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Abstract
Orthodontic treatments are often associated with enamel demineralization and white spot lesions, which can lead to various 
processes. To address these issues, innovative materials are being explored for their antibacterial properties. This study evalu-
ates the efficacy of newly formed orthodontic polyether ether ketone (PEEK) beads coated with hydroxyapatite nanoparticles 
conjugated with the GL13K-hydroxyapatite (HAP) prepared via chemical and laser methods. GL13K-HAP nanocomposites 
were synthesized using chemical and eco-friendly laser ablation techniques and characterized using ultraviolet-visible (UV-
visible) spectroscopy, Fourier-transform infrared (FTIR), Raman spectroscopy, transmission electron microscopy (TEM), 
and field emission scanning electron microscopy (FESEM). The PEEK beads were coated with these nanocomposites, and 
their antibacterial efficacy against various bacterial strains and cytotoxicity on REF cells were assessed. Cytotoxicity was 
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, and the bactericidal effect 
was evaluated through the agar well diffusion assay and acridine orange/ethidium bromide (AO/EtBr) staining. The nanocom-
posites exhibited distinct morphological and optical properties. Coated PEEK beads prepared by both methods demonstrated 
significant antibacterial activity, with zones of inhibition ranging from 9 to 22 mm against bacterial strains. Cytotoxicity 
assays revealed biocompatibility of the coated beads, with no significant reduction in REF cell viability, highlighting their 
potential for clinical use. The GL13K-HAP nanocomposite coating enhanced the antibacterial properties of orthodontic 
PEEK beads without compromising biocompatibility, making them a promising material for reducing bacterial adhesion and 
preventing enamel demineralization by simply including these beads throughout all stages of fixed orthodontic treatments.
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1  Introduction

Orthodontic treatment has become an essential component 
of modern dentistry, significantly enhancing patients’ oral 
health and aesthetics [1]. However, the prolonged use of 
fixed orthodontic appliances creates an environment con-
ducive to bacterial colonization and biofilm formation, 
leading to complications such as enamel demineralization 
and the development of white spot lesions (WSLs) [2, 3]. 
Although WSLs are a recognized challenge [4, 5], this 
study shifts its focus toward addressing bacterial coloniza-
tion, a fundamental contributor to these complications, by 
exploring innovative biomaterial applications to mitigate 
bacterial activity during orthodontic treatment [4]. Bacte-
rial colonization on orthodontic appliances is driven by 
several strains, including Streptococcus mutans, Staphylo-
coccus aureus, Enterococcus faecalis, and Streptococcus 
sobrinus. These microorganisms produce acids that dem-
ineralize enamel, undermining the aesthetic and functional 
outcomes of orthodontic therapy [6].

The selection of S. mutans, S. aureus, E. faecalis, and 
S. sobrinus is based on their significant roles in ortho-
dontic-associated biofilm formation and enamel demin-
eralization. S mutans is a primary cariogenic bacterium 
[7], while S. aureus frequently adheres to biomaterials in 
orthodontics [8]. E. faecalis is resilient in hostile envi-
ronments, contributing to persistent infections [9], and 
S. sobrinus supports biofilm growth and acid production. 
While numerous in vitro and in vivo efforts have attempted 
to counteract these effects using antibacterial agents or 
materials, most conventional approaches, such as directly 
coating orthodontic brackets, wires, or adhesives with 
antibacterial nanomaterials, have shown limitations [10, 
11]. Specifically, these coatings may dissipate over time, 
reducing their efficacy or interfering with the mechanical 
performance of the orthodontic appliances, compromising 
treatment outcomes [4, 12, 13].

These microorganisms produce acids that demineral-
ize enamel, undermining the aesthetic and functional out-
comes of orthodontic therapy [14]. The concentrations of 
bacteria can vary depending on the type of orthodontic 
material used. For instance, wires such as stainless steel 
(SS) and nickel-titanium (NiTi) exhibit higher biofilm 
adherence compared to brackets, with S. aureus displaying 
the highest concentration among tested strains [15]. While 
antibacterial nanomaterials have been explored to counter-
act these effects, conventional approaches such as coating 
brackets, wires, or adhesives face limitations, including 
dissipation over time and potential interference with the 
mechanical performance of orthodontic appliances [16]. 
Emerging strategies have also explored the incorporation 
of phytochemicals with antibacterial properties. These 

compounds, such as alkaloids, terpenoids, and polyphe-
nols, inhibit bacterial membrane integrity, virulence fac-
tors, and biofilm formation. They also demonstrate syn-
ergistic effects with antibiotics, though further in vivo 
research is necessary to optimize their safety and efficacy 
[17]. Modifications with 10% nanotube concentrations 
demonstrated significant antibacterial effects against S. 
mutans, with inhibition zones of 12.50–13.20 mm, while 
maintaining or improving mechanical properties like com-
pressive strength [18]. These findings underscore the need 
for innovative materials that combine antibacterial efficacy 
with long-term durability for orthodontic applications. To 
overcome these challenges, the present study investigates 
the antibacterial potential of polyetheretherketone (PEEK) 
beads submerged in a nano-peptide composite compris-
ing hydroxyapatite nanoparticles (HAP) conjugated with 
the antibacterial peptide GL13K [19]. This innovative 
approach leverages the sustained release capabilities of 
submerged materials to maintain antibacterial activity over 
time without affecting the mechanical integrity of ortho-
dontic appliances [20]. PEEK, a semi-crystalline polymer 
with excellent biocompatibility, mechanical strength, and 
resistance to wear and chemical degradation, has been 
widely used in biomedical applications, including den-
tal implants. Its natural tooth-colored appearance and 
elastic modulus, comparable to human bone, make it a 
highly suitable material for orthodontic applications [21]. 
In recent years, PEEK has also been explored in various 
geometries, including disc- and bead-like configurations, 
to serve as experimental platforms for studying surface 
modifications, drug delivery, and antibacterial coating per-
formance in dental and orthopedic applications [22, 23]. 
Although not yet standard in orthodontic practice, such 
bead-type PEEK substrates offer a controlled, reproducible 
model for evaluating coating adhesion and bioactivity, and 
they may hold future potential in the development of cus-
tomizable, bioactive dental materials [24]. In this study, 
HAP was derived from fish scale biowaste, an economi-
cally and environmentally sustainable source, aligning 
with the growing interest in utilizing natural resources for 
biomedical applications [25, 26]. The antibacterial peptide 
GL13K, known for its ability to induce bacterial agglu-
tination and inhibit biofilm formation, was incorporated 
into the nanocomposite to further enhance its antibacterial 
properties [27]. Together, these components form a bio-
functional coating for PEEK beads, offering a sustainable 
and effective solution to bacterial colonization. Unlike 
direct application methods, such as coating brackets or 
wires, submerging PEEK beads in the nano-peptide com-
posite provides several advantages [28]. First, it ensures 
a controlled and sustained release of antibacterial agents, 
reducing the likelihood of premature dissipation. Second, 
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it preserves the structural and mechanical properties of 
orthodontic appliances, critical for the long durations of 
orthodontic treatment [29]. Lastly, this approach addresses 
a significant gap in the current literature, as there has 
been limited focus on antibacterial solutions specifi-
cally designed to align with the mechanical and aesthetic 
requirements of orthodontics [30]. To evaluate the efficacy 
of this approach, the materials were characterized using 
advanced analytical techniques. Transmission Electron 
Microscopy (TEM) and Field Emission Scanning Elec-
tron Microscopy (FESEM) were employed to examine the 
nanocomposite’s structural and surface morphology. UV-
visible spectroscopy, Fourier Transform Infrared Spectros-
copy (FTIR), and Raman Spectroscopy were utilized to 
confirm the chemical composition and functional group 
interactions within the material. These techniques ensured 
that the nanocomposite coating was successfully applied to 
the PEEK beads and met the necessary criteria for biocom-
patibility and antibacterial performance [31]. This study 
aims to address the challenges associated with bacterial 
colonization in orthodontics by introducing a novel bio-
material system designed for long-term efficacy. By inte-
grating hydroxyapatite nanoparticles and the antibacterial 
peptide GL13K into a PEEK-based delivery system, this 
research contributes to the development of advanced bio-
materials that enhance both the functional and aesthetic 
outcomes of orthodontic treatments. The findings are 
expected to provide a sustainable and effective solution to 
one of the most persistent challenges in orthodontic care, 
offering a new avenue for improving patient outcomes in 
the field.

2 � Materials and Methods

2.1 � Preparation of GL13K‑HAP Nanocomposite

The nanocomposite of hydroxyapatite capping with pep-
tide (GL13K) has been prepared by two methods: laser and 
chemical methods.

2.1.1 � Laser Method

Laser ablation is considered one of the most interesting 
methods to prepare nanoparticles and is considered an 
eco-friendly method. the eco-friendly method, according 
to 0.025 g of GL13K (ChinaPeptides Co., Ltd., Shanghai, 
China), was dissolved in 20 ml of D.W. (solution A). A 
5 g of high-purity HAP powder was placed in the pressing 
mould using 10 bar pressure for 10 min to get the target 
HAP. The target was placed in the prepared solution (solu-
tion A), and the irradiation of the laser directly focusing on 
the surface of HAp inside the solution with an energy of 

820 mJ and a wavelength of 1064 for 600 pulses and 6 Hz. 
The final solution became white, and the samples were soni-
cated for 45 min. Then, filtered to remove large particles.

2.1.2 � Chemical Method

The chemical preparation method involved the following 
steps: First, 0.025 g of the antibacterial peptide GL13K 
was dissolved in 20 mL of distilled water to create the pep-
tide solution. Separately, 0.1 g of NaOH was dissolved in 
5 mL of distilled water to prepare the alkaline solution, and 
0.25 g of hydroxyapatite (HA) was dissolved in 50 mL of 
distilled water to form the hydroxyapatite suspension. The 
alkaline solution was mixed with the hydroxyapatite suspen-
sion and sonicated for 45 min to ensure uniform dispersion 
and to remove large particles through filtration. The result-
ing mixture was then combined with the peptide solution 
under stirring at 600 RPM for 20 min. The final product 
was left undisturbed overnight to allow proper settling and 
stabilization.

2.2 � Pre‑Coating: Characterization of the GL13K‑HAP 
Nanocomposite

The morphology of the nanocomposite has been analyzed 
by using TEM with a magnification 77.500 Kx (ZEISS LEO 
912 AB/Germany). The FESEM-EDS (ZEISS, Oberkochen, 
Germany) images are created by detecting reflected or 
knocked-off electrons. The optical properties of the nano-
composite were investigated by using UV-visible spectros-
copy (Shimadzu 1900i-, Kyoto, Japan), and the vibration 
modes of nanomaterials were investigated using Raman 
spectroscopy (Malvern HORIBA, Worcester, UK). Fourier 
transformation of nanomaterials has been studied and inves-
tigated for the effective bonds by using FTIR (PerkinElmer, 
Waltham, USA).

2.3 � 3D‑Designing and Milling of Orthodontic PEEK 
Beads

For the design of polyether ether ketone (PEEK) beads, 
the Sharp 3D program (Hungary,5.440) was used under a 
student account. The design started with a sketch of a cir-
cle with a diameter of 5 mm (Fig. 1A), from there a cylin-
der of a height of 2 mm was extruded (Fig. 1B). Then, the 
sharp margins of cylinder R (radius) 2.43 mm were bevelled 
(Fig. 1C) from the top to make it rounded and from the bot-
tom R = 0.5 mm (Fig. 1(d)D). To make the middle hole, a 
circle of 1.05 mm diameter was sketched (Fig. 1E) to be 
extruded as a cylinder for subtraction for the PEEK bead. 
Finally, the design was exported as an STL file for milling.

In the milling process, an Arum 5x-500 milling machine 
(ArumDentistry, Chungcheongbuk-do, South Korea) was 
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used, combined with hyperdent cam software (Wessling, 
Germany, 9.2.5). After placing the beads in the hyperdent 
software, only one support was on the bottom of the beads 
with a diameter of 2.5, which was cut to 80% after the 
milling process was completed (Fig. 1F). A carbide bur 
was used to cut out the beads and to finish the remaining 
parts of the support (Fig. 1G). The final form of the PEEK 
beads before the coating procedure is shown in (Fig. 1h). 
Figure 1I shows the PEEK beads sliding through the lower 
archwire between the brackets in an orthodontic typodont.

2.4 � Coating of Orthodontic PEEK Beads with Newly 
Produced GL13K‑HAP Nanocomposite

Following the preparation of PEEK beads, they were coated 
with the prepared nanocomposite on the surface, according to 
Liu et al. (2015) [32], with some modifications. After prepar-
ing the nanocomposite, PEEK beads were immersed in the 
20 mL of both solutions of nanocomposite prepared by laser 
and chemical methods, as individual samples. The solution 
was exposed to water bath sonication for 60 min. Since the 

Fig. 1   The overall process of designing and milling orthodontic 
PEEK beads is illustrated. A–E The step-by-step CAD design process 
for fabricating the beads, while F the milling path simulation used 
to ensure precision manufacturing. G The milling tools utilized dur-

ing production. H The fabricated PEEK beads after sterilization and 
preparation for testing, and I the application of the PEEK beads in an 
orthodontic setup
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materials contained peptides exposing them to ultrasound 
waves for a long time led to raising the temperature of the 
water; therefore, ice was placed in the water to maintain the 
temperature of the prepared materials. Finally, the PEEK 
beads were left immersed in the solution of the nanocompos-
ite overnight. The PEEK beads were then extracted from the 
solution, dried, and gently cleaned to be ready to verify their 
applications as an antibacterial effect for three groups, which 
are the control group (without coating), chemical and laser.

2.5 � Post‑Coating: Characterization of Coated 
Orthodontic PEEK Beads

Using Field Emission Scanning Electron Microscopy 
(FESEM) (Zeiss Supra 55VP, Oberkochen, Germany), the 
morphology of the products was analyzed. The samples were 
sputter-coated with a thin layer of platinum using a sputter 
coating machine (Bio-Rad Polaron Division, SEM Coat-
ing System, Hercules, USA) before analysis to increase the 
conductivity. Also performed was Energy-Dispersive X-ray 
Spectroscopy (EDX). FTIR and Atomic Force Microscopy 
(AFM) were used to further characterize the products.

2.6 � Cytotoxicity of Coated Orthodontic PEEK Beads

Cells were cultured as REF in RPMI-1640 medium, enriched 
with 10% fetal bovine serum, 100 units/mL of penicillin, and 
100 µg/mL of streptomycin. The cells were maintained at 37 °C 
and reseeded twice weekly upon reaching 80% confluence [33].

The MTT assay was performed using 96-well plates to 
assess the cytotoxic effects of GL13K-HAp [34]. Cells were 
seeded at a density of 1 × 104 cells per well and treated with 
GL13K-HAp, either through a chemical method or laser, 
after 24 h or upon reaching a confluent monolayer. Follow-
ing 48 h of treatment, cell viability was assessed by removing 
the medium, adding 100 µL of a 2 mg/mL MTT solution, and 
incubating the cells at 37 °C for 2.5 h. The resulting formazan 
crystals were dissolved in 100 µL of Dimethyl Sulfoxide 
(DMSO), followed by incubation at 37 °C for 15 min with 
shaking [35]. Absorbance was measured at 492 nm using a 
microplate reader, and all experiments were conducted in 
triplicate. The rate of inhibition (cytotoxicity percentage) was 
calculated using the following equation [36, 37]:-

where A is the optical density of the control, and B is the 
optical density of the samples [38].

To study the morphological appearance of the cells, they 
were cultured in 24-well microtiter plates at a plating den-
sity of T = 24 h; MOI = 1 × 105 cells/mL. The cells were cen-
trifuged and layered into an infection solution before being 

Inhibition rateA =
B

A
× 100%

incubated at 37 °C for 24 h. After incubation, the cells were 
subjected to GL13K-HAp via chemical processing as well 
as through laser for another 24 h of treatment. At the end 
of the treatment period, the cells were stained with crystal 
violet and permitted to stand at 37 °C for 10–15 min [39]. 
After that, the excess stain was washed off with plain tap 
water until no further dye came off, this was to ensure that 
no excess chemical was left on the tissues. Subsequently, the 
cells were also observed with an inverted light microscope 
at 100 × magnification, and the photographs were taken by 
attaching a digital camera to the microscope [40].

2.7 � Antibacterial Activity and Detection of Live 
and Dead Bacterial Cells

The powder was prepared according to Muller-Hinton (M-H) 
by adding 20 mL of the powder to 1L of distilled water, then 
heating on a burner by shaking. For sterilization, M-H must 
be autoclaved at 121 °C for 15 min. It was allowed to cool to 
50 °C and then poured into a petri dish. After that, it was left 
in solidification for around 15 min and then flipped upside 
down, and placed into the refrigerator at 4 °C. The anti-
bacterial potential of the prepared samples (Control, Laser, 
and Chemical) was determined against Gram’s negative and 
Gram’s positive bacteria using an agar well diffusion assay 
[33]. Sterile Petri dishes were used for each of which about 
20 mL of MH agar was aseptically poured. The stock cul-
tures of the bacterial species were used to gather each bac-
terial species using a sterile wire loop. The organisms were 
cultured and then, using a sterile tip, they were bored into 
6 mm diameter wells on the agar plates. Other concentrations 
of samples were used in the bored wells. The average zones 
of inhibition diameter were measured and recorded [41] after 
cultured plates containing samples and test organisms were 
incubated overnight at 37 °C.

An Acridine orange-ethidium bromide (AO/EtBr) stain-
ing procedure was used for cell viability detection in an 
experiment. The antibacterial activity of the products was 
measured using a fluorescent microscope (Olympus, Japan). 
Fifty microliters of bacterial suspension of both the treated 
and untreated was mixed with 50 µL of the AO/EtBr, and 
left for 2 min. After staining, the mixture was applied onto 
a glass slide, and a thin film of the mixture was observed 
under an immunofluorescent microscope (Olympus, Japan). 
The living cells fluoresced green with Acridine orange, and 
the dead cells fluoresced red with ethidium bromide.

2.8 � Statistical Analysis

Data were statistically analysed using the GraphPad Prism pro-
gram. The collected data of cytotoxicity percentage and anti-
bacterial values were expressed by descriptive statistics as the 
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mean ± standard deviation (SD) based on triplicate measure-
ments. Antibacterial data were furtherly inferentially analysed 
which conducted on inhibition zone data from three experi-
mental groups (Control, Laser, Chemical) tested against four 
bacterial species. The analysis includes assumption checks by 
Shapiro-Wilk test, a two-way ANOVA, and post hoc compari-
sons using Tukey’s HSD. Indicate statistically significant dif-
ference at p < 0.05. Details of the sample size calculation and 
group distribution are provided in Supplementary Figure S1.

3 � Results

3.1 � Pre‑Coating: Characterization 
of the Nanocomposite GL13K‑HAP

The optical, structural, and morphological of the GL13K, 
HAP, GL13K-HAP by laser method, and GL13K-HAP by 
chemical method nanocomposite have been characterized by 
using UV-visible spectroscopy, FTIR, Raman spectroscopy, 
TEM, and FESEM-EDS.

3.1.1 � UV‑Visible Spectroscopy

UV-visible spectroscopy of GL13K, HAP, GL13K-HAP 
by the laser method, and GL13K-HAP by the chemical 

method is represented in Fig. 2. Because HAP has no 
detectable specific absorption band in the visible range, 
its inherent optical stability is evidenced. This observation 
is important as it guarantees the structural integrity of 
the nanocomposite under various lighting conditions, thus 
enabling long-term orthodontic applications. Furthermore, 
the spectral behaviour of GL13K-HAP conjugated by 
both methods suggests that conjugation has been accom-
plished, which may improve the antibacterial efficacy of 
the conjugate.

3.1.2 � FTIR Spectroscopy

The topography shown in Fig. 9 is the surface roughness 
profile of the topography of the chemical and laser methods. 
The increased roughness observed in the chemically pre-
pared GL13K-HAP (Ra: 35. Enhanced surface activity was 
indicated by comparison to the laser method (Ra, 27.50 nm) 
(47 nm) (Fig. 3). In this case, this rougher profile might 
serve better in providing better antibacterial properties, i.e., 
disrupting bacterial adhesion that is important for orthodon-
tic applications. Further, the better biocompatibility afforded 
by the smoother surface of the laser method would facilitate 
the irritation of oral tissue. The versatility of these differ-
ent coating approaches is reflected in these distinct profiles, 
which will be tuned according to clinical needs.

Fig. 2   UV-Visible spectroscopy of A HAP, B GL13K, C GL13K-HAP by laser method, and D GL13K-HAP by chemical method
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Fig. 3   FTIR spectroscopy of A HAP, B Gl13K, and C GL13K-HAP by laser method, and D GL13K-HAP by chemical method

Fig. 4   Raman spectroscopy 
of A GL13K, B HAP, and C 
GL13K-HAP by laser method, 
and D GL13K-HAP by chemi-
cal method
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3.1.3 � Raman Spectroscopy

Results from the Raman spectroscopy (Fig. 4) indicated 
successful conjugation of GL13K with HAP due to the 
clear shift at 750 cm⁻1 for C-C and additional CH₂ peaks in 
GL13K-HAP. This structural change suggests that the pep-
tide/hydroxyapatite interaction has increased, potentially 
providing the basis for improved antibacterial properties. 
Additional CH₂ peaks also point to increased hydrophobic-
ity, which may facilitate the disruption of the bacterial mem-
brane. Additionally, these findings add further confirmation 
of the suitability of the nanocomposite for orthodontic use.

3.1.4 � TEM Analysis

The TEM analysis, as shown in Fig. 5, highlights the dif-
ferences in particle size and morphology across the nano-
composites. Sample A (HAP) exhibited highly aggregated 
and irregularly shaped particles with a mean particle size 
(MPS) of 57.5 nm, consistent with the clustering tendency 
of hydroxyapatite nanoparticles. In contrast, Sample B 
(GL13K) showed smaller and more dispersed particles 
with an MPS of 51 nm, likely due to the stabilizing effect 
of its peptide-based molecular structure. For Sample C 
(GL13K-HAP by laser method), the nanoparticles were well-
dispersed, spherical, and had the smallest MPS of 48 nm, 
demonstrating the laser method’s effectiveness in reducing 
aggregation and improving uniformity. Sample D (GL13K-
HAP by chemical method) also exhibited a uniform mor-
phology, with a slightly larger MPS of 53.1 nm and mild 
aggregation, reflecting effective control by the chemical 
method but less precision compared to the laser method. 
Overall, the laser method produced the smallest and most 
uniform particles, which may enhance surface interactions 
and biological activity for biomedical applications.

3.1.5 � Morphological Analysis by FESEM‑EDS

The morphologies of the HAP, GL13K, and GL13K-HAP 
by the chemical method and laser are shown in Fig. 6. The 
FESEM analysis revealed distinct differences in particle 
sizes and distributions across the samples. The smaller 
particle sizes observed in GL13K-HAP synthesized via the 
laser method (50–70 nm) compared to the chemical method 
(20–40 nm) highlight the precision and consistency of the 
laser approach. Smaller particles generally provide a higher 
surface area, enhancing interactions with bacterial cells and 
potentially increasing antibacterial efficacy. The EDS results 
further confirm the compositional integrity of the samples, 
with the laser method showing fewer impurities, underscor-
ing its eco-friendly advantages.

3.2 � Post‑Coating: Characterization of Coated 
Orthodontic PEEK Beads

The nanocomposite-coated PEEK beads are coated sepa-
rately by GL13K-HAP nanocomposite, which was prepared 
by using the chemical method and the laser method. They 
were characterized by using FESEM-EDS, FTIR, and AFM.

3.2.1 � Morphological Analysis: FESEM‑EDS Post‑coating

Post-coating FESEM-EDS analysis indicated significant dif-
ferences between the chemical and laser methods (Fig. 7). 
The chemical method resulted in more uniform coverage 
with particle sizes of 30–50 nm, which can enhance bacterial 
resistance. Conversely, the laser method produced a more 
heterogeneous coating with smaller particle sizes (20 nm), 
which may improve mechanical integration and reduce bac-
terial adhesion. The presence of elements like Ti and P in the 
chemical coatings also suggests potential interactions with 
enamel or dentin surfaces, providing an additional layer of 
functionality.

3.2.2 � FTIR Comparison

Key differences in the chemical bonding of coatings pre-
pared using laser and chemical methods were observed from 
FTIR spectra. Laser preparation appears more effective for 
strengthening the O-H and N-H bonding signals indicative 
of stronger hydrogen bonding, and hence possibly improved 
material stability and biocompatibility (Fig. 8). The chemi-
cally prepared samples show an enhanced C=O stretch that 
is indicative of greater peptide conjugation, which may aid 
antibacterial activity. These results indicate that the synthe-
sis method can be tuned to achieve desired properties, suit-
able for clinical needs.

3.2.3 � AFM and Surface Roughness Assessment: 
Post‑coating Results

The AFM analysis revealed that the chemically prepared 
GL13K-HAP had higher surface roughness (Ra: 35. A com-
parison of the laser method (Ra, 27.50 nm) with the method 
using the ion beam (Ra: 27.25 nm and 22.40 nm, respec-
tively, for radius defined as, respectively, the mean and the 
standard deviation). It is advantageous for bacterial disrup-
tion, but it increases wear slightly under dynamic condi-
tions. Laser preps appear to be smoother than mechanically 
prepared ones, and may provide for better integration of oral 
tissues with less irritation and better long-term biocompat-
ibility (Fig. 9). The findings emphasise the need to optimise 
the combination of surface roughness and performance for 
the application. The surface roughness profile is displayed 
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Fig. 5   The TEM result of A HAP, B Gl13K, and C GL13K-HAP by laser method, and D GL13K-HAP by chemical method
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in Fig. 9 of the (A) chemical and (B) laser methods topogra-
phy of the height parameter. The average roughness param-
eter values (Ra) are tabulated as 35.47 nm for chemical and 
27.50 nm for laser, respectively, as the standard deviation 
of all the height values (Table 1) that describe the over-
all surface roughness, in which the surfaces are relatively 

smooth with subtle diffraction peaks [42]. The height distri-
bution relative to the mean line is Rq = 51.23 nm (38.74 nm), 
respectively. The rougher GL13K-HAP using a chemical is 
rougher than laser, with average maximum peak-to-valley 
height or maximum roughness values consistent with Ra 
values. They both come out with similar results.

Fig. 6   FESEM-EDS analysis of A HAP, B GL13K, and C GL13K-HAP by chemical method, and D GL13K-HAP by laser method
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3.3 � Cytotoxicity of Coated Orthodontic PEEK Beads

The cytotoxic effect of GL13K-HAP by the laser method and 
GL13K-HAP by the chemical method against REF cells was 
studied. The antiproliferative activity of GL13K-HAP by the 
laser method and GL13K-HAP by the chemical method was 
tested by studying their ability to inhibit the proliferation 
of the REF cell line. The cytotoxicity percentage results of 
this study are shown in Figs. 10 and 11. The results demon-
strated that the prepared GL13K-HAP by the laser method 
and GL13K-HAP by the chemical method are biocompatible 
with the REF cell line.

3.4 � Antibacterial and Detection of Live and Dead 
Bacterial Cells

The antibacterial efficacy of GL13K-HAP coatings was eval-
uated against S. mutans, S. aureus, E. faecalis, and S. sobri-
nus (Figs. 12, 13, 14, 15, and 16). Both the laser (Sample 
B) and chemically synthesized (Sample C) nanocomposites 
demonstrated significant inhibition zones, with the chemi-
cally synthesized coating consistently showing the largest 
zones of inhibition across all strains.

For S. mutans (Fig.  13), the inhibition zones were 
17.6 ± 0.47 mm (Sample C) and 15.8 ± 0.62 mm (Sample 
B). Similarly, against S. aureus (Fig. 14) and E. faecalis 
(Fig. 15), Sample C exhibited zones of 21.0 ± 0.81 mm, 

compared to 18.8 ± 0.84 mm and 17.3 ± 0.94 mm for Sam-
ple B. For S. sobrinus (Fig. 16), Sample C again outper-
formed Sample B, with inhibition zones of 12.4 ± 0.29 mm 
and 8.5 ± 0.40 mm, respectively. All data analysis was sum-
marized in Table 2.

The radar chart (Fig. 12) illustrates the overall antibacte-
rial activity, with the chemically synthesized nanocomposite 
covering the largest area, followed by the laser method. The 
control (Sample A) showed no activity. These results con-
firm the effectiveness of GL13K-HAP coatings in reducing 
bacterial colonization and preventing orthodontic-associated 
infections.

The results of inferential statistical analysis were con-
ducted on inhibition zone data from three experimental 
groups (Control, Laser, and Chemical) tested against four 
bacterial species. Shapiro-Wilk Test for normality check 
showed that most groups passed normality (p > 0.05). 
The homogeneity of variance is violated using Levene’s 
Test = 7.59, (p = 0.0019).

The ANOVA results showed significant effects (p ≤ 0.05) 
of both the coating method and bacterial species on inhibi-
tion zones, as well as a significant interaction between them, 
as shown in Table 3.

In Table 4, Tukey’s post hoc analysis revealed that for 
all bacteria, both Laser and Chemical groups had signifi-
cantly greater inhibition zones than Control. Chemical coat-
ing generally outperformed Laser, especially for E. faecalis 

Fig. 7   FESEM-EDS analysis of Orthodontic PEEK beads post-coating by GL13K-HAP A chemical method and B laser method
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and S. mutans. No overlap in inhibition zones was observed 
between Control and the two coated groups, confirming the 
antibacterial effect of the GL13K-HAP coatings.

3.5 � GL13K‑HAP Induce Production of ROS

Reactive oxygen species (ROS) were analyzed in bacterial 
strains treated with GL13K-HAP, made by chemical and 
laser means, using the AO/EtBr staining technique. This 
technique detects ROS via nitric oxide and EtBr interactions 

as oxidative stress or damage within the organism. EtBr 
is a selectively permeant component that binds to nucleic 
acids, which will enter cells with damaged membrane integ-
rity. This causes red staining for dead cells, and green for 
viable cells. Cellular structures of bacterial strains treated 
with GL13K-HAP showed greater structural deformities 
and ROS levels compared to the untreated cells (Fig. 17). 
EtBr penetration was only allowed into cells with damaged 
membranes, confirming that cells with the most damage and 
oxidative stress in the treated samples were stained.

Fig. 8   FTIR comparison of 
Orthodontic PEEK beads 
post-coating by GL13K-HAP 
A chemical method and B laser 
method
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4 � Discussion

4.1 � Pre‑Coating: Characterization 
of the nanocomposite GL13K‑HAP

The optical, structural, and morphological properties of 
GL13K, HAP, and GL13K-HAP nanocomposites synthe-
sized using chemical and laser methods were thoroughly 
characterized. These analyses revealed distinct features that 
highlight the potential of these nanocomposites for biomedi-
cal applications. UV-visible spectroscopy demonstrated that 
HAP exhibited no specific absorption band in the visible 
range, confirming its inherent optical stability. This stabil-
ity was retained in GL13K-HAP nanocomposites prepared 
by both chemical and laser methods, as evidenced by their 
optical transparency. Such properties are advantageous for 
biomedical coatings, where transparency and structural 
integrity are critical for effective performance [43].

FTIR spectroscopy provided deeper insights into the 
molecular structure of the nanocomposites. Broad bands 
between 3200 cm⁻1 and 3600 cm⁻1 corresponded to O-H 
bonds, while the sharp peak at 1644 cm⁻1 indicated the pres-
ence of C=O amide groups, essential for peptide functional-
ity [44]. The transmittance in the range from 2100 cm−1 to 
2500 cm−1 corresponded to C=C and C≡C [45, 46]. Fur-
thermore, C=C and C≡C stretching between 2100 cm⁻1 and 
2500 cm⁻1 highlighted the structural diversity of the GL13K-
HAP composite. Interestingly, the distinct transmittance at 
1040 cm⁻1 in pre-HAP, corresponding to the C-N bond, 
was absent in GL13K-HAP, suggesting that the conjuga-
tion process altered the molecular structure. These trans-
formations provide a range of functional groups critical for 
applications such as adhesion and bonding to biological sur-
faces. These findings, collectively, suggest that despite the 
chemical inertness of PEEK, the functionalization by laser 
or chemical methods facilitates sufficient bonding through 
hydrogen bonding, hydrophobic interactions, and mechani-
cal interlocking. Compared to previous studies using pure 
hydroxyapatite coatings [47], the incorporation of GL13K 
peptide into the nanocomposite significantly enhanced anti-
bacterial efficacy, as evidenced by larger inhibition zones 
(17.6 ± 0.47 mm vs. 12 mm). This highlights the synergistic 
effect of peptide conjugation in disrupting bacterial adhe-
sion. Additionally, laser synthesis offers distinct advantages, 

Fig. 9   AFM analysis of orthodontic PEEK beads post-coating by GL13K-HAP A chemical method and B laser method

Table 1   Sample group film values of the average roughness (Ra), root 
mean square roughness (Rq), and average maximum roughness (Rz)

GL13K-HAP Ra (nm) Rq (nm) Rz (nm)

Chemical 35.47 51.23 507.9
Laser 27.50 38.74 370.6
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producing smaller, more uniform particles compared to tra-
ditional methods reported in earlier literature [48].

Based on Fig. 4, all samples showed a Raman shift at 
750 cm−1, which indicated the presence of C-C [49]. GL13K 
and GL13K-HAP demonstrated an obvious shift from 
1300 cm−1 compared to HAP and GL13K-HAP, assigning the 
CH2 [50]. However, Gl13K and GL13K-HAP showed extra 

CH2 before 3000 cm−1, even though it is not observed in HAP 
and GL13K-HAP [51]. These findings highlight the unique 
molecular dynamics introduced by the GL13K component, 
which likely enhances the flexibility and functionality of the 
composite, making it more suitable for biomedical applications.

High-resolution nanoscale imaging through TEM, as 
shown in Fig. 5, provided critical insights into particle size 

Fig. 10   Biocompatibility of 
orthodontic PEEK beads post-
coating by GL13K-HAP in 
REF cells. A) control, B) laser 
method, C) chemical method

Fig. 11   A REF untreated cells 
and B REF cells after being 
treated with control beads. C 
REF cells after being treated 
with laser-prepared GL13K-
HAP beads. D REF cells after 
being treated with chemically 
prepared GL13K-HAP beads
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Fig. 12   The antibacterial activ-
ity of orthodontic PEEK beads 
post-coating by GL13K-HAP 
nanocomposites, A) Control, 
B) Laser method, C) Chemical 
method

Fig. 13   Antibacterial activity 
of orthodontic PEEK beads 
post-coating by GL13K-HAP 
nanocomposites A) control, 
B) laser method, C) chemical 
method against S. mutans 
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distribution for each sample. TEM’s ability to visualize nan-
oparticles at nearly atomic resolution allowed for accurate 
measurement of the mean particle sizes [52]. Among the 
samples, HAP exhibited the largest particle size, followed 
by GL13K-HAP and GL13K. GL13K-HAP demonstrated 
the smallest particle size, which is advantageous in biomedi-
cal applications as smaller particles offer a higher surface 
area. This increased surface area enhances biological activ-
ity, facilitates better interactions with cells, and improves 
antibacterial efficacy [53].

The smaller particle sizes observed in the laser-prepared 
GL13K-HAP nanocomposites may increase their surface 
area, facilitating more effective bacterial membrane disrup-
tion. Additionally, the unique molecular dynamics intro-
duced by the CH₂ peaks in GL13K enhance the composite’s 
hydrophobicity, potentially improving its ability to destabi-
lize bacterial adhesion sites. These properties together may 
explain the enhanced antibacterial activity observed in the 
laser-prepared samples [54].

FESEM-EDS analysis revealed distinct morphological 
and elemental characteristics of the nanocomposites. Fig-
ure 6A depicts the FESEM image of HAP, showing par-
ticles of varying sizes and shapes with elements such as 
Ca, O, P, and C identified. In Fig. 6B, additional elements 

such as O, Ca, S, C, F, Na, and K were detected, reflect-
ing the diversity of GL13K-HAP synthesized via chemical 
methods. Figure 6C shows that the particle sizes of GL13K-
HAP prepared chemically ranged between 20 and 40 nm at 
a magnification of 50 K. EDS analysis confirmed the pres-
ence of Na, O, C, and F for chemically synthesized samples, 
whereas only C and O were detected in the laser-prepared 
composites. On the other hand, the FESEM image in Fig. 6D 
revealed that GL13K-HAP prepared by the laser method had 
a more uniform distribution of particles with sizes ranging 
from 50 to 70 nm [55].

4.2 � Post‑Coating: Characterization of Coated 
Orthodontic PEEK Beads

The nanocomposite-coated PEEK beads of two groups are 
coated by nanocomposite using the chemical method and 
laser method. They were characterized by using FESEM-
EDS, FTIR and AFM. FESEM-EDS analysis revealed the 
morphological differences and elemental composition of the 
GL13K-HAP coatings post-coating, as shown in Fig. 7. The 
FESEM image in Fig. 7(a)A depicts GL13K-HAP particles 
synthesized via the chemical method, with particle sizes rang-
ing between 30 and 50 nm at a magnification of 50 K. EDS 

Fig. 14   Antibacterial activity 
of orthodontic PEEK beads 
post-coating by GL13K-HAP 
nanocomposites A) control, 
B) laser method, C) chemical 
method against S. aureus 
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analysis confirmed the presence of elements such as C, O, Ca, 
Ti, P, and Na in the chemically synthesized coatings, while the 
laser method resulted in fewer detectable elements, specifically 
C, O, Ti, Ca, and Na [56]. Conversely, Fig. 7(b)B demonstrates 
that laser-synthesized particles were smaller, with sizes around 
20 nm. The presence of Ca, Ti, and Na in the chemically syn-
thesized nanocomposites suggests their potential to enhance 
bioactivity, particularly through the synergistic promotion of 
osteogenic responses during orthodontic treatments. Mean-
while, the smaller particle sizes resulting from laser coating 
could reduce friction and provide smoother surfaces, advanta-
geous for minimizing wear in dynamic oral environments [57].

FTIR analysis of GL13K-HAP coatings highlighted key 
differences in chemical bonding between the two synthe-
sis methods. Transmittance spectra (Fig. 8) revealed strong 
signals between 3300 cm⁻1 and 3500 cm⁻1 in both methods, 
corresponding to O-H and N-H stretching. Notably, the laser 
method exhibited more pronounced differences in transmit-
tance spectra, reflecting variations in the distribution of 
chemical bonds [58]. Additional peaks between 1400 cm⁻1 
and 1210 cm⁻1 indicated the presence of C=O stretching 
bonds. These spectral variations suggest that the synthesis 
method influences the chemical bond strength and distribu-
tion, potentially affecting the long-term adhesion and wear 

resistance of the coatings under dynamic conditions in the 
oral cavity.

4.3 � Cytotoxicity of Coated Orthodontic PEEK Beads

The cytotoxicity assessment of GL13K-HAP-coated ortho-
dontic PEEK beads demonstrated excellent biocompatibil-
ity for both chemical and laser-prepared materials [59]. The 
MTT assay results indicated minimal inhibition of REF cell 
growth, with cell viability consistently exceeding 85% across 
all tested concentrations. This confirms that the nanocom-
posite coatings did not induce significant cytotoxic effects, 
a crucial requirement for clinical applications in orthodon-
tics [60]. These results suggest that GL13K-HAP coatings 
can effectively address key challenges in orthodontics, such 
as bacterial colonization and associated enamel deminer-
alization. The biocompatibility of laser-prepared coatings, 
combined with their antibacterial activity, positions them 
as an ideal material for long-term orthodontic treatments, 
particularly in pediatric patients or for individuals with pro-
longed treatment durations. The eco-friendly synthesis pro-
cess further enhances its appeal for scalable clinical use [61].

The high degree of biocompatibility observed is likely 
due to the natural origin of hydroxyapatite and the bioactive 

Fig. 15   Antibacterial activity 
of orthodontic PEEK beads 
post-coating by GL13K-HAP 
nanocomposites A) control, 
B) laser method, C) chemical 
method against E. faecalis 
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properties of the peptide, both of which align well with the 
physiological environment of oral tissues. Notably, laser-pre-
pared GL13K-HAP exhibited slightly lower cytotoxic effects 
compared to its chemically prepared counterpart. This dis-
tinction can be attributed to the absence of residual chemi-
cals in the laser synthesis process, which reduces potential 
toxicity [62]. Consequently, laser-prepared coatings may 
offer a safer alternative for clinical applications, particularly 

Fig. 16   Antibacterial activity 
of orthodontic PEEK beads 
post-coating by GL13K-HAP 
nanocomposites A) control, 
B) laser method, C) chemical 
method against S. sobrinus 

Table 2   Descriptive statistics 
of inhibition zones (mm) by 
bacterial type and coating group

Bacteria type Group N Mean SD Min Max

S. mutans Control 3 0.00 0.00 0.00 0.00
Laser 3 15.83 0.62 15.00 16.50
Chemical 3 17.67 0.47 17.00 18.00

S. aureus Control 3 0.00 0.00 0.00 0.00
Laser 3 8.50 0.40 8.00 9.00
Chemical 3 12.40 0.29 12.00 12.70

E. faecalis Control 3 0.00 0.00 0.00 0.00
Laser 3 18.83 0.84 18.00 20.00
Chemical 3 21.00 0.81 20.00 22.00

S. sobrinus Control 3 0.00 0.00 0.00 0.00
Laser 3 17.33 0.94 16.00 18.00
Chemical 3 21.00 0.81 20.00 22.00

Table 3   Two-way ANOVA results showing the effects of coat-
ing group, bacterial species, and their interaction on inhibition zone 
diameter (mm)

Source F-value p-value Significance

Group 2359.65 2.8156e-28 Significant
Bacterial type 155.23 7.5633e-16 Significant
Group: Bacterial type 40.52 2.1176e-11 Significant
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in pediatric orthodontics or long-term treatments where min-
imizing toxicity is critical [63]. These findings underscore 
the potential of GL13K-HAP-coated PEEK beads as safe 
and effective materials for orthodontic applications, offering 

both antibacterial protection and minimal risk of adverse 
cellular responses [64]. To our knowledge, this is the first 
study to demonstrate the successful coating of orthodontic 
PEEK beads with GL13K-HAP nanocomposites, showcas-
ing both antibacterial properties and biocompatibility using 
eco-friendly laser methods. However, further research is 
needed to validate these results through in vivo studies and 
to explore the long-term interactions between the coated 
beads and oral tissues under dynamic clinical conditions.

5 � Conclusion

This study demonstrated the potential of hydroxyapatite nano-
particles conjugated with the GL13K peptide (GL13K-HAP) 
as a novel antibacterial coating for orthodontic PEEK beads.
The antibacterial efficacy of the coated beads was evident, 
with significant inhibition zones observed against both Gram-
positive and Gram-negative bacterial strains, highlighting their 
capability to reduce bacterial colonization and mitigate the 
risk of enamel demineralization and white spot lesions during 
orthodontic treatments. Additionally, the biocompatibility of 
the coated beads, as demonstrated through cytotoxicity assays, 

Table 4   Tukey’s post hoc comparisons identifying significant differ-
ences in inhibition zones between treatment groups for each bacterial 
species (p ≤ 0.05)

Bacteria Group Mean difference p-value

S. mutans Control vs laser 15.83 0.0000
Control vs chemical 17.67 0.0000
Laser vs chemical 1.83 0.0156

S. aureus Control vs laser 8.50 0.0000
Control vs chemical 12.40 0.0000
Laser vs chemical 3.90 0.0000

E. faecalis Control vs laser 18.83 0.0000
Control vs chemical 21.00 0.0000
Laser vs chemical 2.17 0.0434

S. sobrinus Control vs laser 17.33 0.0000
Control vs chemical 21.00 0.0000
Laser vs chemical 3.67 0.0054

Fig. 17   Fluorescence microscopic images of the green and red fluorescence-stained. A Untreated bacterial strains. B Bacterial strains treated 
with the control material. C Bacterial strains treated with laser-prepared materials. D Bacterial strains treated with chemically prepared materials



	 BioNanoScience (2025) 15:557557  Page 20 of 22

underscores their safety for clinical applications. The high cell 
viability of REF cells upon exposure to the nanocomposite 
coatings indicates minimal adverse effects, with laser-prepared 
beads showing slightly superior biocompatibility due to the 
absence of chemical residues. The study also highlighted the 
advantages of incorporating nanotechnology into orthodontic 
materials, particularly the role of GL13K-HAP in promoting 
bacterial agglutination, enhancing phagocytic clearance, and 
reducing microbial adhesion without inducing bacterial resist-
ance. These attributes, coupled with the mechanical and aes-
thetic benefits of PEEK as a substrate, position GL13K-HAP-
coated PEEK beads as a transformative solution in orthodontic 
care. Future research should focus on in vivo validation of these 
findings, including the long-term stability, wear resistance, 
and biological interactions of the coatings in the dynamic oral 
environment. Although the FTIR, AFM, and FESEM analyses 
suggest stable immobilization of GL13K-HAP on the PEEK 
surface, further studies involving quantitative adhesion and 
release profiling under dynamic conditions are recommended 
to fully validate long-term coating stability. Additionally, opti-
mizing the synthesis methods for scalability and investigating 
the coating’s effects on diverse microbial communities will 
further enhance their clinical applicability. In conclusion, this 
study establishes GL13K-HAP-coated orthodontic PEEK beads 
as a promising material that combines antimicrobial efficacy 
with biocompatibility, offering a sustainable and innovative 
approach to addressing common complications in orthodon-
tic treatments. This advancement not only improves patient 
outcomes but also represents a significant step forward in the 
development of smart, bioactive dental materials.
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