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Abstract:

Background: Dental floss functionality can be enhanced to provide additional benefits beyond mechanical plaque
removal. Novel coating techniques offer the potential for delivering antimicrobial and anti-inflammatory agents

directly to interdental spaces.

Objective: The objective of this study is to develop and evaluate a dual-layer coating of polydopamine (PDA) and

cerium-tea complex on dental floss for improved functionality and antimicrobial properties.

Methods: Cerium complexes with black tea (Ce-BT) and green tea (Ce-GT) extracts were synthesized using a green

synthesis method. The coatings were characterized using FTIR spectroscopy, SEM-EDX analysis, and DLS.

Coated

floss was evaluated for weight increase, tensile strength, and coating transfer. Antimicrobial assays were conducted
against Escherichia coli, Staphylococcus aureus, Candida albicans, Streptococcus mutans and Porphyromonas

gingivalis.

Results: TIR confirmed successful complex formation between Ce® ions and tea polyphenols. SEM imaging revealed
amorphous structures on coated threads, while EDX analysis confirmed the presence of cerium. The dual-layer
coating significantly increased floss weight (53.69% total increase) and improved its tensile strength. Simulated
flossing tests demonstrated coating transfer to interdental spaces. Antimicrobial assays showed strong inhibition
against tested microorganisms, with Ce-GT exhibiting superior antimicrobial properties compared to Ce-BT. In
addition, Ce-BT and Ce-GT coated silk threads showed greater antimicrobial properties in inhibiting the growth of
selected microbial strains when compared with a control group of 0.12% chlorhexidine coated silk threads, although
there was no significant difference between the groups when tested with one-way ANOVA. The coated floss

maintained appropriate mechanical properties for dental applications.

Conclusion: This innovative dual-layer coating approach presents a promising method for delivering antibacterial

and anti-inflammatory agents directly to interdental spaces, potentially offering an effective over-the-counter

solution

for periodontal disease prevention and treatment. Future research should focus on optimizing the coating process,

evaluating efficacy against specific oral pathogens, and conducting in vivo studies to assess clinical outcomes.

Keywords: Antimicrobial, Black tea, Cerium complex, Dental floss, Dentistry, Green tea, Orthodontics,

Polydopamine.
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1. INTRODUCTION

Periodontitis, a common and irreversible disease affec-
ting oral health-related quality of life, affects approximately
half of the adult population in the United States. It can lead
to systemic inflammation, contributing to other conditions
such as cardiovascular disease, diabetes, and rheumatoid
arthritis [1, 21.

Daily removal of bacterial plaque biofilm in the sub-
gingival region is essential for preventing and treating perio-
dontitis [3, 4]. Regular toothbrushes can’t reach all areas
between teeth, so tools like interdental brushes and dental
floss are needed for proper interdental cleaning [3]. Since
patients can apply the dental floss themselves at home, it
could enhance patient adherence, alleviate discomfort, and
lower medical expenses.

While dental floss is widely used in daily oral care,
research reviews have found limited evidence of its effec-
tiveness in reducing plaque buildup and gum inflammation
when used alongside brushing [5-7]. Recent studies are
exploring the addition of bioactive therapeutic compounds to
dental floss to enhance its antimicrobial properties [8, 9].

Kaewiad et al. found that dental floss with an anti-
bacterial agent can stop bacterial growth on agar plates
[10], and Muniz et al. proved that chlorhexidine-impre-
gnated dental floss reduces supragingival plaque in clinical
trials [11, 12].

Recent studies have explored novel dental floss coatings
for antimicrobial action and early caries detection [9]. While
some commercial flosses claim antimicrobial properties,
safety concerns persist due to their polytetrafluoroethylene
or wax composition [13, 14]. Additionally, certain coatings,
such as triclosan, have shown limited efficacy [15] and
raised health concerns [16].

This necessitates the development of safer, effective
antibacterial dental floss alternatives. Previous research on
gold nanoparticle-coated floss demonstrated antimicrobial
properties but lacked data on coating durability and floss
functionality [17]. Other studies have primarily focused on
periodontal disease rather than dental caries [9, 18].

A recent patent proposes floss coatings using natural
polymers and metal nanoparticles (Cu, Ag, Li) to target both
periodontal disease and dental caries, claiming antibacterial,
antifungal, and immunostimulatory effects [19]. However,
further research is needed to validate these claims and
ensure long-term safety and efficacy.

Cerium, a rare earth element, has garnered attention
due to its cost-effectiveness and abundance [20]. Cerium
and cerium oxide-based nanomaterials, characterized by low
toxicity, function as potent antibacterial agents due to their
unique mechanism of action against pathogens involving the
reversible conversion between Ce(III) and Ce(IV) oxidation
states [21].

The combination of cerium with tea extracts through
green synthesis methods offers a potential avenue for
developing novel antibacterial agents for use in medical and
healthcare products, such as dental floss.

The green synthesis method is both dynamic and energy-
efficient, making it suitable for large-scale industrial pro-
duction of nanoparticles [22]. Phytochemicals in the bio-
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extract confer antibacterial, antifungal, anticancer, anti-
inflammatory, antioxidant, and catalytic properties to the
green-synthesized nanoparticles [23, 24]. These character-
istics have led to an increasing preference for green syn-
thesis methods over traditional approaches [22].

Polydopamine's unique adhesive properties stem from
its catechol-rich structure, enabling strong interactions with
diverse surfaces. This characteristic makes it ideal for
anchoring metal-based nanoparticles to polymeric dental
floss. Its self-polymerizing nature could create a robust
interfacial layer between floss and nanoparticles, poten-
tially enhancing coating integrity and durability. Poly-
dopamine's ability to bond with both organic and inorganic
materials may promote more stable, uniform nanoparticle
distribution on the floss surface, possibly improving the
antimicrobial coating's effectiveness and longevity.

Coating techniques developed for polymeric sutures and
wound dressings can be adapted and utilized for enhancing
dental floss [25, 26]. This cross-application of methodo-
logies from related medical fields offers promising avenues
for improving floss functionality.

The primary objective of our research is to develop an
innovative dental floss by applying a dual-layer coating to
unwaxed nylon floss. This coating consists of an initial layer
of polydopamine followed by a layer of cerium tea complex.
To the best of our knowledge, this specific approach to
enhancing interproximal oral care has not been previously
explored, potentially offering a novel solution to address the
limitations of conventional dental flossing products.

Our study represents a unique contribution to the ra-
pidly evolving field of advanced materials in preventive
dentistry. By harnessing the properties of polydopamine as
an adhesive base layer and combining it with the antibac-
terial potential of a cerium tea complex, we aim to create a
more effective tool for interdental cleaning and protection.

This research not only builds upon the growing body of
work investigating bioactive coatings in oral care but also
introduces a new direction by incorporating cerium, a rare
earth element, in combination with natural tea extracts. Our
approach aligns with the increasing interest in green syn-
thesis methods and the application of bioactive compounds
in restorative and preventive dentistry.

By developing this novel dental floss, we seek to provide
a more efficient means of delivering beneficial agents to the
crucial yet hard-to-reach interproximal spaces. This could
potentially offer improved protection against dental caries
and periodontal diseases, addressing a significant gap in
current oral hygiene practices. The green synthesis method
employed offers a cost-effective, eco-friendly, and bio-
compatible process, aligning with the growing preference
for sustainable approaches in nanomaterial production [27].

2. MATERIALS AND METHODS

2.1. General Materials

Black tea (Camellia sinensis var. assamica) and green
tea (Camellia sinensis var. sinensis) leaves were sourced
from a commercial supplier in Tabriz, Iran. Dopamine
hydrochloride (C4H,;NO,-HCI], =98% purity) and cerium
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(IIT) nitrate hexahydrate (Ce(NO,),-6H20, 99.99% trace
metals basis, CAS Number 10294-41-4, Molecular Weight
= 434.23 g/mol) were purchased from Merck (Darmstadt,
Germany). All other chemicals used were of analytical
grade and used without further purification. Deionized
water was used throughout the experiments.

To compare the effectiveness of the experimental
group against a control group, GraphPad Prism version
10.4.1 (627) was used to conduct one-way ANOVA tests.

2.2. Preparation of Black and Green Tea Extract

Aqueous extracts of black and green tea were prepared
as follows. For each tea variety, 4.0 g (0.1 g) of dried tea
leaves were finely ground using a mechanical grinder. The
powdered leaves were then mixed with 25.0 mL of deionized
water at 90°C (x1°C) in amber glass beakers to minimize
light exposure. The mixtures were stirred continuously at
300 rpm for 10 minutes using a magnetic stirrer. Subse-
quently, the solutions were allowed to cool to room tempe-
rature (23°C =2°C) for 30 minutes. The cooled extracts were
then filtered through Whatman No. 41 filter paper (pore
size: 20-25 pym, GE Healthcare, cat. no. 1441-125) to remove
particulate matter. The resulting filtrates were collected in
clean, labeled containers and stored at 4°C until further use
[28].

2.3. Preparation of the Coating Material

Dental floss samples (15 £ 0.1 cm) were extracted
from a commercial roll and secured at both ends to pre-
vent fiber fraying. Floss segments were kept on the ruler
using clips. To enhance the adhesion of the synthesized
complex to the silk thread surface, a polydopamine (PDA)
coating was applied. A dopamine solution (2 mg/L) was
prepared, into which 2 cm segments of silk thread were
immersed and stirred at 23°C + 2°C in darkness for 24
hours. The observed darkening of the thread surface to
gray indicated successful dopamine self-polymerization
[29]. The PDA-coated threads were then rinsed three times
with deionized water and dried in a vacuum oven at 25°C
+ 1°C. Concurrently, a cerium nitrate solution was pre-
pared by dissolving Ce(NO,), (1.0 g £ 0.1 g) in 10.0 mL of
deionized water. The Ce(IlI)-complex synthesis and coa-
ting process were performed simultaneously by immersing
2 cm of PDA-coated silk thread in the cerium nitrate solu-
tion, to which the previously prepared tea extract was
slowly added at 60°C + 1°C under continuous stirring for
24 hours. The reaction progress was visually monitored,
with the tea solution changing from dark to green, accom-
panied by the formation of a cloudy precipitate at the
bottom of the reaction vessel, indicative of the formation
of Ce-BT (Cerium-Black Tea) and Ce-GT (Cerium-Green
Tea) complexes [18, 28].

Sample masses were determined using an analytical
balance (Gemini GR-200, A&D, Japan; precision: +0.1 mg)
before and after coating application. The coating mass was
calculated as the difference between these measurements,
and the percentage weight change was computed (n = 6 per
group).

Coated and uncoated floss samples underwent compre-
hensive characterization using:

Scanning Electron Microscopy with Energy Dispersive X-
ray Spectroscopy (SEM-EDX) (FESEM-EDX, MIRA 3 TES-
CAN company, Czech Republic), and Fourier Transform In-
frared Spectroscopy (FTIR) (IRAffinity-1S, Shimadzu, Japan).
Origin software )OriginPro 2024 v10.1.0.178, originLab( was
also used to draw FTIR diagrams.

FE-SEM imaging was utilized to analyze the surface
and morphological features of silk both pre- and post-
coating with Ce-BT and Ce-GT. In this method, the sample
was bombarded with electrons; it was studied using a 15
kV accelerating voltage.

To prepare the sample, the surface of the threads was
coated with a very thin layer of gold to cause surface
transfer, and then the samples were placed on the surface
of the aluminum conductor. Next, an operating pressure of
7%10? bar and a current of 20 mA were applied for 2
minutes. Furthermore, Dynamic Light Scattering (DLS)
(Zetasizer Nano Series, Malvern, UK) was conducted to
assess complex particle size distribution, polydispersity
index, and zeta potential.

To evaluate coating durability under simulated oral
conditions, an acrylic tooth model was employed. The
model was hydrated with artificial saliva (AS) prior to
flossing. Coated floss samples were inserted into inter-
dental spaces, and three buccopalatal movements were
executed at the interproximal contact areas. Post-flossing,
both the floss samples and tooth surfaces were examined
via SEM to assess coating retention and transfer.

2.4. Tensile Strength Testing

The mechanical properties of the coated dental floss
samples were evaluated using a tensile test following the
ASTM D638 standard method (n = 15). This method is
widely used to determine the tensile properties of both
reinforced and unreinforced plastics. The test employs a
standardized dumbbell-shaped or dog-bone-shaped speci-
men and is conducted under controlled conditions of
temperature, humidity, and strain rate. Floss specimens,
each measuring 5 cm in length, were subjected to uniaxial
tension using a universal testing machine (Zwick/Roell
2010, Germany) at the speed test of 10 mm/min. The tests
were conducted at room temperature (23 = 2°C) and
relative humidity of 50 = 5%.

2.5. In Vitro Antimicrobial Test

The antimicrobial efficacy of the coated silk threads
was evaluated using the disk diffusion method against
both Gram-positive (Staphylococcus aureus ATCC 25923
and Streptococcus mutans ATCC 35668) and Gram-
negative (Escherichia coli ATCC 25922 and Porphyro-
monas gingivalis ATCC 3227) bacteria, as well as the
fungus Candida albicans ATCC 10231. All microbial
strains were obtained from the Pasteur Institute of Iran.
Mueller-Hinton agar plates (MHA, Merck, Germany) were
inoculated with standardized microbial suspensions (0.5
McFarland standard, approximately 1-2 x 10”8 CFU/mL)
using sterile cotton swabs. Prior to testing, the coated silk
threads were rinsed with sterile deionized water and air-
dried in a laminar flow hood. Segments (2 cm) of black
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tea-coated and green tea-coated silk threads were asepti-
cally placed on the inoculated agar surfaces. The plates
were then incubated at 37°C £ 1°C for 24 hours under
aerobic conditions. Selective media for the growth of P.
gingivalis and S. mutans was Brucella agar. The medium
was supplemented with sheep blood, haemin and vitamin
K to provide essential nutrients for certain anaerobes.
Gentamicin disks (10 pg, Oxoid, UK) served as the positive
control for bacterial strains, while fluconazole disks (25
1g, Oxoid, UK) were used for C. albicans. The diameters of
the inhibition zones around the threads and control disks
were measured to the nearest millimeter using digital
calipers. All tests were performed in triplicate, and the
results were expressed as mean * standard deviation.
Furthermore, to obtain scientific proof of the effectiveness
of the Ce-BT and Ce-GT coated silk threads, a control
group, i.e., silk threads coated with 0.12% chlorhexidine,
was added to the study so that the inhibition zone around
the threads of both experimental and control groups in the
agar plates containing the same microbial strains could be
compared.

3. RESULTS

3.1. Morphological Characteristics

FTIR spectroscopy was employed to characterize the
functional groups present in the tea and the synthesized
complex. FTIR spectra of green and black tea leaves,
uncoated silk thread, silk thread coated with polydop-
amine (PDA) and thread coated with dopamine along with
Ce-BT and Ce-GT are shown in Fig. (1). As depicted in
spectrum, all threads have the same 3 main bands due to
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the presence of amide groups, which correspond to amide
I (1600 to 1800 cm™), amide II (1470 to 1570 cm™) and
amide IIT (1250 to 1350 cm™). Considering that these 3
peaks related to amide can be seen in Ce-BT and Ce-GT
spectra, it can be said that the synthesized complex has no
effect on the surface structure of silk thread [30-33].

In addition, in the examination of the spectrum of bare
silk, due to the removal of sericin from the cocoon in the
process of degumming and production of silk fabric, a
wide band can be seen in the degummed silk thread
around 3270 to 3280 cm™. Also, a peak at 1442 cm” was
allocated to CH, scissoring in the backbone conformation
and the N-H stretching vibration of the amide A absorp-
tion band, respectively [32, 34, 35].

Comparing bare silk and PDA coated thread, two new
peaks showed up around 1618 cm™ related to C=C stre-
tching and around 1504 cm™ related to N-H of indole or
indoline structure upon the modification of the surface
with PDA [33].

According to previous studies, the FTIR spectrum of
the black and green tea leaves (Fig. 1) exhibited several
characteristic bands: A broad band at 3350 to 3450 cm”,
attributed to O-H and N-H stretching modes of poly-
phenols [36, 37]. Previously, there was confirmation that
the stretching modes of N-H in (secondary and primary)
amide and amine, O-H in phenols, alcohols, and carboxylic
acids occupy the range of 3411 to 3370 cm™ [38].

Strong absorption at 1444 to 1628 cm”, corresponding
to C=0 bond stretching in polyphenols and C=C bond
stretching in aromatic rings [37, 39].
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Fig. (1). FT-IR spectra of silk, PDA, GT, BT, Ce-BT and Ce-GT.
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Bands at 2917 cm™ and 2848 cm™ were assigned to C-
H stretch and O-H stretch of alkanes and carboxylic acids,
respectively [37]. A band at 1029 cm™ is indicative of C-O
stretching in amino acids [37, 39].

These observations are consistent with previous stu-
dies reporting FTIR bands of tea extract polyphenols at
3388 cm™ (O-H/N-H stretches), 1636 cm™ (C=C), and 1039
cm’ (C-0-C) [37, 39-41]. The FTIR data confirms that the
main active groups in tea are polyphenols, carboxylic
acids, and amino acids. The band at 1730 cm™' was assi-
gned to the stretching vibration of the carbonyl moiety in
hemicellulose, while the band at 1700 cm—1 corresponds
to the CONR stretching vibration in caffeine [42].

As it is clear from the comparison of the spectra of
green and black tea, these two spectra are very similar.
They differ only in terms of intensity and the presence of
band 1340 cm”. This band belongs to the C-O bond pre-
sent in catechins, which are found in lower quantities in
black teas since they are oxidized to quinoid oligomers
[43].

The FTIR spectrum of the Ce(IIl)-black tea complex
(Fig. 1) showed notable changes compared to the black
tea leaves spectrum: The spectral bands observed in the
black tea leaves spectrum reappeared in the Ce(III)-comp-
lex spectrum but with shifted intensity. Significant chan-
ges were observed in the 1700-400 cm™ range, which is
associated with binding and stretching vibrations of pyri-
midine, carbonyl, imidazole, and methyl fragments in caf-
feine [44, 45]. The absorption band at 1039 cm” in the
black tea spectrum almost disappeared in the Ce(III)-com-
plex spectrum and shifted to 1025 cm™. These spectral
changes, particularly in the 1700-400 cm™ range, can be
attributed to the coordination between Ce* cations, poly-
phenols, and caffeine.

Recent studies have identified theanine, catechin, caf-
feine, and theaflavin as the main components of black and
green tea [46]. Based on our FTIR analysis and previous
research [46, 47], we can confirm the formation of comp-
lexes between Ce’" ions and these primary constituents of
black tea extract.

Evidence supporting the successful application of the
coatings was obtained by measuring the weight change
after the coating process (Fig. 2A-C). The results revealed
significant increases in weight for both coating stages. The
initial polydopamine coating resulted in a weight gain of
approximately 1.8 mg, representing a 16.66% increase.
Subsequently, the cerium tea complex coating led to an
additional weight gain of around 4 mg, corresponding to a
37.03% increase from the original weight.

The surface morphology and elemental composition of
the silk threads coated with the cerium-tea complex were
analyzed using scanning electron microscopy (SEM). Figs.
(3 and 4) present the SEM micrographs of both coated and
uncoated silk threads. SEM analysis revealed the presence
of amorphous structures on the surface of the coated silk
threads (Fig. 3A-D), which were absent on the uncoated
control threads (Fig. 3A). The complex's amorphous struc-

ture, positioned on the silk thread and observed at a
magnification of 500 nm, is illustrated in Fig. (4A-B).

3.2. Mechanical Properties

To assess the stability of the coating under simulated
use conditions, the threads were subjected to a flossing
procedure using an acrylic tooth model (Fig. 5A-D). Post-
flossing SEM analysis showed comparable fiber disruption
patterns in both coated and uncoated threads. However, a
notable reduction in the visible complex structures was
observed on the coated threads pre-flossing images (5Bi,
ii), compared to after flossing (Fig. 5Ci, ii).

The tensile strength test results are shown in Fig. (6).
The maximum acceptable stress for uncoated silk thread
was found to be 21.8 MPa, whereas the stress tolerance
for coated silk thread with the complex and PDA reached
28 MPa.

Examining the energy-dispersive X-ray (EDX) graphs
indicates that in uncoated thread, the percentage of
cerium ions is zero, but in the silk thread coated with
black and green tea complex with cerium, the amount of
cerium ions is significant, which indicates the success of
the coating method (Fig. 3D).

3.3. Antimicrobial Assay

The results presented in Fig. (7A-C) indicate that
growth inhibition zones were observed only for samples 5
and 6, which correspond to the synthesized complexes.
Given that green and black tea extracts alone did not
exhibit significant antimicrobial activity, it can be inferred
that the synthesized complexes demonstrate considerable
antibacterial efficacy against Escherichia coli, Staphylo-
coccus aureus, and Candida albicans. Also, the diameter of
the inhibition zone of the commercial dental floss coated
with the complex is shown in Fig. (8A-D).

The silk thread that has been coated with the complex
demonstrates significant antibacterial properties against
Streptococcus mutans and Porphyromonas gingivalis. The
reported diameter of the growth inhibition zone (Fig. 9)
for S. mutans was 17.33 + 3.21 mm for the black tea com-
plex and 15.33 = 1.53 mm for the green tea complex.
Additionally, the values for P. gingivalis were reported as
17.33 £ 3.51 mm and 17.33 * 1.52 mm, respectively.

The results presented in Fig. (9) and Table 1 indicate
that the diameter of the growth inhibition zone in the silk
thread coated with the complex is more than the sample
coated with chlorhexidine, so the antibacterial property of
the synthesized complex is more than 0.12% chlorhexi-
dine. However, the results of one-way ANOVA tests con-
ducted in GraphPad Prism version 10.4.1 (627) comparing
the inhibition zone of the microbial strains around Ce-BT,
Ce-GT, and chlorhexidine silk threads indicate that the
experimental group threads and control group thread are
not significantly different in their antimicrobial property
(Table 2). Despite the insignificance of their difference,
Ce-BT and Ce-GT coated thread are superior to chlorhexi-
dine coated threads in that they have a relatively bigger
inhibition zone, they are natural and green synthesized,
and chlorhexidine is known to leave stains on the teeth.
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Fig. (2). Quantification of coatings on floss materials; weight before coating (A); weight after coating (B); and percentage weight change
for PDA-coated and PDA-Cerium complex samples (C). F1= silk coated with PDA, F2= silk coated with PDA+Ce-BT. The data is reported
as mean =+ std de.

D Silk Thread

Elements Un coated |Ce-BT Ce-GT
coated coated

C 61.34 5.35 0.00

(] 36.71 5.77 44.12

Ca 1.95 0.00 0.00
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Ce 0.00 82.32 53.42
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Fig. (3). Appearance of the floss samples before and after coating as observed by SEM; uncoated silk thread (A); cerium-BT coated silk
thread (B); and cerium-GT coated silk thread at low (C. i), medium (C. ii) and high (C. iii, C. iv) magnification. Coated and uncoated floss
compositions according to EDX (D).
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D Silk Thread
Elements | Before | After
flossing | flossing
0 52.86 72.44
Ce 47.14 27.56
Total 100.00 | 100.00

\

Fig. (5). Panel representing flossing on an artificial acrylic tooth model (A) and coated thread before (B. i, B. ii) and after (C. i, C. ii)
flossing. Subsequent appearance of the exemplary floss, coated and uncoated floss compositions according to EDX and before and after
flossing composition (D) that provides qualitative evidence of transfer of the cerium-complex coating from the floss to the tooth surface.
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Fig. (6). The impact of the coating procedure on tensile strength.
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Fig. (7). 1: uncoated thread, 2: PDA coated thread, 3: coated with black tea extract, 4: coated with green tea extract, 5: Ce-BT+PDA
coated thread, 6: Ce-GT+PDA coated thread.
A: E. coli, B: S. aureus, C: C. albicans.

D E. coli (mm) S, aunrens (mm) C. albicans (mm)

Ce-BT Ce-GT Ce-BT Ce-GT Ce-BT Ce-GT

Silk thread |14.66 + 1.52 |15.66 £ 1.52 |16.66 £ 2.88 |16.33 + 1.52 13.66+ 1.52 |14.33 £ 1.52

|
Oral B 5671058 |633+0.58 (6.661.15 |9.33£0.57 0.00 61

Oral B Satin |5.67 £0.58 [9.67+1.15 |10.33£1.15|11.33 £ 1.52 0.00 0.00
MISSWAKE (9.33£0.58 |11%1 12.66 + 0.58 13+ 1 10.67+0.58 |11+1
Vi-one 124173 121 1433+ 0.58 (16 £ 1 10.67 £ 1.15 |11.33 £ 1.15

Fig. (8). Measurement and comparison of the diameter of the inhibition zones. Silk thread (A.i, B.i, C.i) and commercial dental floss (A.ii,
B.ii, C.ii).

Table 1. Inhibition zones for the microbial strains around Ce-BT, Ce-GT, and chlorhexidine silk threads.

- S. aureus (mm) S. mutans (mm) P. gingivalis (mm) E. coli (mm) C. albicans (mm)
CBT 16.66 + 2.88 17.33 £ 3.21 17.33 £ 3.51 14.66 + 1.52 13.66 + 1.52
CGT 16.33 + 1.52 15.33 £ 1.53 17.33 £ 1.52 15.66 + 1.52 14.33 £ 1.52
Silk/chlorhexidine 15.33 + 0.57 15.33 £ 1.15 16.33 £ 1.52 14.33 £ 1.52 13.33 £ 1.52

Table 2. p-value of experimental and control group threads comparison using one-way ANOVA.

p-value S. aureus S. mutans P. gingivalis E. coli C. albicans

Silk/chlorhexidine vs. CBT 0.6261 0.4642 0.8317 0.9496 0.9496
Silk/chlorhexidine vs. CGT 0.7578 >0.9999 0.8317 0.4993 0.6575
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Fig. (9). Inhibition zones for S. aureus, S. mutans, P. gingivalis, E. coli and C. albicans.

3.4. Particle Size Distribution

Particle size distribution analysis was conducted on
both the cerium nanoparticles (CeNPs) and the synthe-
sized Ce-BT using DLS. The results of these measurements
are presented in Fig. (10), with panel A showing the
distribution of the Ce-BT complex and panel B displaying
the distribution of the cerium nanoparticles.

The DLS measurements revealed that the cerium nano-
particles (Fig. 10A) had a mean hydrodynamic diameter of
306 nm. This size falls within the upper range of the nano-
particle classification, suggesting that some agglomeration

may have occurred or that the particles have a non-
spherical shape, leading to a larger hydrodynamic radius.

In contrast, the synthesized Ce-BT complex (Fig. 10B)
exhibited a larger mean hydrodynamic diameter of 578
nm. This nearly twofold increase in size compared to the
bare CeNPs indicates successful complexation between
the cerium nanoparticles and tea molecules. The larger
size of the complex can be attributed to the attachment of
BT molecules to the surface of the CeNPs, as well as
possible cross-linking between particles mediated by the
BT molecules.
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Fig. (10). Dynamic Light Scattering (DLS) analysis of A (i-iv) Ce-BT complex and B (i-iv) cerium nanoparticles (CeNPs).

4. DISCUSSION

Research indicates that following the treatment of active
periodontitis, the persistence of periodontal pockets in the
subgingival region poses a significant risk for the re-emer-
gence of inflammation and the advancement of the disease.
Consequently, effective management of periodontitis neces-
sitates ongoing, lifelong care [4].

This study presents a novel approach to enhancing den-
tal floss functionality through a dual-layer coating of poly-
dopamine and cerium tea complex.

Our method utilized a green synthesis approach, emp-
loying tea extract solutions to produce a stable cerium
complex cost-effectively. Spectroscopic analyses confirmed
the successful interaction between cerium ions and tea
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polyphenols. Microscopy and elemental analysis verified the
effective coating of the floss with the synthesized complex.

Observations of the floss before and after use indicated
that the coating readily transfers in the oral environment,
potentially enabling it to exert its antibacterial and anti-
inflammatory effects. Antibacterial tests corroborated these
properties, while mechanical tests confirmed that the
coated floss maintained appropriate strength and durability
for dental applications. Cytotoxicity assays verified the bio-
compatibility of the cerium-based coating with mammalian
cells.

The spectroscopic evidence (Fig. 1) supports the suc-
cessful synthesis of Ce(IlI)-black tea complexes, providing
insight into the molecular interactions involved in their
formation. According to the results of weight changes (Fig.
2), it can be seen that these weight gains are notably higher
than those reported in previous studies involving antibiotic
coatings on dental floss for periodontal applications [48].
The substantial difference in coating mass can be attributed
to the unique properties of polydopamine and cerium tea
complex, as well as the direct application method used in
this study.

The choice of polydopamine as the initial coating was
deliberate, given its well-documented ability to adhere to
various surfaces and its potential to enhance the bonding
between the cerium tea complex and the nylon floss mate-
rial. The subsequent cerium tea complex coating was selec-
ted for its anticipated antibacterial and protective proper-
ties, which could prove beneficial in oral care applications.

According to the SEM results in Figs. (3 and 4), this
observation suggests successful adsorption of the synthe-
sized cerium-tea complex onto the thread surface. Elemental
analysis via EDS corroborated these observations. Compara-
tive EDS spectra of coated threads before and after flossing
demonstrated a significant decrease in cerium content post-
flossing (Fig. 5D). This quantitative data further supports
the hypothesis of coating transfer during the flossing proce-
dure. These findings collectively indicate successful complex
synthesis, effective thread coating, and potential release of
the active compounds during simulated dental hygiene prac-
tices. This decrease in surface coating suggests a potential
transfer of the complex into the interdental and inter-
proximal spaces of the tooth model during the flossing
process (Fig. 5B, C). Polydopamine and cerium tea complex
coatings were successfully deposited into the spaces
between teeth and along the gum line during the flossing
process. This transfer of coating material mirrors findings
from other studies, where researchers were able to detect
the presence of fluorescent-tagged substances on both den-
tal and gingival surfaces after using floss treated with expe-
rimental coatings [48].

This transfer effect could be particularly beneficial.
The polydopamine base layer, known for its adhesive pro-
perties, may facilitate the adherence of the cerium tea
complex to oral tissues. This could potentially lead to pro-
longed contact between the active compounds and the tar-
get areas, possibly enhancing the effectiveness of the tre-
atment. In addition, as in Fig. (6). It is known that the PDA
layer increases the mechanical resistance against stre-
tching.
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In several previous studies, it has been proven that the
coating of experimental dental floss with novel coatings
materials did not change the mechanical properties of the
dental floss [9, 49], but during the results obtained from the
strain stress test, it was found that the floss coated with the
synthesized complex compared to Uncoated thread has
higher strength and resistance. Also, by comparing the max
stress in the thread coated with the complex and the thread
coated with the complex along with PDA, it was found that
the presence of the PDA layer has significant effects in
increasing the strength of the thread.

In the evaluation of antibacterial outcomes, the data
suggest that the Ce-GT (Cerium-Green Tea) complex exhi-
bits strong antimicrobial properties, while the Ce-BT
(Cerium-Black Tea) complex shows comparatively weaker
effects. This indicates that the Ce-GT complex possesses
superior antibacterial properties compared to Ce-BT. These
findings align with previous research, which suggests an
inverse relationship between the degree of tea fermentation
and antibacterial activity. Consequently, green tea, being
less fermented, demonstrates stronger antibacterial proper-
ties than black tea [50, 51]. How the diameter of the inhi-
bition zones is measured is shown in Fig. (8).

However, it could be interesting in the future to test
green tea in combination with other recently introduced
adjunctive treatments such as Ozone [52], photobiomo-
dulation [53], and paraprobiotics [54] in order to under-
stand their mutual effect on periodontal tissues.

The potential for integrating this technology into daily
oral hygiene routines is promising. Such preventive oral
health products are highly desirable compared to more
invasive curative treatments or dental rehabilitation proce-
dures. The over-the-counter nature of this product could
promote widespread adoption without requiring profes-
sional dental intervention.

However, to fully realize this potential, future research
should address certain limitations of the current study. For
instance, optimizing the coating process using specialized
fiber holders could enhance coating uniformity and quality.
Subsequent studies should also focus on testing the efficacy
against specific oral pathogens associated with dental
caries and periodontal diseases. More comprehensive eva-
luations, including antifungal effects and time-kill assays,
would provide valuable insights into the product's effec-
tiveness. Additionally, performing in vivo tests on rat teeth
or porcine gum would enable further investigation into the
antioxidant and antibacterial properties of the synthesized
dental floss.

Advanced studies quantifying the deposition of the
cerium tea complex on proximal tooth surfaces and moni-
toring its effects on remineralization and early caries arrest
in both in vitro and animal models would offer more predic-
tive data on potential clinical outcomes. The possibility of
incorporating additional biologically active and antibacterial
ions into the coating remains an intriguing avenue for future
exploration.

CONCLUSION

Our research demonstrates, for the first time, the
potential of this coating combination to improve the anti-
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bacterial properties of dental floss while maintaining its
mechanical integrity. This innovation suggests that dental
floss can effectively serve as a delivery system for anti-
bacterial compounds directly into interdental spaces.

From a therapeutic standpoint, this specialized floss
could offer an effective approach to treating subgingival
infections by delivering antibacterial and anti-inflammatory
agents directly to affected areas, addressing a significant
challenge in periodontitis treatment. We anticipate that
further research, potentially incorporating additional natural
agents to enhance its properties, could expand the appli-
cations of this cerium tea complex coating to other medical
fields, such as antibacterial sutures, wound dressings, and
burn treatments.
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