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Fixed appliances used in orthodontic treatment make oral hygiene difficult to maintain, leading to bacterial
adhesion around brackets and consequently resulting in white spot lesions (WSLs). After the bracket
debonding, the residual adhesive is difficult to remove precisely due to its appearance similar to tooth

enamel. In this study, we successfully synthesized small-sized and highly active PL-CDs by one-pot

pyrolysis using e-poly-L-lysine as a precursor. It was incorporated into orthodontic adhesives for multi-
function modification. Based on our experimental results, the 3 wt% PL-CDs modified orthodontic
adhesive exhibited excellent antibacterial properties and color identifiability. The addition of 3 wt% PL-
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CDs did not affect the biocompatibility and mechanical properties of the adhesive, and the cell survival

rate was up to 80%. Therefore, this study provides a new strategy to solve the two major problems of

DOI: 10.1039/d4ra08710k

rsc.li/rsc-advances application.

1. Introduction

In clinical work, many patients with malocclusion are treated
with orthodontic treatment to improve occlusion and aesthetic
problems, and fixed orthodontic appliances are widely used
because of their high efficiency and precise control of tooth
movement.”” Wearing fixed orthodontic appliances provides
favorable conditions for bacterial colonization and plaque
formation, and the metabolism of colonized bacteria produces
acid, leading to tooth demineralization, clinically known as
enamel “white spot lesions” (WSLs).>* WSLs are one of the most
common and problematic complications in orthodontic treat-
ment.> Therefore, improving the antimicrobial properties of
fixed orthodontic appliances is essential and has been the focus
of orthodontic research.

The orthodontic adhesive is an important part of the
bonding interface between brackets and the tooth surfaces, and
studies have shown that plaque is more likely to accumulate at
the bonding interface relative to the bracket surface.® Therefore,
the antimicrobial modification of adhesives is of great clinical
importance for the prevention of WSLs. In recent years, nano-
materials have been widely used in dentistry due to their
structural stability and excellent antimicrobial properties,”® and
the study of nanomaterial-based antimicrobial agents for
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enamel white spot and adhesive removal in the process of fixed orthodontics, and has important clinical

modification of orthodontic adhesives has also received
increasing attention.’** Sodger et al. studied the introduction of
TiO, nanoparticles into orthodontic adhesives, and the results
confirmed that the doping of TiO, nanofillers (1% w/w) could
improve the antimicrobial properties of orthodontic adhesives
without affecting the adhesive bonding." Some scholars intro-
duced ZnO quantum dots (ZnQDs) into orthodontic adhesives,
and the results showed that ZnQDs-doped orthodontic adhe-
sives had good antimicrobial properties and biocompatibility.
Currently. The most researched is the introduction of Ag NPs as
fillers into orthodontic adhesives to enhance their antimicro-
bial properties.'® However, the addition of Ag NPs changed the
color of orthodontic adhesives to dark grey, which could not
meet the aesthetic demand of orthodontics,"” and agglomera-
tion occurred, affecting the physical properties of the adhe-
sives.' Current research on nanofillers mainly focuses on metal
nanoparticles, and the systemic toxicity and safety of nano-
particles due to release and ingestion still need to attract
attention and further research.**°

In addition, to address the clinical difficulty in distinguish-
ing orthodontic adhesives from enamel, researchers have now
explored methods for visual identification and removal of
adhesives, such as dental microscope assistance,” selective
staining of adhesives,*?* temperature-sensitive discoloration of
adhesives,> and fluorescence-assisted identification.>*?¢
However, all the above methods have different degrees of
problems in practical application, such as the need to resort to
special expensive equipment and poor adaptability. Therefore,
modifying orthodontic adhesives to be distinguishable may be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an effective way to help clinicians precisely remove adhesives
and protect enamel in some cases.

Carbon dots (CDs), as novel carbon-based biomaterials with
unique optical properties, excellent biocompatibility, and
accessible surface modification, have great potential for anti-
microbial infections.””** CDs precursors come from a wide
range of sources, including chemical small molecules, poly-
mers, various plants, and other types of materials, but only
a small fraction of precursor-derived carbon dots have antimi-
crobial properties.** Biomass-derived CDs can meet the needs of
large-scale production and have the advantage of sustainable
development, but the synthetic pathway of CDs,**~** the complex
reactions during synthesis, and the structure of the final CDs
still need to be further investigated; drug-derived CDs exhibit
highly efficient antimicrobial properties, but the mechanisms
of their induced bacterial resistance and inactivation need to be
explored in depth.**?* Poly-lysine-derived CDs (PL-CDs) have
been shown to have good bactericidal activity. PL-CDs do not
require additional modifications and special groups, and highly
antibacterial CDs can be obtained by direct precursor carbon-
ization; the amino group of the precursor is retained on the
surface of the CDs, which enhances adhesion to negatively
charged bacterial membranes, and it is well biocompatible.
Some studies have used PL-CDs crosslinked with oxidized
dextran to construct an injectable hydrogel, which exhibits high
efficiency against S. aureus.>® Nonetheless, there are relatively
few studies on the application of CDs in dentistry.

Our group used PL-CDs as root canal disinfectants against
periapical infections caused by Enterococcus faecalis in
a previous study.*® CDs kill bacteria through multiple antibac-
terial mechanism.*** We hypothesized that PL-CDs-modified
orthodontic adhesives may play a role in preventing WSLs
(Scheme 1). Firstly, PL-CDs were synthesized by one-pot pyrol-
ysis and their morphology was observed by high-resolution
transmission electron microscopy, as well as their spectra,
zeta potential, and elemental compositions were also investi-
gated. The antimicrobial properties of PL-CDs were verified by
agar diffusion test and bacterial morphology observation. They
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antimicrobial activity against free bacteria by CFU and SEM,
and their destructive properties against bacterial biofilms were
assessed by crystal violet staining as well as live/dead assay.
Finally, the biocompatibility and physical properties of PL-CDs-
modified orthodontic adhesives were tested to provide experi-
mental support for their clinical applications.

2. Materials and methods

2.1. Materials

e-Poly-L-lysine (PL) (MW ~ 4000) was purchased from Dipper
Chemical Technology Co., Ltd (Shanghai, China). Live/dead
Bacterial Staining Kit, Live/dead Cell Staining Kit, phosphate
buffered saline (PBS, pH 7.4), Dulbecco's modified Eagle's
medium (DMEM), Brain-Heart Infusion Broth (BHI), and Agar
and Lysogeny Broth (LB) were purchased from Solarmbio
Science & Technology Co., Ltd (Beijing, China). Fetal bovine
serum (FBS), penicillin-streptomycin, and Cell Counting Kit-8
(CCK-8) were provided by Wuhan Pricella Biotechnology Co.,
Ltd (Wuhan, China). All reagents were used directly without
further purification.

2.2. Preparation and characterization of PL-CDs

PL-CDs were synthesized by one-pot pyrolysis.*® In brief, 1 g of
PL in a corundum crucible was heated in a box muffle furnace at
240 °C for 3 h. After the furnace chamber cooled naturally to
room temperature, the residue was ground into powder and
dissolved in 20 mL of deionized water. The mixture was soni-
cated for 60 min, centrifuged (11000 rpm) for 30 min, and
finally the supernatant was dialyzed with deionized water for
24 h and lyophilized (Alpha1-2 LD plus; Christ®, Germany). The
PL-CDs were stored at 4 °C for further use.

The micromorphology and size of PL-CDs were characterized
using high-resolution transmission electron microscopy at an
accelerating voltage of 100 kV (HRTEM, JEM-2100F, Japan). One
hundred nanoparticles were randomly selected from the TEM
images. The size distribution was determined using Image]
software. The composition of PL-CDs powders was detected by
X-ray photoelectron spectroscopy (XPS), and the results were

Antibacterial

Tooth enamel

& Live bacteria 71\, Dead bacteria

Scheme 1 Schematic illustration of PL-CDs modified orthodontic adhesives for preventing WSLs.
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processed using the AVANTGE program. The PL and PL-CDs
were dispersed in deionized water at the same concentration
(400 pg mL™Y), with pH values of 5.27 and 5.39, respectively.
Their zeta potential was obtained at 25 °C using the instrument
zeta sizer (Nano ZSE, UK). Ultraviolet-visible spectrophotometry
(Uv-vis) absorption spectra were detected using a UV-8000
spectro-meter (Yuanxi, Shanghai, China).

2.3. Preparation of resin sheet discs for modified
orthodontic adhesives

Commercial orthodontic adhesive (3M™ Transbond™ XT
Light Cure Adhesive, 3M, UK) was used as the adhesive matrix.
The PL-CDs were homogeneously mixed into the adhesive using
a plastic mixing spatula under darkroom conditions to obtain
the PL-CDs-modified orthodontic adhesive. In the following, we
will refer to the PL-CDs-modified orthodontic adhesive as Tb-
XT. The mixing ratios were 1 wt% (Tb-XT1), 2 wt% (Tb-XT2),
and 3 wt% (Tb-XT3), using 3M™ Transbond™ XT Light Cure
Adhesive without any filler added as a control (0 wt%, Tb-XTO).
The lids of the 96-well plates were used as molds, and the
adhesives were filled into the lids individually. Then, the pre-
prepared glass plates were squeezed firmly, scraped off the
excess adhesives, and cured through the light curing unit for
60 s on each side for complete curing to obtain orthodontic
adhesive resin sheet discs of approximately 8 mm in diameter
and 1 mm in thickness. The cured resin sheets were removed,
ground, and polished with a low-speed head. The samples were
magnetically stirred in distilled water at 100 rpm for 1 h to
remove uncured monomers. The specimens were fumigated in
a 75% ethanol fumigator for 3 h and irradiated with UV light on
both sides for 30 min before use.

2.4. Agar diffusion assay

Streptococcus mutans (S. mutans, ATCC25175) were purchased
from Shanghai Biology Collection Center, China. The strains
were expanded in a 37 °C shaker for 12 h. A suspension of S.
mutans with a colony count of 1 x 10’ colony forming units
(CFU) mL™" was spread evenly on BHI nutrient agar plate
medium with a cotton swab. After punching with a 200 pL tip,
100 pL of different concentrations of PL-CDs suspension was
added and incubated at 37 °C for 24 h in a constant temperature
incubator. The diameter of the circle of inhibition was
measured three times in different directions with a vernier
caliper, and the average value was taken as the diameter of the
circle of inhibition of the sample. The experiment was repeated
three times with three independent replications.

2.5. Antimicrobial evaluation of colony-forming units

S. mutans and Escherichia coli (E. coli, BNCC 133264, BeNa
Culture Collection, China) were chosen as typical Gram-positive
bacteria and Gram-negative bacteria used in antibacterial assay,
respectively. For example, after co-culturing the pre-prepared
resin sheet discs with S. mutans solution (1 mL, 1 x 10" CFU
mL™") for 12 h. The bacterial solution collected after co-
cultivation was serially diluted, and 20 pL of the diluted bacte-
rial solution was inoculated onto BHI solid agar medium. The
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number of S. mutans colonies was counted to calculate the
bactericidal rate.

(Control CFU — Treatmeat CFU)

Bactericidal rate(%) = Control CEU

x 100%

2.6. Bacterial micromorphology and distribution
observation

After the above co-culture, the resin discs were washed three
times with PBS for three minutes each time, then fixed with
2.5% glutaraldehyde, dehydrated with 30%, 50%, 70%, 80%,
and 100% alcohol for 10 min each time, and then dried with
supercritical CO, after isoamyl acetate replacement. The
bacterial distribution and bacterial morphology of the resin
sheet discs were observed after spraying the gold coating for
2 min, and then viewed under an accelerating voltage of 100 kV
using a scanning electron microscope (SEM, Zeiss, Germany).

2.7. Anti-biofilm experiment

S. mutans suspension (1 x 10’ CFU mL™ ") was added to the 24-
well plate and incubated at 37 °C. After 24 h, the S. mutans
biofilm was collected by rinsing with PBS (pH 7.4) very gently to
remove planktonic bacteria. Then the pre-prepared resin sheets
were co-cultured with the obtained biofilm for 24 h. After that,
the biofilm was stained by 0.1% crystal violet staining solution
and LIVE/DEAD™ BacLight™ Bacterial Viability Kit (Solarbio,
China) following the manufacturer's protocol, respectively.
30 min later, 95% ethanol was used to dissolve the biofilm for
the crystal violet staining assay, then diluted and transferred to
96-well plates. The absorbance value of each well at 570 nm was
measured with a microplate reader (Bio-TEK, USA), and the
biofilm destruction rate was calculated as follows:

Control OD — Treatmeat OD

0
Control OD x 100%

Destruction rate(%) =

For the live/dead assay, the confocal microscopy images of
stained bacteria were performed on a laser scanning confocal
microscope (SP8, Leica Microsystems). Nuc Green is a green
nucleic acid dye that appears green for bacteria with intact cell
membranes, and the red nucleic acid dye EthD-III stains only
dead bacteria with damaged cell membranes.

2.8. Biocompatibility test

2.8.1. Hemolysis assay. 1 mL of anticoagulated blood was
taken from healthy rats (purchased from Pengyue Experimental
Animal Breeding Center in Jinan City, China) and diluted with
0.9% saline (5 mL). The diluted blood solution (50 pL) was then
added to EP tubes containing different concentrations of
leachate (1 mL), ultrapure water (positive control), and 0.9%
saline (negative control), respectively. The mixtures were incu-
bated at 37 °C for 1 h. The mixtures were centrifuged at
5000 rpm for 5 min, and the absorbance of the supernatant at
540 nm was measured using an enzyme marker (PowerWave X,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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BioTek). The experiment was repeated three times. The hemo-
lysis rate (Haemolysis %) was calculated as follows:

Haemolysis rate(%) = Abs — Abs(—)

© Abs(+ ) — Abs(—) x 100%

2.8.2. CCK-8. Each set of resin sheet discs was incubated in
5 mL of Dulbecco's Modified Eagle Medium (DMEM, Solarbio,
Beijing) and 10% FBS at 37 °C, 5% CO, for 24 h to obtain the
extracts. Mouse fibroblast cell line (L929) was obtained from the
Cell Culture Center, Shanghai Institute of Life Sciences,
Chinese Academy of Sciences, (Shanghai, China). L929 cells
were inoculated into 96-well plates at 3 x 10> cells per well and
incubated at 37 °C, 5% CO, for 24 h. After removing the
medium and washing with PBS, the extracts were dropped into
96-well plates separately, and the cells with the pure medium
were used as the control group. On days 1, 3, and 5 of the cell
culture, 10% CCK-8 solution (CCK-8 kit, Procell, China) was
added to each well after washing with PBS and incubated for
another 2 h to assess cell activity. The absorbance at 450 nm was
measured using a microplate reader (Bio-TEK, USA). The
absorbance of each culture well was averaged from five
replicates.

2.8.3. LIVE/DEAD cell staining. L929 cells were inoculated
in confocal Petri dishes at 5 x 10° per well and cultured at 37 °C,
5% CO, for 24 h. After removing the medium and washing with
PBS, the extracts from different groups were added to the
confocal Petri dishes and cocultured with the cells separately.
After 48 h, the cells were washed with PBS, and subsequently
stained using live/dead cell staining reagents according to the
workbook. After 30 min, the distribution of live and dead cells
was visualized under a laser confocal microscope.

2.9. Shear strength and residual index tests on isolated teeth

Forty human maxillary first premolar teeth extracted for
orthodontic reasons were obtained from Qingdao Stomato-
logical Hospital and approval was provided by the Ethics
Committee of Qingdao Stomatological Hospital
(2023KQYX038). Inclusion criteria were premolar teeth that
were free of caries, cracks, demineralization, or abrasions and
had not received dental treatment. The teeth were selected and
randomly divided into four groups (n = 10). The premolar teeth
were vertically encased in epoxy resin to ensure that the tooth
surface of the enamel was perpendicular to the epoxy resin base.
After cleaning the crowns with fluoride-free toothpaste, all teeth
were acid etched with 37% phosphoric acid gel for 30 s, rinsed
with deionized water, and blown dry with an air gun. The primer
(3M™ Transbond™ XT Light Cure Primer, 3M, UK) was applied
in thin coats to the enamel surface, and the adhesive paste was
placed at the base of the brackets and bonded to the center of
the clinical crown on the tooth surface. After removing the
excess adhesive around the brackets, the adhesive between the
base of the brackets and the enamel was polymerized using
a light-curing lamp (Kerr, US) from the proximal-central and
distal-central directions for 30 s. The shear bond test was per-
formed after 24 h to evaluate the bond strength of each group.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

The bottom area of the bracket mesh was approximately 12.97
mm?, and the bond strength was calculated according to the
following formula:

B maximum load(N)
Bond strength(MPa) = bottom area of bracket mesh(mm?)

The enamel surface of each sample was viewed through
a stereomicroscope for residual index analysis after debonding.
The following categories were used for the Adhesive Residue
Index (ARI) analysis:

@ 0 = no adhesive residue on the enamel;

@ 1 = less than half of the adhesive residue on the enamel;

@ 2 = more than half of the adhesive residue on the enamel;

@ 3 = all of the adhesive residue on the enamel.

2.10. Statistical analysis

All data were presented as mean values + standard deviation
based on experiments in triplicate. A one-way analysis of vari-
ance and a t-test were used to analyze the differences between
the experimental groups. Statistical analyses were performed
using GraphPad PRISM 9.5, and the significant differences in
the data were indicated by *p < 0.05, **p <0.01 and ***p <0.001.

3. Results

3.1. Preparation and characterization of PL-CDs

PL-CDs were successfully synthesized using a one-pot pyrolysis
method. The prepared PL-CDs were demonstrated to be
homogeneous spherical particles with smooth surfaces and
good dispersion by high-resolution transmission electron
microscopy. The average diameter of PL-CDs was 3.06 =+
0.83 nm (Fig. 1a and b). The UV-visible absorption spectrum of
PL-CDs is shown in Fig. 1c. The peak at 280 nm was attributed
to the typical 7w-7* leaps of the aromatic sp> structural domain
(C=C). In contrast, the shoulder peak at 300-400 nm corre-
sponds to the n-m* leaps of the C=0 and C-N bonds,"*** and
the results confirm the successful synthesis of the PL-CDs. The
uniformly dispersed suspension of PL-CDs was shown as a pale
yellow and blue color under sunlight and UV light (365 nm),
respectively. The elemental composition of the PL-CDs probed
by XPS was mainly composed of carbon, nitrogen, and oxygen.
As shown in Fig. 1d and e, The C 1s spectra of PL-CDs were
observed to display three types of carbon bonds: C-C (284.8 eV,
77.85%), C-O (286.3 eV, 13.9%), and C=0 (288.09 €V, 8.25%)
correspond to sp®. The O 1s spectra were observed to show two
types of oxygen bonds: C=0 (531.7 eV, 78.15%) and C-O
(533.29 eV, 21.85%). The N 1s spectra were observed to show
three types of nitrogen bonds: -NH, (401.08 €V, 68.29%), C-N
(399.48 eV, 25.25%), and C=N (398.17 eV, 6.46%). In addition,
the zeta potential results showed that the charged nature of
precursor PL was not significantly different from that of PL-CDs
(Fig. 1f), which showed high positive charge characteristics,
confirming the presence of primary amines on the surface of PL-
CDs.

RSC Adv, 2025, 15, 5876-5888 | 5879
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Fig. 1

(@) TEM and HRTEM images of PI-CDs. (b) Particle size distribution map of PL-CDs. (c) UV-vis absorption spectra of PL-CDs. The inset is

a photograph of the PL-CDs solution under sunlight and UV. (d) XPS C 1s spectra of PL-CDs. (e) XPS N 1s spectra of PL-CDs. (f) Zeta potential of PL

and PL-CDs.

3.2. Antimicrobial performance of PL-CDs

The agar diffusion method was used to verify the antimicrobial
performance of PL-CDs using S. mutans as typical Gram-positive
bacteria. As shown in Fig. 2a, there are no antibacterial rings in
the control group. Notably, the antibacterial ring gradually
increased with the gradient addition of PL-CDs, and the anti-
bacterial effect showed a concentration dependence. Significant
differences in the antibacterial ring diameters among the
groups confirmed the good antibacterial performance of our
synthesized PL-CDs. The SEM images of bacteria treated with
PL-CDs suspension showed multiple irregular ruptures, cyto-
plasmic efflux, swelling enlargement, and a multi-point dis-
rupted morphology as shown in Fig. 2c and d. In contrast, the
untreated bacteria showed an intact morphology and a smooth
surface.?

3.3. Antimicrobial properties of PL-CDs modified
orthodontic adhesive

PL-CDs, which have been shown to have significant antimicro-
bial activity as described above, were added to orthodontic
adhesives. S. mutans and E. coli were chosen as typical Gram-
positive as well as Gram-negative bacteria, and the antimicro-
bial activity of modified orthodontic adhesives was verified
using plate counting method. The results in Fig. 3b and ¢
showed that the modified orthodontic adhesives had good
antibacterial effects on both S. mutans and E. coli. It showed

5880 | RSC Adv, 2025, 15, 5876-5888

a concentration-dependent effect. The antimicrobial rates of all
three groups showed significantly differed from the control
group, especially the antimicrobial rate was close to 100% in the
Tb-XT3 group. Furthermore, the orthodontic adhesives resin
model co-cultured with bacteria was observed under SEM. As
shown in Fig. 3d, many bacteria with a regular bacterial
morphology and a smooth surface were distributed on the
surface of the orthodontic adhesives in the blank group. On the
contrary, the number of bacteria adhering to the resin sheets
containing PL-CDs was significantly decreased, and the bacte-
rial morphology was severely disrupted.

3.4. Anti-biofilm properties of PL-CDs modified orthodontic
adhesive

S. mutans is one of the main pathogens of caries, which can
adhere to enamel and other bacterial surfaces,** colonise and
form bacterial biofilms in the oral cavity, while producing
organic acids that promote enamel demineralisation* and thus
lead to dental caries.** Therefore, S. mutans as a model bacte-
rium was chosen to evaluate the biofilm resistance of the
modified adhesive by live bacterial staining and crystal violet
staining. Crystalline violet staining of the biofilm images was
shown in Fig. 4b. The control group exhibited very intact and
homogeneous biofilms, whereas the experimental group was
seen to have different degrees of destructive effects on bacterial
biofilms. Among them, the biofilm destruction was obvious in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Image of antimicrobial rings with different concentrations of PL-CDs. (b) Assessment of the antimicrobial ring diameters at different

concentrations of PL-CDs. (c) SEM images of S. mutans before co-culture with PL-CDs modified orthodontic adhesive and (d) bacteria after co-
culture. Arrowheads indicate damaged cell membranes. (e) Schematic diagram of the antimicrobial mechanism of PL-CDs.

the Tb-XT3 group, and the biofilm turned thin and loose.
Although the biofilm destruction could be observed in the Tb-
XT1 and Tb-XT2 groups, the destruction was not obvious due
to the small concentration of PL-CDs and the thicker bacterial
biofilm. Notably, the damage in the contact region of the
orthodontic adhesive specimen was obvious and significant
compared with the other regions, indicating that PL-CDs-
modified orthodontic adhesive mainly exhibits a contact
antibacterial.

The fluorescence images of the biofilm were observed using
laser confocal. As shown in Fig. 4d, the control biofilm was
dense and uniform. A large amount of green fluorescence was
visible. The experimental group showed a significant

© 2025 The Author(s). Published by the Royal Society of Chemistry

destruction effect on the biofilm with the concentration
increased. Although Tb-XT1 had a certain destructive effect on
the biofilm, much green fluorescence was still visible. The
biofilm receiving Tb-XT3 treatment demonstrated significantly
more red-stained bacteria than those receiving other treatments
(Fig. 4d), suggesting the damage of cell membrane.

3.5. Biocompatibility evaluation of PL-CDs modified
orthodontic adhesives

Haemocompatibility is one of the main criteria for the success
of the clinical application of nanomaterials. As shown in Fig. 5a,
the supernatants of the modified orthodontic adhesives were
clear and transparent after interaction with blood. The

RSC Adv, 2025, 15, 5876-5888 | 5881
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haemolysis rates were all lower than 2%, and there was no
significant difference with the negative control group. These
results indicated that the prepared PL-CDs modified ortho-
dontic adhesives had good haemocompatibility.

Subsequently, the cytocompatibility of PL-CDs modified
orthodontic adhesives was assessed using the CCK-8 assay. The
results were shown in Fig. 5b, the cell viability was higher than
80% in all groups, and there was no significant difference
among Tb-XT1 and Tb-XT2 and the Tb-XT0 groups. The cyto-
toxicity of the modified orthodontic adhesives was further
evaluated by a live/dead cell staining kit. Laser confocal images
showed that after 48 h of co-culture, the cell density of each
group decreased with the increase of PL-CDs (Fig. 5¢), but there
was no significant difference in the number and the
morphology of viable cells among these groups. The laser
confocal images were analyzed, and the results are illustrated
(Fig. 5d). No significant differences were found among the
groups, except between Tb-XTO and Tb-XT3. The above

5882 | RSC Adv, 2025, 15, 5876-5888

experiments showed that the adhesive with the addition of PL-
CDs still had good cytocompatibility.

3.6. Physical properties testing of orthodontic adhesives
modified with PL-CDs

Modification of orthodontic adhesives should not affect the
physical properties of orthodontic adhesives. Shear strength
and bond residual index are important indicators to judge the
physical properties of orthodontic adhesives, so we tested these
two indicators by using a universal tension machine. As shown
in Fig. 6b, there was no significant difference between Th-XTO0,
Tb-XT1, and Tbh-XT2. Compared with Tb-XT0, the bond strength
of Tb-XT3 was slightly reduced, mainly due to the fact that with
the increase in the addition of PL-CDs, the light scattering of the
binder increases and the transparency decreases, which affects
the degree of polymerisation of the resin during the light-curing
process. However, the results proved that the minimum shear

© 2025 The Author(s). Published by the Royal Society of Chemistry
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strength of Tb-XT3 remained above 8 MPa, which meets the
clinical requirements for bond strength.*

The ARI index is an auxiliary index for evaluating the
bonding effect of the adhesive to the enamel surface.*® An ARI
index larger than 2 indicates that bonding fracture mainly
occurs at the bracket bonding interface, which causes less
damage to the enamel; whereas an ARI index of less than 2
suggests that fracture mainly occurs between the enamel and
the bonding agent, in which case the brackets may cause
damage to the enamel during dislocation.”” The shear strength
experiments revealed a slight decrease in the shear strength of
the adhesive with the addition of PL-CDs compared to the Tb-
XTO0 group, which may lead to debonding of the adhesive
from the bracket or the tooth surface. The residual indicators
were analysed and the results are shown in Fig. 6c, in which the

© 2025 The Author(s). Published by the Royal Society of Chemistry

gradient of PL-CDs increased the proportion of adhesive residue
on the tooth surface after debonding, while the adhesive
residue on the bracket was reduced, indicating that the adhe-
sive residue after the addition of PL-CDs was mainly manifested
in the bracket adhesive interface, which reduces the possibility
of enamel damage in the process of bracket debonding.

In addition, the modified orthodontic adhesives had
a slightly pale yellowish-brown color, which was distinctly
different from the color of normal enamel, which was helpful in
minimising the damage to enamel during bracket removal at
the end of treatment in orthodontic clinical work. The above
experiments not only ensured the bond strength of orthodontic
brackets in orthodontic treatment, but also effectively reduced
the risk of enamel damage during bracket removal.
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4. Discussion

Fixed appliances used in orthodontic treatment make oral
hygiene difficult to maintain, leading to bacterial adhesion
around the brackets. After the bracket debonding, the residual
adhesive is difficult to remove precisely due to its appearance
similar to tooth enamel.**° To address these issues, this study
introduces PL-CDs as multifunctional modifiers into commer-
cial adhesives for the first time, imparting antimicrobial prop-
erties and visually distinguishable colors. We chose PL as the
precursor for antimicrobial carbon dots because PL is a lysine

5884 | RSC Adv, 2025, 15, 5876-5888

homopolymer consisting of lysine a -carbonyl and &-amino
groups bonded via amide bonds.** The potential antimicrobial
mechanisms of PL mainly include:*** (1) the cationic proper-
ties of PL can affect the integrity and permeability of microbial
cell walls and cell membranes; (2) PL-induced stress inhibits the
major metabolic pathways of microorganisms, mainly glycolysis
and tricarboxylic acid cycle, leading to bacterial death. PL-CDs
were obtained by using a one-pot pyrolysis method.*® The
particle size of PL-CDs is only about 3 nm, and its tiny particle
size is easily absorbed by the bacteria, which interferes with the
intracellular components of the bacteria and induces the death

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the bacteria.”>** Meanwhile, PL-CDs retained the high posi-
tive charge property of precursor PL, and this charge property
can make PL-CDs easily adsorb negatively charged bacteria,
inducing oxidative stress in the bacteria and destroying the
structure of cell membranes and leading to the death of
bacteria.****~® PL-CDs can also produce reactive oxygen species
(ROS), which has been verified in our previous experiment using
PL-CDs as root canal disinfectants to combat periapical peri-
odontitis. A large amount of ROS can destroy bacterial protein
and outer membrane to achieve the bactericidal effect.*® Based
on our experimental results, the antibacterial and color recog-
nition properties of PL-CDs were demonstrated. In addition, the
addition of 3 wt% PL-CDs did not affect the biocompatibility
and mechanical properties of orthodontic adhesives.

The PL-CDs modified orthodontic adhesives possessed
multiple antimicrobial modes of contact as well as release
antimicrobials at the same time, and showed highly efficient
resistance to planktonic bacteria and biofilms. SEM observation
of the destruction and morphology of bacterial on the surface of
PL-CDs-modified orthodontic adhesives also verified the
destruction. The high antimicrobial performance of PL-CDs-
modified orthodontic adhesives may be related to the afore-
mentioned tiny particle size of PL-CDs and the high positive
charge density on their surfaces.** Many studies on the modi-
fication of composite resin materials have focused only on
whether the mechanical properties of the materials are affected,
without the detection of toxicity.>**" The modification of

© 2025 The Author(s). Published by the Royal Society of Chemistry

adhesive by metal nanoparticles in the early stage has raised
concerns about the potential toxicity of metal particles in the
human body over the long term.'”** Although PL-CDs are
different from metal nanoparticles, it is still necessary to assess
biocompatibility as a new biomaterial. We performed tests such
as live-dead cell staining to confirm that the modified ortho-
dontic adhesives showed good biocompatibility, and the
survival rates of cells was as high as 80%.

The ideal modified orthodontic adhesive should have suffi-
cient enamel bonding strength to prevent bracket dislodgement
during tooth movement and chewing in the course of ortho-
dontic treatment. The addition of PL-CDs did not affect the
properties of the original orthodontic adhesive, and the exper-
iment proved that it could meet the need of bond strength in
orthodontic clinic. One of the reasons may be that the high
antibacterial properties of PL-CDs make it acceptable to add
a small amount in orthodontic adhesives. However, orthodontic
treatment is a long-term process, and further studies are needed
to evaluate the long-term physical properties of PL-CDs-
modified orthodontic adhesives in the oral environment. It is
important to maintain the integrity of the enamel surface after
bracket removal in orthodontic treatment. Due to the similarity
in appearance between enamel and adhesive, it is difficult to
identify and accurately remove the adhesive, and insufficient
removal leads to bacterial adherence.®*** PL-CDs obtained after
high-temperature pyrolysis of PL is a light yellowish-brown
powder with good water solubility, and we obtained
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a coloured orthodontic adhesives with the ability to easily
differentiate it from enamel after incorporating it into the
adhesives. This PL-CDs-modified orthodontic adhesives is an
important improvement over the ZnQDs-modified orthodontic
adhesives by Yan et al.'®* The PL-CDs showed a yellowish brown
colour without additional UV irradiation, which does not affect
the aesthetics of orthodontic treatment, and at the same time
helps to accurately remove the orthodontic adhesives during
orthodontic treatment and reduces the damage of the enamel in
the process of bracket removal.

The PL-CDs modified orthodontic adhesive has important
clinical significance, which gives it excellent antibacterial
properties and good biocompatibility without affecting its
original physical properties. At the same time, its own colour
can help orthodontists to accurately remove the adhesive, which
is a great progress in the field of modification of orthodontic
adhesive, and it has a great advantage over the current modi-
fication of orthodontic adhesive. There are also some limita-
tions in this experiment, and the long-term properties of PL-
CDs modified orthodontic adhesives in complex oral environ-
ments, such as antimicrobial properties and physical proper-
ties, still need to be further evaluated for clinical applications.

5. Conclusion

In summary, the adhesive containing 3 wt% of PL-CDs has an
efficient antibacterial ability, it has clinically acceptable physi-
cochemical properties and good biocompatibility; it provides
desirable anti-demineralisation effects. Based on these, Tb-XT3
provides a new idea to address enamel demineralisation during
the fixed orthodontic treatment, and the yellow color visible to
the naked eye facilitates the proper removal of residual adhe-
sives, and thus has great value in clinical applications.
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