved in
early dental enamel demineralization [5] and Lactobacilli spp. are as-
sociated with dental plaque progression and cavitation [6]. Increased
levels of S. mutans, S. sanguinis, and Lactobacilli spp., has been reported
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Fig. 1. Modeled spatial configuration of the FDX protein in U. pinnatifida.
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Fig. 2. Assessment of the quality of FDX. a. Global quality of the entire model by QMEAN score; b. Local quality estimate; c. Local per-residue analysis of different

regions within a model.

after application of removable orthodontic appliances and retainers [7].
In addition, it has been shown that adhesion and colonization of acrylic
resins in removable appliances and retainers by Candida albicans may
cause inflammation in the mucosa, which is associated with an in-
creased probability of candidal stomatitis. [8]. Recently, several kinds
of research have accomplished to reduce and/ or eliminate the micro-
bial contamination from removable orthodontic appliances base acrylic
resin without affecting the physico-mechanical properties of removable
orthodontic appliances and retainers [2-4,9]. Accordingly, incorpora-
tion of antimicrobial agents in orthodontic acrylic resin to plaque bio-
film reduction is highly effective [10]. Despite the potencies of these
procedures in control of microbial biofilms, stringent compliance of the
patient's oral hygiene is essential. One of the main aims of the current
orthodontic treatment is to improve therapeutic performance by using
new materials or surface coatings, in order to reduce or inhibit the
biofilm formation of cariogenic microorganisms as well as C. albicans on
around removable orthodontic appliances and retainers [11].
Chlorophyll-a (Chl-a) is a photoactive natural pigment present in

Undaria pinnatifida [12], a brown seaweed microalga, which has a
significant attraction as a natural source of bioactive molecules with a
wide range of pharmaceutical activities including inhibition of micro-
bial growth [12,13]. The photobiological properties of Chl-a, have been
intensively investigated during the last few years [13]. It has been
shown that fucoxanthin-chlorophyll a/c-protein complexes (FCPc) in
the thylakoid membranes from several brown algae including U. pin-
natifida work as harvesting light and transferring pigment [14,15]. As a
promising photosensitizer, Chl-a in U. pinnatifida can use in the context
of PDT due to its excellent photosensitizing properties. Chl-a has a high
extinction coefficient at 660 nm and good singlet oxygen production.
Several studies reported that, with appropriate light illumination, it can
generate singlet oxygen as a toxic ROS molecule leading to anti-
microbial activity [16-19]. Ferredoxins (FDXs), iron-sulfur proteins,
are the last electron acceptor that acts as an electron transfer agent from
sunlight-excited chlorophyll to reducing the enzyme NADP + re-
ductase. The recent study revealed that in FDXs-limiting conditions
including light stress, the ROS level will be increased. [20-22].
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Fig. 3. Disc agar diffusion test of acrylic resin doped with different concentrations of acrylic resins doped with U. pinnatifida following photo-activation against

multispecies cariogenic microorganisms.
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Fig. 4. Biofilm inhibition assay of acrylic resin doped with different concentrations of acrylic resins doped with U. pinnatifida following photo-activation against

multispecies cariogenic microorganisms.

According as mentioned in unique features of U. pinnatifida, the aim
of the present study was therefore to evaluate potency of acrylic resins
containing U. pinnatifida following photo-activation against multi-
species cariogenic biofilm-producing bacteria (including S. mutans, S.
sanguinis, and L. acidophilus) and C. albicans. In this study, our hy-
pothesis is that there is a statistically significant increase in
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antimicrobial activity of the acrylic resins doped with U. pinnatifida
submitted to light activation against multispecies cariogenic biofilm-
producing bacteria. Under the null hypothesis, this increase is insig-
nificant.
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2.5. Antimicrobial testing

2.5.1. Disc agar diffusion test

Based on the Clinical Laboratory Standards Institute (CLSI) guide-
line [24], disc agar diffusion method was performed by spreading the
microbial inoculums of approximately 1-2 x 108 CFU/mL to the sur-
face of BHI agar (Merck, Darmstadt, Germany) plates by a sterile swab.
Acrylic resin discs containing a different concentration of U. pinnatifida
following photo-activation were then placed on the inoculated BHI agar
surface with 2 cm distance from each other. After incubation of plates in
growth conditions depending on the type of microorganism for 24 h at
37 °C, the diameter of growth inhibition zones was measured.

2.5.2. Biofilm inhibition test

For the biofilm inhibition tests, acrylic resin discs containing a
different concentration of U. pinnatifida following photo-activation
were placed in the sterile tubes and microbial suspension with a con-
centration of 1.5 x 10® CFU/mL was added to each tube. The tubes
were then incubated in growth conditions associated with each mi-
croorganism that mentioned above at 37 °C for 48h in order for the
biofilm to form. After that, discs were rinsed in phosphate-buffered
saline (PBS; pH 7.4) for 1 min to eliminate planktonic microbial cells.
To isolate biofilm-producing microorganisms, acrylic resin discs were
exposed to sonication and vortexed. The obtained microbial suspension
was serially diluted and spread-cultured in BHI agar. The microbial
colonies were then counted using the previous study [25].

2.5.3. Eluted component test

Acrylic resin discs containing a different concentration of U. pin-
natifida following photo-activation were placed in tubes containing
1 mL of normal saline. After 3, 7, 15 and 30 days, 100 pL of normal
saline was transferred to the tube containing 100 pL of the microbial
suspension with a final concentration of 1.5 x 10°> CFU/mL. The tubes
were placed in a shaking incubator with 120 rpm for 24 h at 37 °C. The
obtained suspension was serially diluted and spread-cultured in BHI
agar. The microbial colony counts were determined as mentioned in the
previous section.

2.6. Statistical analysis

Data were entered in statistical package for social sciences (SPSS)
software version 25 and analyzed using Two-way analysis of variance
(ANOVA) and Bonferroni Post Hoc tests at a considered statistically
significant of P < 0.05.

3. Results

3.1. Sequence retrieval, hierarchical structure and physicochemical indices
of FDX

NCBI GenBank database showed that FDX (YP_009182605) has 97
amino acids that its estimated structure weight was 10573.83 Da. A
similarity search against FDX identified in U. pinnatifida displayed that
it is similar to the protein structure with the accession number of 3ab5.
Primary structure prediction showed that FDX had 6 positively charged
residues (Arg + Lys) and 15 negatively charged residues (Asp + Glu).
As shown in Fig. 1, modeled spatial configuration of the FDX protein
has two chains with Fe2/S2 cluster. According to the results, FDX was a
stable protein with a grand average of hydropathicity value (GRAVY)
-0.159. The very high aliphatic index was 85.46 and instability index
(II) was computed to be 34.91, that provides the estimate of the sta-
bility of the protein. FDX theoretical pI was 4.17 and the extinction
coefficient at 280 nm measured in water was 7825 M~ 'cm™'. This
ensured that the quality of model was good. As well as, analysis of the
local per-residue in different regions within the model and the esti-
mation of the global quality of the entire model were the performance
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by QMEAN (Fig. 2). In this study, the QMEAN score and Z-score were
1.13 and 0.71 for FDX protein of U. pinnatifida (Fig. 2[a—c]). The results
displayed that the model is valid.

3.2. Disc agar diffusion test analysis

Based on the results in Fig. 3, there was no growth inhibition zone
around acrylic resin discs containing U. pinnatifida in any group.

3.3. Biofilm inhibition test analysis

As shown in Fig. 4, a considerable dose-dependent microbiocidal
effect against biofilms of multispecies cariogenic biofilm-producing
microbiota was observed with a reduction in viable microbial cells
according to the percentages of U. pinnatifida incorporated into the
acrylic resin. The results revealed that acrylic resins doped with U.
pinnatifida following photo-activation significantly reduced S. mutans
colony count to 79%, 97%, and 99% in concentrations of 0.5%, 1%, and
2%, respectively compared to the control group (P < 0.05; Fig. 4). On
the other hand, only 1% and 2% concentrations of acrylic resins doped
with U. pinnatifida following photo-activation could considerably re-
duce the biofilm forms of S. sanguinis, L. acidophilus and, C. albicans in
compared with the control group (P < 0.05). Based on the results, 2%
concentrations of acrylic resins doped with U. pinnatifida following
photo-activation could inhibit the microbial biofilm form in all micro-
organisms to 99%.

3.4. Eluted component test analysis

Comparing the colony count in groups with 0.5%, 1% and 2%
concentrations of acrylic resins doped with U. pinnatifida following
photo-activation showed that colony count of cariogenic microorgan-
isms decreased with an increase in the concentration of U. pinnatifida;
however, the differences were not statistically in several groups
(Table 1).

As well as, as shown in Table 1, evaluation of microbial proliferation
at four time points by statistical analysis revealed that there was a re-
markable reduction in count of S. mutans, S. sanguinis, L. acidophilus,
and C. albicans in 1% and 2% concentrations of acrylic resins doped
with U. pinnatifida following photo-activation compared to the control
group after 3 days (P < 0.05). However, in contrast to L. acidophilus
and C. albicans, the 0.5% concentration of acrylic resins doped with U.
pinnatifida following photo-activation did not reduce significantly the
colony count of S. mutans and S. sanguinis (P = 0.17, P = 0.08, re-
spectively) in comparison with the control group on the third day
(P > 0.05). Based on the results of the current study, it was found that
the CFUs/mL of all microorganisms exposed to different concentration
of acrylic resins doped with U. pinnatifida following photo-activation
were reduced significantly on day 7, 15 and 30 days (P < 0.05).

4. Discussion

Our findings based on the several bioinformatics tools and computer
simulation molecular modeling data are consistent with the recent
studies that show FDX comprise a ubiquitous and highly diverse group
of soluble small, 6-13 kDa, proteins containing iron and sulfur atoms.
These biological "capacitors" can discharge electrons produced from
photo-excited Chl-a in U. pinnatifida and transfers them to FDX-NADP*
reductase for NADP* reduction in photosystem I, which is essential in
the Calvin cycle for carbon assimilation. FDX acts as an electron
transfer agent in the redox reactions [20,26]. Several studies reported
that, chlorophyll-a as a photosensitizer with light of appropriate wa-
velength in PDT generate ROS which are toxic to microbial cells. It has
been shown that FDX transcripts have been observed to decrease under
environment stresses including light, resulting in increased the ROS
level in FDXs-limiting conditions. ROS including hydrogen peroxide
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(H,0,) are further increased by the cells suffering from stress due to the
light [20-22].

In the present study, we evaluated the antimicrobial potential of
acrylic resin doped with different concentrations of U. pinnatifida fol-
lowing photo-activation using blue light during a 30-day time course of
rinsing. As a common procedure that used to assess the activity of an-
timicrobial agents, antimicrobial activity was evaluated under two
different experimental conditions, on multispecies cariogenic biofilm-
producing microbiota including S. mutans, S. sanguinis, L. acidophilus,
and C. albicans and pure cultures of these strains in disc agar diffusion
assay.

An appropriate antimicrobial agent for addition to the acrylic resin
in orthodontic adhesive must be able to diffuse into the environment.
The data acquired from this study showed no growth inhibition zone
around discs in any group.

The results from this study contradicted the results of Phull et al.,
[27]. They evaluated the inhibition zones of U. pinnatifida against
Gram-positive bacteria (Micrococcus luteus and S. aureus), Gram-nega-
tive bacteria (S. typhimurium), and fungal strains (Aspergillus flavus, A.
fumigatus, and Mucor species). Their data suggested that maximum
zone of inhibition of the bacterial growth against S. aureus
(15.67 = 0.76 mm) and fungal growth against A. fumigatus
(11.83 = 1.01) among other microorganisms. The results of the cur-
rent study indicate insolubility and poor diffusion of U. pinnatifida
following photo-activation in the agar based medium around acrylic
resin discs. Thus, unlike Phull et al., [27] study, U. pinnatifida following
photo-activation do not have noncontact antimicrobial activity.

On the other hand, the current results showed that acrylic resins
doped with U. pinnatifida following photo-activation caused a con-
siderable reduction in the count of colonies and biofilms of test mi-
croorganisms over the test period. The analysis of biofilm inhibition
demonstrated that 2% concentration of acrylic resins doped with U.
pinnatifida following photo-activation inhibited the biofilms formation
of all test microorganisms by 99%. Relevant to this research was a study
was done by Ghorbanzadeh et al., [2] which generated silver nano-
particles in situ in PMMA. Their results demonstrated that the average
levels of test cariogenic microorganisms decreased about 30.9-98.4%
compared with the control group. In addition, biofilm inhibition ana-
lysis showed that silver nanoparticles in acrylic resin inhibited the
biofilms of all test microorganisms by 20.1-79.9% compared to the
control group.

The eluted component test presented the antimicrobial activity of
acrylic resins doped with U. pinnatifida following photo-activation over
time and demonstrated the substantively of antimicrobial activity. The
results of the eluted component test in this study revealed a significant
reduction in colony counts of all four microorganisms.

5. Conclusion

Overall, the results mentioned above, support in vitro significant
antimicrobial activity of brown seaweed microalga U. pinnatifida fol-
lowing photo-activation against multispecies cariogenic biofilm-pro-
ducing microbiota.
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