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Abstract: Postoperative infection following oral metal implantation is a key factor that affects the success rate of
surgery. This infection is mainly caused by bacterial biofilms. Traditional single antibacterial coatings have
limitations, including a narrow antibacterial spectrum and poor cytotoxicity or stability. This study combined silver
nanoparticles (AgNPs) and the synthetic antimicrobial peptide GL13K using electrostatic self-assembly technology
to create a dual-effect antimicrobial coating. The AQNPs were prepared using the chemical reduction method, and
the GL13K nanofibers were formed through B-folding self-assembly. These processes utilized their complementary
charge characteristics to achieve a precise composite. The experimental results showed that the antibacterial rate
of the coating against streptococcus pneumoniae, pseudomonas aeruginosa, and MRSA was significantly higher
than that of a single coating (reducing CFU by 2-3 orders of magnitude, p<0.01). Moreover, the minimum inhibitory
concentration (MIC) decreased to 1.0£0.3 y g/mL (synergistic index 0.28). In the dynamic oral environment
simulation experiment, the coating exhibited high antibacterial activity at a saliva flow rate of 0.25 mL/min. Cell
experiments confirmed that it had no effect on the activity of human bone marrow mesenchymal stem cells (p>0.05).
The effect of different nanoconcentrations and coating temperature on antibacterial activity was not statistically
significant (p>0.05). This study addresses the limitations of traditional coatings by using a collaborative, nanoscale
design approach to provide a new strategy for optimizing the antibacterial properties of oral implant materials.
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Introduction

Oral metal implantation surgery is an important means of modern dental restoration and treatment. However,
postoperative infection remains a key factor affecting surgical success rate and patient prognosis [1]. Bacterial biofilms are
considered the main cause of implant infections. Their complex structure allows bacteria to resist the host immune system
and the effects of antibiotics. This enables them to survive on implant surfaces for extended periods and trigger inflammatory
reactions [2, 3]. Silver nanoparticles (AgNPs) and antimicrobial peptides (AMPs) have antibacterial properties, but they are
limited when used alone. For example, AgNPs are ineffective against Gram-negative bacteria, and high concentrations of
AgNPs are cytotoxic. Natural AMPs are easily degraded by proteases and costly [4, 5]. More importantly, existing coatings
often rely on simple physical mixing. This method fails to take advantage of the two components' synergistic effect and
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precisely locate AQNPs on the AMP molecular structure. The result is low antibacterial efficiency and issues with the release
of silver ions. Additionally, the combination of AQNP and GL13K has an advantage over existing antibacterial methods. This
is because it takes advantage of the complementary charge characteristics between the polar end of the GL13K AMP and
the surface of the AgNP. This allows for precise nanoscale positioning through electrostatic self-assembly. This combination
of methods solves the problem of uneven AgNP distribution in traditional blending. In addition, a postoperative infection can
directly affect the stability and functional recovery of the implant. It can also significantly reduce a patient's chewing efficiency
and oral comfort. In severe cases, it can cause the implant to loosen or even fall out, thereby having a negative impact on the
patient's mental health and social interaction. Once an infection occurs, multiple debridements, antibiotic treatments, and
sometimes even secondary surgeries to replace the implant are often required. This significantly increases the treatment
cycle and medical costs, imposing a heavy burden on patients and the medical system. Even more importantly, infection can
cause local bone tissue resorption and chronic inflammation. It can also lead to systemic infection, which affects patients'
long-term prognosis and quality of life. Therefore, developing a surface coating for implants that combines highly efficient
antibacterial performance with good biocompatibility is clinically significant and valuable in reducing postoperative infection
rates, increasing implant success rates, and alleviating patient suffering and economic burden.

Numerous scholars have conducted in-depth analysis and exploration on this matter. Grachev et al. aimed to create
and implement a new model for evaluating the socioeconomic feasibility of investing in digital technology for diagnosing and
treating patients who were completely edentulous and had removable polymer dentures that were manufactured via 3D
additive printing [6]. The results showed that this method could provide a basis for the selection of denture restoration
techniques for patients with complete dentition loss, thereby achieving the most rational utilization of resources. Snauwaert &
Vanhoucke found that AMPs exhibited antimicrobial and immunomodulatory activities that helped to control periodontitis [7].
It also analyzed the immunopathological role of Porphyromonas gingivalis-activated macrophages in periodontitis. Therefore,
this study suggested AMPs as a treatment for periodontitis. To improve the antibacterial and anti-biofilm properties of AgNPs,
Abdallah et al. prepared an orthodontic wire wrapped coating by combining it with nanocomposites [8]. The coating was found
to exhibit significant antibacterial and anti-biofilm activity against normal flora and multidrug resistant bacteria. Elchaghaby et
al. explored the antimicrobial effect of AQNPs biosynthesized from aniseed against streptococcus pyogenes [9]. It was found
that AgNPs had high antioxidant activity. Furthermore, they effectively inhibited the growth of streptococcus pyogenes,
producing an inhibition zone diameter of 16 mm and a minimum inhibitory concentration (MIC) of 80 ug/mL. The above
methods relied on oxidative stress and lacked specificity. This study used GL13K B -folded nanofibers to provide ordered
assembly templates, employing a sustained-release design to extend the action time. This improved the methods' clinical
applicability. Garibay-Alvarado et al. synthesized a resin containing hydroxyapatite and AgNP to enhance its biocompatibility
and antimicrobial efficacy for use in dental restorations to reduce bacterial colonization [10]. The resin was found to have
bactericidal properties against a wide range of bacteria, with significant inhibition achieved at low silver concentrations. The
above study used a single AgNP coating that exhibited high-dose toxicity and had a poor effect on Gram-negative bacteria,
resulting in a cell survival rate of less than 70%. However, this study proposed using an electrostatic programming assembly
strategy to achieve enhanced antibacterial properties.

In summary, the application of AMPs and AgNP can reduce infection, inflammation and pain to a certain extent, and has
a significant inhibitory effect on bacteria. However, when AMPs or AgNP are used alone, there may be problems such as
limited antimicrobial effect, increased drug resistance or poor cytocompatibility. The composite use of AMPs, AgNP and other
materials has become a new direction of research. However, the use of AMPs in combination with AgNP to optimize the
performance of anti-infective coatings has yet to be verified. Therefore, the goal is to overcome the shortcomings of existing
antimicrobial coatings and provide an efficient, reliable, and safe solution for preventing infections after oral metal implant
surgery. This study innovatively constructs a dual coating of AgNP-loaded AMPs. It focuses on the coating's cytocompatibility
and antimicrobial properties in the oral cavity. The study aims to provide a solid theoretical basis and experimental data to
support the clinical application of the coating in the oral cavity. This study has been approved by the hospital ethics committee.

Materials and Methods

Laboratory Materials

The AMPs selected for the study are GL13K, which is a novel AMP obtained by modification and optimization of natural
AMPs. Combining AgNP with GL13K enables them to maximize their antimicrobial properties, creating a composite material
with enhanced antimicrobial activity. This principle is consistent with findings showing that incorporating AgNPs into composite
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systems, such as AgNP-loaded PVA hydrogels, produces powerful bactericidal effects against both gram-positive and gram-
negative bacteria that surpass those of AgNPs applied individually [11-13]. The synthesis process of the two is shown in Fig.
1.

The work employs the self-assembly process to create positively charged nanofibers from the GL13K molecular structure,
as shown in Fig. 1. Then, it combines the negatively charged AgNP with positively charged GL13K nanofibers by using the
electrostatic attraction between positive and negative charges. Finally, the titanium-based surface is treated by alkaline
etching to form a coating by tightly binding it with GL13K and AgNP.

Synthesis of AgNP

Preparation of AQNP: AgNP is synthesized by chemical reduction method in the study. 0.1699g of silver nitrate solid is
dissolved in 10mL of deionized water and transferred to a 100mL volumetric flask to be fixed to formulate the silver source
solution with 0.1mol/L concentration. The solution of sodium borohydride reducing agent at a concentration of 0.1 mol/L, and
polyvinylpyrrolidone stabilizer at 0.005 g/mL are also configured in the same manner. Then, 0.1 mol/L silver ion solution is
added to the beaker and the reducing agent solution is added slowly while stirring. The reaction solution is placed in a
temperature-controlled water bath and reacted at 40°C for 30-60 mi [14, 15].The final AQNP solutions of 0.2 mg/mL, 1 mg/mL,
and 5 mg/mL are prepared
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Fig. 1: Schematic Diagram of the Complexation Process of AgNP with GL13K. Nanofibers form through the self-assembly of B-
folded structures. The surfaces of AgNPs carry negative charges and selectively bind to the polar end of GL13K through
electrostatic interactions. Finally, a composite structure of AgQNP nanofibers is formed, with AgNPs regularly distributed at the
polar ends of the fibers

GL13K solution preparation: A solution of 100 mg/mL is prepared by adding AMP GL13K to deionized water and stirring
until completely dissolved. Subsequently, 10 uL of GL13K is added to 990 uL of borax-sodium hydroxide buffer to prepare a
1 mg/mL solution of GL13K. Moreover, the dissolved AMP GL13K solution is filtered through a 0.45 uym aqueous filtration
membrane to remove insoluble matter to obtain a clarified AMP GL13K solution. Finally, the filtered AMP GL13K solution is
stored at 4°C to ensure the activity and stability of AMP [16, 17]. Finally, the prepared AgNP solution is mixed with GL13K
solution and stored at 4°C as well as at room temperature. It is self-assembled into nanofibers to form self-assembled
structures with antimicrobial activity.

Construction of AgNP-GL13K Coating

AgNP-GL13K complex coating: Pure titanium is first punched to make a titanium sheet, and sandpaper is used to smooth
it out. The titanium sheet is immersed in acetone and ultrasonically cleaned for 15 min to remove organic contaminants from
the surface. Subsequently, the cleaned titanium sheet is submerged in a sodium hydroxide solution with a pH of 9.8 for an
alkaline etching treatment. This treatment increases the roughness and activity of the titanium sheet's surface, which improves
adhesion of subsequent coatings. Finally, the cleaned titanium sheets are dried in an oven at 60°C. The finished AgNP-
GL 13K mixture is slowly added to the surface of the pretreated titanium sheets to ensure uniform adhesion [18]. Finally, the
titanium sheets are coated with the complex solution and dried naturally at room temperature, forming a stable AQNP-GL13K
coating.
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The materials and reagents used in this study include: silver nitrate (product number 7761-88-8, Guangdong Xianglong
Chemical), sodium borohydride (16940-66-2, Maoming Xiongda Chemical), polyvinylpyrrolidone (9003-39-8, Sigma Aldrich),
pure titanium sheet (TC4, Jiangsu Jiuming Special Steel), AMP GL13K (GKIIKLKASL-NH2, AAPPTEC USA), borax (1303-
96-4, Chengdu Zhongpeng Chemical), sodium hydroxide (1310-73-2, Anhui Jingyueguan New Materials), and acetone (119-
51, Hubei Keji Biopharmaceutical). To ensure the reliability and reproducibility of the experimental materials, all of the reagents
are sourced from well-known domestic and international manufacturers.

After the experiments are finished, morphological, structural, and elemental analyses are performed, followed by surface
property evaluations, to fully characterize the physicochemical properties. Morphological analysis: The micro-morphology of
AgNP-GL13K complex is observed with the help of Transmission Electron Microscope (TEM) to evaluate the distribution of
AgNP particles and GL13K nanofibers on the surface of titanium sheets. The titanium sheet microcosmography is also
observed with the help of Scanning Electron Microscope (SEM). Structural analysis: The secondary structure changes of
GL13K in the coating are analyzed using Circular Dichroism (CD) to evaluate its self-assembly behavior. Elemental analysis:
The elemental composition of the coating surface is analyzed by X-ray Photoelectron Spectroscopy (XPS) to confirm the
successful coating of AgNP and GL13K. Surface property assessment: The hydrophilicity of the coating surface is measured
using Water Contact Angle (WCA) to assess its effect on bacterial adhesion.

The experimental equipment mainly includes: magnetic stirrer (WH280-NH, Weigen Technology), centrifuge (TG16G,
Shandong Sanyi Instrument), constant temperature water bath (JZSY-100, Zhengzhou Jingzhong Instrument), ultrasonic
cleaning machine (SUI-230T, Shanghai Puyu Industry), CD spectrometer (Jasco J-815, Japan Jasco), X-ray photoelectron
spectrometer (Nexsa G2, Thermo Fisher), contact angle measuring instrument (CA200, Beidou Instrument), and vacuum
drying oven (ST-10N-60D, Shandong Sanyi Instrument).

In Vitro Antimicrobial Studies in a Static Environment

The antimicrobial activity of the coating against S. gordonii gram-positive streptococcus is firstly explored. S. gordonii is
selected as the research object, and it is inoculated on agar medium and statically incubated at 37°C for 6h to reach the
logarithmic growth period. Twelve coated titanium flakes with different temperature and concentration combinations are
obtained by combining 0.2 mg/mL, 1 mg/mL, and 5 mg/mL of AgNP solution with GL13K solution at 4°C and room temperature
conditions. Subsequently, cultured S. gordonii is co-incubated with the coated titanium sheets for a certain period of time to
evaluate the effect of the coating on bacterial activity. Adenosine triphosphate (ATP) fluorescence assay is chosen for the
study to detect the amount of ATP in bacteria to indirectly reflect the activity of bacteria. The ATP bioluminescence kit is used
to detect the ATP content in the samples according to the instructions. The Colony Forming Unit (CFU) counting method is
also used to determine CFU by plate counting method to directly reflect the number of live bacteria. The study is carried out
by diluting the samples appropriately after co-incubation, spreading them on agar plates and counting the CFUs after
incubation to directly assess the number of viable bacteria.

The study further selects Gram-negative bacteria P. aeruginosa, Methicillin-Resistant Staphylococcus Aureus (MRSA) for
more in-depth in vitro antimicrobial resistance studies. After the blood agar plates inoculated with bacteria are placed in an
incubator for 24h, single colonies of different strains of bacteria are formed on the plates. A certain number of single colonies
are selected from the recovered strains and inoculated into 5mL nutrient broth medium respectively. Moreover, the bacteria
are incubated overnight at 37°C and 180 rpm under an oscillating environment to reach the logarithmic growth phase. Finally,
the bacteria that have been cultured overnight are inoculated into a fresh nutrient broth medium at a ratio of 1:100. The
medium is then incubated at 37° C and 180 rpm in an oscillating environment until the OD600 reaches 0.6-0.8. The study is
set up with four kinds of control titanium sheets, 0.2 mg/mL AgNP titanium sheets, GL13K-4°C titanium sheets, 0.2
mg/mLAgNP-GL13K-4°C titanium sheets different coatings. CFU is used for bacterial enumeration.

Antimicrobial Properties in an in Vitro Simulated Oral Environment

To investigate the antimicrobial performance of AGNP-GL13K composite coated titanium sheets in a simulated oral
environment, this study sets up four different coatings, control titanium sheets, 0.2 mg/mL AgNP titanium sheets, GL13K-4°C
titanium sheets, and 0.2 mg/mLAgNP-GL13K-4°C titanium sheets, and simulated them in a drip-flow bioreactor. The early
colonization of bacteria is formed by culturing the S. gordonii strain (ATCC 10558). Meanwhile, P. aeruginosa (ATCC 27853)
is also used. These strains are immobilized in the reactor's channel, which is tilted to ensure uniform flow of the culture solution
through the sample. Subsequently, the bioreactor is heated with broth medium to 37°C to simulate oral temperature. Broth
medium at 37°C is pumped into the bioreactor at a flow rate of 0.25 mL/min with the help of a peristaltic pump to simulate the
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flow rate of oral saliva. The culture is continuously incubated for 48h under the condition of simulated saliva flow to promote
biofilm formation and further colonization of bacteria. At the end of the incubation the titanium slice samples are removed from
the bioreactor and gently rinsed with phosphate buffer to remove uncolonized bacteria [19]. The antimicrobial performance of
AgNP-GL13K composite-coated titanium sheets in a simulated oral environment was evaluated using the methodology of
static antimicrobial experiments as a reference.

In Vitro Antibacterial Activity Analysis

The in vivo biological environment involves complex physiological and immune responses. The study further evaluates
the antimicrobial performance of the coating against MRSA by establishing a rat model. Sprague-Dawley rats from the Animal
Experiment Center of Wuhan University are chosen as experimental animals to establish the MRSA infection model. First,
the culture of bacteria is completed with reference to the antimicrobial property study of MRSA in static environment in vitro.
Then, male rats of 10 weeks of age/weight 300-400 g are selected and individually acclimatized and fed for one week to start
the experiment, which is reviewed and approved by the Ethics Committee. The study sets up four different coatings: control
titanium sheet, 0.2mg/mL AgNP titanium sheet, GL13K-4°C titanium sheet, and 0.2mg/mLAgNP-GL13K-4°C titanium sheet.
Healthy, weight-adapted rats are selected for the experiment and randomly numbered after preoperative weighing. The
implant is sterilized according to experimental requirements to ensure the number and activity level of MRSA bacteria meet
those requirements. The anesthesia of the rats is completed by intraperitoneal injection of the animals, and the sterilized
samples are implanted into subcutaneous pouches. Moreover, the MRSA bacterial suspension is injected into the
subcutaneous pouch around the implant through an appropriate route. After completion of the procedure, the wound is sutured
and necessary postoperative care is given.

Five days after implantation, the rats are euthanized and the titanium pieces are removed. The pieces are then subjected
to bacterial staining and CFU analysis using appropriate methods, in accordance with animal ethics and experimental norms.
The surface of the titanium sheet is gently washed with sterile phosphate buffer after removal to remove impurities such as
blood and tissue fragments adhering to the surface. The cleaned titanium slice is immersed in 1 ml of sterile phosphate buffer,
ensuring that the titanium slice is completely submerged. The appropriate amount of stain is prepared according to the
live/dead bacterial staining kit instructions. The titanium slice is removed from the phosphate buffer and a drop of stain is
added to the surface of the titanium slice. Subsequently, incubation is performed according to the kit instructions to allow the
stain to fully bind to the bacteria on the surface of the titanium slice. Finally, a fluorescence microscope is used to observe the
fluorescence signal on the surface of the titanium slice.

Mesenchymal Stem Cell Culture

To investigate whether the coating affects host cell adhesion and proliferation, the study is performed to analyze
cytocompatibility. First, the culture of human bone marrow mesenchymal stem cells is established. In the study, high-sugar
DMEM was chosen as the basal medium for human bone MSCs. Moreover, 1 ng/mL of basic fibroblast growth factor is added
to promote cell proliferation and differentiation. Fetal bovine serum is added to a final concentration of 10% to provide nutrients
and growth factors for cell growth. The temperature of the incubator is maintained at 37°C and the humidity is kept at 70%-
80% to simulate the microenvironment of cell growth in vivo. First, the frozen storage tubes containing human bone marrow
mesenchymal stem cells are thawed by rapid shaking in a 37°C water bath. The appropriate amount of culture medium is
added and mixed well, and then centrifuged to remove the supernatant. Moreover, the cells are resuspended with culture
medium and transferred to culture dishes for overnight incubation. When the cell density reaches 80%-90%, passaging culture
is performed. Finally, the cells are inoculated on the surface of the samples, and the adhesion and spreading of the cells are
determined periodically.

Determination of Cell Proliferative Capacity

The study determines the amount of cell proliferation using CCK-8 kit. First, cells are inoculated into 96-well plates and
incubated at 37°C, 5% COz, and 90% humidity for a period of time to allow the cells to attach to the wall and proliferate.
Subsequently, 10 uL of CCK-8 solution is added to each well at the indicated time points. The incubation is also continued for
4h to allow WST-8 to be reduced by intracellular dehydrogenase. Finally, the absorbance value of each well is measured at
450 nm using an enzyme marker. Meanwhile, the detection wavelength of 450-490 nm and the reference wavelength of 600-
650 nm are determined in order to more accurately assess the cell proliferation.

Methods of Statistical Analysis
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The experimental data are processed and analyzed using SPSS 24.0 and Excel software. The measurement data are
presented as “meanzstandard deviation”. The study sets the significance level & = 0.05  when p<0.05, it means that the
difference is statistically significant. When p<0.01, it means that the difference is statistically significant. The Kolmogorov-
Smirnov (K-S) test is used for data that obeys a normal distribution, and a one-way ANOVA is used to compare differences
between groups. Levene's test for chi-square is used for outliers or non-normally distributed data from multiple samples. The
Dunnett T3 post hoc test is used to detect differences among groups. The K-S test method is primarily used to determine
whether experimental data is normally distributed, ensuring the appropriate statistical methods are selected in the future. The
Dunnett T3 test is used for pairwise comparisons of multiple sets of data, particularly when variances are heterogeneous.
However, when the data does not satisfy the homogeneity of variance assumption, that is, when the Levene test is significant,
the Dunnett T3 test is more suitable for handling such data because it does not rely on this assumption. The specific testing
process is as follows: First, normality testing is performed using the K-S test to determine if the data follows a normal
distribution. This helps decide if parametric or nonparametric testing should be used in the future. If the data are normally
distributed, perform a homogeneity of variance test using the Levene method. Then, use the Dunnett T3 post hoc test to
analyze intergroup differences.

Results

Nanofiber Characterization

The characterization of GL13K, AgNP-GL 13K complexes and their coatings are shown in Fig. 2. Figs. 2(a) and (b) indicate
that there is a significant difference in the self-assembly of nanofibers of GL13K at 4 °C and room temperature conditions.
Fig. 2(a) illustrates the long, twisted structure of the nanofibers, which are less than 50 nm. In contrast, under room
temperature conditions, the nanofibers are surrounded by more irregular nanosphere structures. Figs. 2(c) and (d) show that
AgNP is distributed on top of the GL13K self-assembled structure. In addition, the titanium sheet in Fig. 2(e) shows a porous
honeycomb structure after alkali etching, which creates a large number of microscopic holes or depressions. The surface
area of its structure is expanded, enhancing its adsorption capacity and reactivity. The uniform distribution of AQNPs and the
ordered structure of GL13K fibers promote the coating's efficient antibacterial performance. The precise positioning of the
AgNPs increases their likelihood of coming into contact with bacterial cells. Meanwhile, the fiber structure of the GL13K
provides a stable carrier and a synergistic antibacterial effect. The porous surface of the titanium sheet enhances both the
adhesion of the coating and the sustained release of antibacterial components. This significantly improves the sheet's ability
to inhibit bacterial biofilms.

Surface Chemistry

The CD spectra of GL13K and AgNP-GL13K complexes as well as the results of secondary structure analysis are shown
in Fig. 3. In Fig. 3(a), there is a significant difference in the CD spectra of different structures at 4°C and room temperature.
The temperature has an important effect on the formation and arrangement of its secondary structure. Fig. 3(b) shows the
estimation results of the secondary structures. The B-folding structure is higher in GL13K and AgNP-GL13K. However, at
lower temperatures, the molecular motion is slowed down. This favors the formation of more stable and ordered antiparallel
B-folded structures, accounting for more than 20%.

)

Fig. 2: Microscopic Characterization Image Analysis. (a) TEM image of GL13K self-assembled nanofibers at 4 ° C (scale: 200
nm). (b) TEM image of GL13K at room temperature, showing irregular nanosphere structure (scale: 100 nm). (c) Distribution of
AgNP on GL13K nanofibers (scale: 50 nm). (d) High resolution TEM image of AgNP-GL13K complex (scale: 20 nm). (e) The SEM
image of the titanium sheet surface after alkaline etching shows a porous honeycomb structure (scale: 5 pm). All images
represent at least 5 independent experiments
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Fig. 3: CD Spectra and Secondary Structure Analysis of GL13K and AgNP-GL13K Complexes at 4 °C and Room Temperature. (a)
Representative CD spectra of GL13K (blue) and AgNP-GL13K (red) at 4 °C. (b) Percentage of B-sheet content as determined by
spectral deconvolution. Data are shown as mean+SD (n=5). Statistical significance is assessed by unpaired t-test, p<0.05
compared to room temperature

In Vivo Testing

The XPS analysis results of AQNP-GL 13K coatings are shown in Table 1. The presence of Ag element can be detected in
different concentrations of AQNP coating and AgNP-GL13K coating. However, the Ag content and Ag/Ti ratio are relatively
low. Only the Ag/Ti ratio of the AQNP coating with 5 mg/mL reaches 0.15, indicating that the AgNP content in the coating is
not high. Nevertheless, the N/Ti and C/Ti values of GL13K and AgNP-GL13K coatings take a significant increase compared
to Ti and AgNP coatings. The presence and distribution of GL13K coating on the surface of titanium is confirmed.

The results of the WCA analysis of the AQNP-GL13K coating are shown in Fig. 4. In Fig. 4(a), the surface WCA of the
control Ti plate or the single AgNP coating is small, taking a value of about 20°, presenting a hydrophilic surface. As shown in
Fig. 4(b), the WCA of the AQNP-GL13K coating is approximately 90° -100° . This significantly improves the surface
properties of the titanium sheet, transforming it from hydrophilic to hydrophobic. The Ag/Ti ratio of all AGNP coating groups is
relatively low, indicating that the actual loading of AgNP in the coating is not high. This suggests that efficient antibacterial
activity can be achieved with low doses of AgNP through its synergistic effects with GL13K. This reduces the potential
cytotoxicity risks associated with high silver concentrations. The low content of Na, Si, and Cl elements usually has no
significant effect on the coating performance. As the coverage of organic coatings increases, the signal of the titanium
substrate itself (the proportion of Ti and O elements) weakens. This is consistent with the increase in coating coverage. The
presence of all three elements (Ag, N, and C) in the composite coating proves that the AQNP forms a composite structure
with the GL13K rather than being a simple physical mixture. This precise nanostructure formed through electrostatic self-
assembly is the key to exerting synergistic antibacterial effects. After the GL13K organic layer is successfully introduced, the
coating surface's chemical properties undergo fundamental changes. Forming hydrophobic surfaces reduces non-specific
protein adsorption and initial bacterial adhesion, which enhances the anti-biofilm performance of the coating.
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Fig. 4: WCA Analysis Results of Coatings. (a) Measurement of WCA (approximately 20 °) for the control group of titanium sheets
and a single AgNP coating. (b) Contact angle distribution (90 °-100 °) of AQNP-GL13K coating. Each measurement should be
repeated at least 5 times, and the data should be expressed as meantSD
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Table 1: XPS Analysis Results of Different Coatings

Group / Cls Nis Ols Nals Si2p Cl2p Ti2p Ag3d N/Ti CITi Ag/Ti
. Mean 10.28  0.49 50.83 856  0.19 0.26 19.70 118 0.05 0.38 0.00
|

SD 0.19 0.74 0.97 155  0.52 0.60 012 031 / / /

Mean 12.37  0.44 6166 7.98  0.99 0.25 16.37 042 002 071 0.01
0.2AgNP

SD 1.52 1.51 1.09 162  0.35 0.56 053 024 |/ / /

AGNP Mean 1116 0.80 5989 885  0.90 0.19 17.86 054 0.03 065 0.04

9 Sb 1.12 1.26 1.60 1.26 1.19 1.99 189 007 / / /

SAGNP Mean 1311  0.62 60.75 6.43 1.19 0.17 1440 298 0.03 087 0.15

g

SD 1.93 0.16 0.06 0.38 1.54 1.51 052 092 |/ / /

Mean 4875 11.62 2879 494 045 0.02 6.85 005 181 883 0.01
GL13K-4°C

SD 1.45 1.65 0.98 153  0.95 1.93 076  0.37 / / /

Mean 41.04 925 36.76  4.21 0.53 0.13 803 006 111 465 0.05
GL13K-RT

SD 0.27 1.38 0.12 032 021 1.16 132 178 |/ / /

0.2AgNP- Mean 39.08 975 3751 158 057 0.55 975 040 1.06 429 0.03

GL13K-4°C SD 1.58 0.99 1.09 1.01 179  0.37 146 034 |/ / /
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Fig. 5: In Vitro Antibacterial Activity Analysis. (a) Count of CFU of each coating under static cultivation (log10 converted data).
(b) ATP bioluminescence intensity (relative fluorescence unit, RLU). (c) Comparison of CFU of AgNP coatings with different
concentrations (0.2/1/5 mg/mL). (d) ATP activity inhibition rate of AgQNP-GL13K coating at different temperatures (4 °C and room
temperature). All data are presented as mean*SD (n=5). Using one-way ANOVA combined with Dunnett's post hoc test, * p<0.05
and * * p<0.01 indicate comparison with the control group
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Antibacterial Activity

The results of in vitro antibacterial activity analysis of S. gordonii by different coatings are shown in Fig. 5. In Fig. 5 (a)
and (b), the coating significantly reduces the CFU value of the bacteria (p<0.05). The single coating fails to significantly reduce
the CFU values of bacteria and the difference is not statistically significant (p>0.05). In Fig. 5(c) and (d), ATP luminescence
intensity has significant antibacterial activity. The difference is statistically significant (p<0.05) when compared with single
coating. This result indicates that the AQNP-GL 13K coating has significant antimicrobial effect against S. gordonii and is not
significantly affected by AGQNP concentration and coating temperature.

The results of in vitro antibacterial activity analysis of different coatings on P. aeruginosa and MRSA are shown in Fig. 6.
In Fig. 6(a), the uncoated control titanium sheet has more P. aeruginosa bacteria attached to it, with a CFU value of 108. In
contrast, the CFU value of P. aeruginosa bacteria on the single-coated titanium sheet is reduced to 106. After applying the
coating, the CFU value of P. aeruginosa bacteria on the titanium sheet decreases to fewer than 104. Meanwhile, Fig. 6(b)

shows that the antimicrobial properties of different coatings against MRSA bacteria exhibit a similar pattern. The coating has
certain antimicrobial advantages.
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The in vitro antimicrobial properties of 0.2 mg/mL AgNP loaded with GL13K at 4°C are studied and analyzed, and the
experimental results are shown in Fig. 7. The control titanium sheet shows mainly green fluorescence under the control
titanium sheet. Titanium sheets coated with AQNP-GL 13K exhibit a large amount of red fluorescence, while those coated with
AgNP exhibit a small amount. It can be concluded that the AQNP-GL 13K coating has superior in vitro antimicrobial properties.

Cytocompatibility Analysis

The cells are in normal physiological state under fluorescence microscope observation, and no stress reaction is triggered
by the coating material. Whereas the results of the quantitative cell proliferation test are shown in Fig. 8. The proliferation of
human bone marrow MSCs on different groups of coatings under different incubation times does not have a significant gap.
Moreover, the difference is not statistically significant (p>0.05). There is no effect of different coatings on the metabolic activity
of human bone marrow MSCs, and the coatings have good biocompatibility.
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Fig. 8: Analysis of Cell Proliferation Ability. The CCK-8 method is used to detect cell viability (OD450 nm) after 1, 3, and 5 days
of culture. The data is expressed as mean * SD (n = 6). There is no statistically significant difference between the groups (p>0.05,
mixed effects model)

Analysis of Antibacterial Activity in Vivo

In Fig. 9, the control titanium sheet has more MRSA bacteria attached to it with CFU values of 108 or more. In contrast,
the CFU value of MRSA bacteria on the single coated titanium sheet is reduced to 107. The amount of bacteria attached to
the single coating is reduced by a factor of 5-6. Whereas, the MRSA bacterial colonization of the coating is roughly around
104, which is about 100 times lower than the control coating. The coating has some in vivo antimicrobial advantages.
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Fig. 9: Analysis of Antibacterial Activity in Vivo. The data is displayed as meantSD (n=3). Statistical significance is evaluated
using Kruskal Wallis test (non parametric) combined with Dunn’s post hoc test. Compared with the uncoated control group, *
p<0.05, * * p<0.01
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Quantitative Analysis of Synergistic Effects

The microbroth dilution method is used for detection, and the MIC is used to evaluate and quantify the synergistic effects
of the research methods. The results are shown in Table 2. It can be observed that for Gram positive bacterium S. gordonii,
the MIC value of the coating (1.0+0.3 pg/mL) is reduced by 8 times and 16 times, respectively, compared to using AQNP alone
(8.0£1.2 pg/mL) and GL13K alone (16.0+2.4 yg/mL). For the Gram-negative bacterium P. aeruginosa, the MIC value of the
coating (4.0+0.6 pg/mL) is significantly lower than that of the individual components. The fractional inhibition concentration
index is calculated to be 0.28 (p<0.5), further confirming the strong synergistic effect between AQNP and GL13K. These results
are consistent with CFU and ATP detection data, indicating that the coating significantly improves antibacterial efficiency
through a synergistic mechanism.

Table 2: Quantitative results of synergistic effects

Group S. gordonii (ug/mL) P. aeruginosa (ug/mL)
AgNP single use 8.0+1.2 32.0+4.8
GL13K single use 16.0£2.4 64.0+9.6

AgNP-GL13K 1.0£0.3 4.0£0.6°

Note: * p<0.05 indicates comparison with a single group.
Discussion

Oral metal implant surgery was an important part of modern dentistry. It involved using metal implants to restore and
improve patients' oral function and aesthetics [20, 21]. However, postoperative infection remained a key factor that affected
both the success rate of surgery and the prognosis of patients. This issue deserved in-depth discussion by clinical experts. In
oral metal implant surgery, the formation of biofilm had a serious impact on the implant and its surrounding tissues. The unique
structure and composition of biofilms allow the bacteria within them to evade phagocytosis by host macrophages and resist
the penetration of antimicrobial drugs. A great deal of research has been conducted on the development of single antimicrobial
coatings. Although single-coated AMPs and AgNPs can reduce infection and inflammation to a certain extent and significantly
inhibit bacteria, they still have some defects and shortcomings. Some specific types of bacteria may be resistant to single
coatings. Prolonged or inappropriate use of a single coating may also lead to bacterial resistance. Moreover, some coatings
can be toxic to host cells, affecting cell function and survival. Therefore, researchers have started to explore the possibility of
combining the two. For example, Abdallah et al. used AgNPs in combination with nanocomposites [8]. Garibay-Alvarado et
al. used AgNPs in combination with hydroxyapatite [10]. Alghofaily et al. used AgNPs in combination with calcium hydroxide
to counteract Candida albicans infection [22]. In conclusion, the coatings demonstrated higher biosafety and antimicrobial
activity due to their synergistic effects. In addition, the study's uniqueness lay in its use of electrostatic self-assembly
technology to combine AgNP with GL13K. This technology achieves precise positioning at the nanoscale and significantly
improving antibacterial performance. Previous studies have studied coatings combining AgNP with hydroxyapatite [10].
Although the method exhibited good antibacterial properties, it primarily relied on physical mixing and did not fully exploit the
synergistic effects of AQNPs and AMPs. This study found that introducing GL13K improved the antibacterial effect of the
coating and reduced the cytotoxicity of AgNPs at high concentrations. This study's coating exhibited a broader spectrum of
antibacterial properties, particularly a stronger effect on Gram-negative bacteria, compared to the study by Abdallah et al. [8].

The stability results showed that GL13K formed stable nanofibers via a j -folding structure, which given it high stability
under physiological conditions. By contrast, some natural AMPs, such as LL-37, were easily degraded by proteases, which
resulted in poor stability when they were used in vivo. The GL13K protein formed a more stable 3-folding structure at lower
temperatures (4°C), helping it maintain its antibacterial performance when combined with AgNPs. The GL13K compound
exhibited good antibacterial effects against various common oral bacteria, including both Gram-positive and Gram-negative
bacteria. Compared with other AMPs, GL13K had a wider antibacterial spectrum. The combination of GL13K and AgNPs
achieved precise nanoscale positioning through electrostatic self-assembly technology, which significantly improved
antibacterial performance. This synergistic effect made GL13K superior to using AgNPs or GL13K alone in antibacterial
efficacy. LL-37 was a well-studied natural AMP. However, it was unstable under physiological conditions and easily degraded
by proteases. In contrast, GL13K exhibited better chemical stability by forming stable nanofibers through a 3-folding structure.
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HNP-1 was an AMP with good antibacterial activity against Gram-positive bacteria but poor activity against Gram-negative
bacteria. In summary, coatings could achieve more efficient antibacterial effects.

The mechanism of synergistic effect could be derived from this. First, AQNPs and GL13K were combined using
electrostatic self-assembly technology to precisely position the AgQNPs on the GL13K nanofibers. This combination not only
improved the distribution uniformity of AgNP, but also enhanced its contact efficiency with bacteria. Therefore, it could
significantly improve its antibacterial performance. AQNPs primarily damaged bacterial cell membranes and DNA by releasing
silver ions. GL13K, on the other hand, bound to bacterial cell membranes through its cationic properties, thereby disrupting
membrane integrity. Combining the two enhanced the antibacterial effect of AQNP, which increased the destructive effect of
GL13K on bacterial cell membranes, achieving synergistic antibacterial activity. In addition, GL13K could form a more ordered
antiparallel B-folding structure under low-temperature conditions. This structure enhanced the stability of GL13K and provided
a more stable binding site for AQNP. This maintained efficient antibacterial performance under physiological conditions. In
terms of biocompatibility, the nanofiber structure of GL13K could encapsulate AgNPs, thereby reducing their toxicity to cells
at high concentrations. This wrapping effect not only reduced the direct damage of AgNP to cells, but also improved the overall
biocompatibility of the coating. Meanwhile, coatings formed by electrostatic self-assembly had good surface properties and
biocompatibility. These coatings could better simulate the microenvironment of living organisms and promote cell adhesion
and proliferation. GL13K's cationic properties enabled it to interact with negative charges on the cell surface, thereby
enhancing the cell's adhesion ability.

The research results guaranteed the long-term stability and safety of oral implants, providing a theoretical basis and
technical support for developing efficient, safe, and durable antibacterial oral materials. However, the research has limitations
because it do not evaluate the coating's long-term durability, which may affect its clinical application feasibility. Therefore,
future research should include clinical translational studies that evaluate the effect of the coating's actual application in oral
implants. These studies should provide strong support for the clinical use of the coating.

Conclusion

A new dual-effect antibacterial coating was developed by combining GL13K and AgNPs through electrostatic self-
assembly technology. The experimental results showed that: 1) The coating exhibited significant antibacterial activity against
both Gram-positive and Gram-negative bacteria, including streptococcus pyogenes, pseudomonas aeruginosa, and MRSA.
The bacterial CFU were reduced by 100 times (p<0.05) compared to single component coatings. Moreover, the MIC was
reduced by 8-16 times. 2) The precise positioning of AQNPs was achieved using S -folded nanofiber structures, which solved
the problem of uneven distribution caused by traditional physical mixing methods. Additionally, low temperature (4 °C)
conditions could enhance structural stability. 3) Cell experiments confirmed that the coating did not affect the proliferation
activity of human bone marrow mesenchymal stem cells (p>0.05). This result overcome the problem of high concentrations
of AgNPs causing cytotoxicity. Compared to previous studies, these studies simply mixed AgNPs with materials such as
hydroxyapatite. This study aims to utilize the electrostatic interaction between the GL13K polar end and silver nanoparticles
to achieve nanoscale ordered assembly. This improves antibacterial efficiency, and prolong the reaction time. However, the
research has limitations because it did not evaluate the coating's long-term durability, which may affect its clinical application
feasibility. Therefore, future research should include clinical translational studies to evaluate the coating's actual application
effect in oral implants and provide strong support for its clinical use.
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