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Abstract: Antimicrobial peptide (AMP) coatings show potential in preventing 
implant-associated infections (IAI), but their effectiveness is frequently limited by 
enzymatic degradation and cytotoxicity at elevated densities. This study 
demonstrates that complete D-amino acid substitution of surface-grafted AMPs 
effectively addresses these shortcomings. Using a model antimicrobial peptide 
(DRAMP04195) covalently immobilized on titanium via strain-promoted azide-
alkyne cycloaddition (SPAAC), we compared the L- and D-peptide variants. At a 
high grafting density, Ti-D-80 achieves near-complete eradication of both S. aureus 
and E. coli (>99.99%), outperforming Ti-L-80. Scanning electron microscopy 
confirms membrane disruption as the primary antibacterial mechanism for both 
surfaces. Importantly, Ti-D-80 retains over 90% of its antibacterial activity after 
protease treatment, whereas Ti-L-80 is almost completely inactivated. Moreover, 
Ti-D-80 exhibits excellent biocompatibility, supporting cell adhesion and 
proliferation comparable to that of pristine titanium, in contrast to the cytotoxicity 
observed with Ti-L-80. These findings establish D-amino acid substitution as an 
effective strategy to simultaneously enhance enzymatic stability, antibacterial 
potency, and biocompatibility of AMP-functionalized implants, providing a robust 
approach for designing durable and tissue-compatible antimicrobial interfaces. 

 Keywords: antimicrobial peptides; D-amino acid substitution; titanium implant; 
surface grafting; biocompatibility 

1. Introduction 

Titanium implants are extensively employed in orthopedic and dental implants owing to their favorable 
mechanical properties, corrosion resistance, and biocompatibility [1]. However, their inherent bio-inert nature 
renders the surfaces prone to bacterial colonization, which can lead to implant-associated infections (IAIs), a 
significant clinical complication [2,3]. Upon adhesion to the implant surface, pathogenic bacteria secrete 
extracellular polymeric substances that facilitate biofilm formation [4]. These biofilms act as a protective barrier, 
hindering antibiotic penetration and leading to persistent infections that are resistant to both host immune defenses 
and conventional antimicrobial therapies [5]. Managing such infections often requires revision surgeries, imposing 
substantial economic burdens on healthcare systems [6,7]. 

Current preventive measures against IAIs predominantly rely on systemic or localized antibiotic delivery [8]. 
However, the rising prevalence of multidrug-resistant bacteria, combined with the short half-life and potential 
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systemic toxicity of many antibiotics, has markedly limited their long-term efficacy [9,10]. Alternative antibacterial 
coating strategies, such as those based on metallic ions [11,12] or antibiotics [13–15], are frequently hampered by 
issues like cytotoxic side effects. Consequently, there is an urgent need to develop surface modification approaches 
that can confer durable, stable, and non-resistance-inducing antibacterial properties to titanium implants. 

Antimicrobial peptides (AMPs) have attracted considerable interest as next-generation therapeutic agents due 
to their unique structural features and distinct mechanisms of action against pathogens [16]. Their capacity to 
disrupt microbial membranes and target intracellular components, while minimizing the risk of inducing bacterial 
resistance, makes them particularly appealing for biomedical applications [17,18]. In recent years, immobilizing 
AMPs onto titanium surfaces to create localized antibacterial interfaces has been widely explored [19–22]. 
However, most natural and synthetic AMPs are composed of L-amino acids, which are susceptible to degradation 
by host and bacterial proteases in physiological environments. However, most natural and synthetic AMPs are 
composed of L-amino acids, which are susceptible to degradation by host and bacterial proteases in physiological 
environments [23,24]. 

To address this limitation, the strategy of constructing all-D-amino acid-substituted AMPs has emerged as a 
promising solution. Owing to the chiral specificity of proteases, which preferentially cleave L-peptide bonds, D-
AMPs—with their inverted stereo configuration—exhibit remarkable resistance to enzymatic hydrolysis and 
demonstrate superior proteolytic stability [23–25]. Solution-phase studies have confirmed that D-AMPs maintain 
potent antibacterial activity in the presence of proteases or serum, whereas their L-counterparts are rapidly 
inactivated [23]. This provides a strong rationale for their application in biomedical surface engineering. While 
recent studies have successfully grafted D-AMPs onto aluminum surfaces and demonstrated their antibacterial 
activity [26], critical questions remain unresolved regarding both the comparative efficacy of equally dense L- and 
D-AMP coatings and the retention of enzymatic stability after surface immobilization. Furthermore, the differential 
effects of D-AMP- and L-AMP-modified surfaces on cellular adhesion and proliferation have not been investigated. 
Addressing these specific gaps is essential to advance D-AMP-based coatings toward clinical translation. 

In this study, we selected a model peptide (DRAMP04195, sequence Lys-Lys-Leu-Leu-Lys-Lys-Leu-Leu-
Lys-Trp-Leu) with documented antibacterial activity from the DRAMP database [27,28]. The peptide was 
functionalized with an N3–PEG12 linker at its N-terminus, while the titanium surface was grafted with DBCO-
silane. Covalent immobilization was achieved via strain-promoted azide-alkyne cycloaddition (SPAAC). By 
comparing the antibacterial performance, enzymatic stability, and biocompatibility of surfaces grafted with the D-
substituted peptide and its native L-form, this work aimed to provide evidence for developing robust surface 
functionalization strategies based on D-amino acid-substituted antimicrobial peptides. 

2. Materials and Methods 

2.1. Materials 

Pure titanium (Ti) sheets were supplied by Hebei Shengyuan Metal Co., Ltd. (Cangzhou, China). Sodium 
hydroxide (NaOH) was purchased from Guangzhou Chemical Reagent Factory (Guangzhou, China). The silane 
coupling agent modified with DBCO-PEG3.4k (DBCO-sil) was sourced from Posure Biotechnology (Shanghai, 
China). Peptides were synthesized and provided by QYAOBIO (Shanghai, China). The Micro-BCA protein assay 
kit was obtained from Thermo Fisher Scientific (Rockford, IL, USA). The bacteria Staphylococcus aureus (S. 
aureus, ATCC 6538p) and Escherichia coli (E. coli, ATCC 8739) were obtained from the Guangdong Microbial 
Culture Collection Center (GDMCC). The L929 cell line was sourced from Procell Life Science & Technology 
Co., Ltd. (Wuhan, China). Proteinase K was purchased from Macklin Inc. (Shanghai, China). The CCK-8 reagent 
was obtained from Dojindo Laboratories (Kumamoto, Japan). The cytoskeletal staining dye FITC-labeled 
phalloidin was acquired from AAT Bioquest (Pleasanton, CA, USA), and DAPI was obtained from Beyotime 
Biotechnology (Nantong, China). 

2.2. Surface Grafting 

Pure titanium sheets (1 × 1 cm2) were ultrasonically cleaned sequentially in anhydrous ethanol and water for 
5 min each, then dried with N2. The titanium sheets were immersed in 1 mL of 5M NaOH solution and subjected 
to alkali treatment at 60 °C for 24 h. Subsequently, the sheets were ultrasonically cleaned with deionized water 
twice, for 2 min each time. Then, 0.5 mg/mL DBCO-PEG3.4k-Silane (in 95% ethanol) was added for grafting at 
room temperature for 24 h, followed by curing at 100 °C for 30 min. After washing with deionized water and 
drying with N2, the silanized samples (Ti-S) were obtained. Peptide solutions at different concentrations were 
prepared using deionized water. The samples were immersed in the peptide solutions for grafting at room 
temperature for 6 h, then ultrasonically cleaned and dried with N2 to obtain the peptide-grafted samples. The 
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following peptide sequences were used: L-peptide, with the sequence N3-PEG12-KKLLKKLLKWL (designated 
as L), and its D-amino acid substituted counterpart, N3-PEG12-kkllkkllkwl (designated as D). The corresponding 
grafted surfaces were designated as Ti-L and Ti-D, with the suffix (-X) indicating the grafting concentration (μM). 

2.3. Peptide Quantification 

Peptide density on the surface was quantified using a Micro-BCA kit (Thermo Fisher Scientific, Rockford, IL, 
USA). The working solution was prepared with a ratio of MA:MB:MC = 25:24:1. The reaction system consisted of 
150 μL of sample and 150 μL of BCA working solution, which was sealed and incubated in a constant temperature 
shaker at 37 °C and 85 rpm for 2 h. The standard curve was established using peptide solutions ranging from 3.75 to 
120 μM. Deionized water was used as the sample solution for surface quantification. The surface peptide grafting 
amount was calculated based on the peptide concentration-OD value standard curve. The surface grafting density 
was determined using the following procedure. (1) The peptide-specific signal correction: ODPeptide = ODSample − ODTi-S. 
All measured OD values, including both the standard curve and the samples, were first corrected by subtracting 
ODBlank (a mixture of aqueous solution and Micro-BCA working reagent). (2) Concentration conversion: The 
corrected OD value was then converted to the corresponding peptide concentration (C, in μM) using the established 
standard curves. (3) Peptide density calculation: Peptide density (molecules/nm2) = (Na × C × V)/S, where Na is 
Avogadro’s constant (6.022 × 1023 /mol), V is the peptide solution volume (150 μL), and S is the surface area of 
the substrate (1 cm2). 

2.4. Antibacterial Activity in Solution 

Peptide solutions and bacteria (S. aureus ATCC6538p and E. coli ATCC8739) were co-incubated in PBS 
(pH 7.4), with final peptide concentrations of 0, 2, 5, 10, 15, 20, 25, and 30 μM, and a bacterial concentration of 
106 CFU/mL. After incubation for 2 h, the mixtures were serially diluted and plated for colony counting. The 
specific definitions and calculations are as follows: Bacterial viability (%) = (CFUSample/CFUControl) × 100%, 
Antibacterial rate (%) = 100% − Bacterial viability (%), where the Control group refers to the condition where no 
peptide was added (0 μM). 

2.5. Antibacterial Activity of Surfaces 

S. aureus (ATCC6538p) and E. coli (ATCC8739) were diluted with PBS to obtain bacterial suspensions at 
106 CFU/mL. 10 μL of the bacterial suspension was dropped on the samples and incubated for 2 h. After serial 
dilution with PBS, the solutions were spread onto agar plates for colony counting. The antibacterial rate was 
determined as described previously, with the Ti group serving as the Control. 

2.6. Enzymatic Resistance 

Proteinase K (100 μg/mL) was prepared in PBS (pH 7.4) and co-incubated with the samples for 30 min. The 
samples were then washed twice with PBS, inactivated at 95 °C for 30 min, ultrasonically cleaned with deionized 
water for 2 min, and dried with N2. The surface antibacterial activity test was then performed as described above. 

2.7. Bacterial Morphology 

10 μL of bacterial suspensions (107 CFU/mL, S. aureus and E. coli) were dropped onto the sample surfaces 
and incubated for 2 h. The samples were fixed with 2.5% glutaraldehyde, followed by gradient dehydration with 
anhydrous ethanol. Finally, tert-butanol was added, and the samples were freeze-dried. After sputter-coating with 
gold for 60 s, the samples were observed by scanning electron microscope (SEM, Merlin, Zeiss, Germany) at a 
magnification of 20,000×. 

2.8. Biocompatibility 

Samples (1 × 1 cm2) were placed in 24-well plates and sterilized overnight under UV light. After moistening 
the samples with DMEM culture medium (10%FBS), L929 cells were seeded at 104 cells per well and co-cultivated 
(37 °C, 5% CO2) for 1, 3, and 5 days, with the medium changed on day 3. The samples were then transferred to a 
new 24-well plate. A CCK-8 working solution was prepared by mixing CCK-8 reagent and culture medium at a 1:10 
ratio. 300 μL of the working solution was added to each well, and the plates were incubated in the cell culture 
incubator for 2 h. Then, 100 μL of the culture medium from each well was taken to measure the OD value at 450 nm. 
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2.9. Cytoskeleton Staining 

Following the same procedure described above, cells were seeded on the samples. Samples co-cultured with 
L929 for 1, 3, and 5 days were fixed with 4% paraformaldehyde, permeabilized with Triton X-100 for 8 min, 
stained with Phalloidin-FITC solution for 1 h, and then stained with DAPI for 8 min. PBS washes were performed 
between each step. Cell morphology was observed and imaged using a fluorescence microscope (DM6M, Leica, 
Germany) with 420/488 nm filters. 

2.10. Statistical Analysis 

Data were presented as mean ± SD (n ≥ 3). Statistical significance was determined by two-tailed Student’s t-
test using Excel and Origin 8.0.2 software, and was defined as follows: * denoted p < 0.05, ** denoted p < 0.01, 
*** denoted p < 0.001; NS indicates not significant. 

3. Results 

3.1. Preparation and Characterization of Peptide Functionalized Titanium Surfaces 

First, L- and D-peptides were covalently immobilized onto titanium substrates via strain-promoted azide-
alkyne cycloaddition (SPAAC), generating Ti-L and Ti-D surfaces, respectively (Figure 1a). Then, the surface 
peptide density was quantified using a Micro BCA assay. Calibration curves for both peptides showed nearly 
identical slopes with excellent linear correlation (R2 > 0.98, Figure 1b). Over the tested concentration range of 10 
to 80 μM, the grafted peptide density increased proportionally with concentration (Figure 1c). At the highest 
concentration of 80 μM, the Ti-L and Ti-D surfaces exhibited comparable grafting densities of 28.13 ± 2.55 
molecules/nm2 (9.52 μg/cm2) and 27.70 ± 1.30 molecules/nm2 (9.37 μg/cm2), respectively (Figure 1c). 

 

Figure 1. Preparation and characterization of peptide functionalized titanium surfaces. (a) Schematic illustration 
of surface functionalization via strain-promoted azide-alkyne cycloaddition (SPAAC). (b) Micro-BCA calibration 
curves for L- and D-peptides (n = 4). (c) Quantified peptide grafting densities on surfaces prepared at varying 
peptide concentrations (n = 4). 
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3.2. Antibacterial Activity of the Peptide Functionalized Titanium Surfaces 

The antibacterial activity of the L-peptide and its all-D-amino acid substituted analogue (D-peptide) was 
evaluated in solution against Gram-positive S. aureus and Gram-negative E. coli to determine the effect of chiral 
inversion. As depicted in Figure 2a, a concentration-dependent increase in antibacterial rate was observed for both 
peptides. Comparative analysis revealed that the D-peptide possessed markedly enhanced potency. Against S. 
aureus, a 99.99% bactericidal rate was attained by the L-peptide at 25 μM, whereas the D-peptide achieved the 
same efficacy at 15 μM. In the case of E. coli, the L-peptide inhibited 96.21% of bacterial growth at 30 μM. In 
contrast, the D-peptide demonstrated 97.73% inhibition at 15 μM and complete (99.99%) inhibition at 30 μM. 
These findings indicated that complete D-amino acid substitution substantially increased the antibacterial potency 
of the peptide, enabling broad-spectrum pathogen eradication at reduced concentrations. 

 

Figure 2. Antibacterial Activity of peptide functionalized titanium surfaces. (a) Dose-dependent antibacterial 
activity of L- and D-peptides in solution against S. aureus and E. coli (n = 3). (b) Antibacterial activity of surfaces 
functionalized at different peptide reaction concentrations against S. aureus and E. coli (n = 3). (c) Antibacterial 
activity of surfaces with varying peptide grafting densities against S. aureus and E. coli (n = 3). (d) SEM 
morphology of S. aureus and E. coli following incubation on indicated surfaces (scale bar = 1 μm). * Denoted p < 
0.05, ** denoted p < 0.01, *** denoted p < 0.001. 

Antibacterial assessment across surfaces with varying peptide reaction concentration revealed a clear dose-
dependent enhancement in bactericidal activity. At the highest peptide reaction concentration (80 μM), Ti-L 
surfaces achieved 86.18% inhibition against S. aureus and 90.59% against E. coli, whereas Ti-D surfaces showed 
near-complete eradication (>99.99%) against both strains (Figure 2b). The correlation between peptide grafted 
density and antibacterial activity (Figure 2c) further confirmed that higher peptide loading consistently 
strengthened bactericidal effects. Notably, at comparable surface densities (>20 molecules/nm2), Ti-D surfaces 
exhibited significantly superior antibacterial performance relative to Ti-L, consistent with trends observed in 
solution. These results demonstrated that the D-peptide retained higher antibacterial activity than its L-counterpart 
even after surface immobilization, and that the SPAAC-based grafting strategy effectively preserved the bioactive 
function of the peptides. 
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Furthermore, scanning electron microscopy (SEM) was employed to investigate the morphological 
alterations in S. aureus and E. coli following co-incubation with the substrates (Figure 2d). Bacteria grown on 
control surfaces of Ti and Ti-S exhibited typical and healthy growth characteristics. S. aureus appeared as smooth, 
spherical cells, whereas E. coli displayed a regular rod-shaped morphology. These bacteria were plump, uniform 
in size, and showed signs of normal binary fission, indicating active log-phase growth and confirming that the 
surfaces had no inherent growth-inhibitory or toxic effects. In contrast, on Ti-L-80 and Ti-D-80 surfaces, both 
bacterial species showed clear evidence of membrane stress and damage. Compared with the controls, S. aureus 
lost its rigid cell wall architecture and underwent irregular shrinkage accompanied by leakage of intracellular 
contents. More notably, E. coli exhibited marked morphological alterations, including significantly reduced cell 
length and the appearance of a characteristic central constriction that transformed the rods into a disk-like shape. 
This morphology strongly suggests a surface-mediated membrane damage mechanism [29]. Following disruption 
of membrane integrity by the antimicrobial peptides, efflux of cytoplasmic components combined with influx of 
external medium likely caused collapse of the cell envelope due to loss of turgor pressure. Collectively, these 
observations demonstrated that the primary antibacterial mechanism of both Ti-L and Ti-D surfaces operated 
through the disruption of bacterial membrane integrity. 

3.3. Enzymatic Stability of Peptide Functionalized Titanium Surfaces 

Enzymatic stability was a critical determinant for the functional longevity of antimicrobial surfaces in 
complex physiological environments. Theoretically, peptides composed entirely of D-amino acids should show 
superior resistance to proteolysis due to the strict chiral specificity of proteases. To validate this advantage on 
immobilized peptides, we treated the functionalized titanium surfaces with proteinase K and reassessed their 
antibacterial efficacy (Figure 3a). The results provided compelling quantitative support for the theory 
(Figure 3b,c). For the Ti-L-80 surface, proteinase K treatment caused an almost complete loss of function, where 
antibacterial rates dropped from 86.18% to 2.72% against S. aureus and from 90.59% to 4.40% against E. coli. 
This abrupt inactivation confirmed the high susceptibility of surface-tethered L-peptides to enzymatic degradation. 
In stark contrast, the Ti-D-80 surface showed remarkable stability. After identical protease treatment, it retained high 
antibacterial activity, with rates reaching 94.55% against S. aureus and 90.03% against E. coli. This pronounced 
functional preservation directly demonstrated that D-amino acid substitution effectively conferred protease resistance 
to surface-immobilized peptides, ensuring their antibacterial potency in enzyme-rich environments. 

 

Figure 3. Enzymatic stability of peptide-functionalized titanium surfaces. (a) Schematic diagram of the enzymatic 
stability experiment. Antibacterial efficacy of surfaces following proteinase K treatment against (b) S. aureus and 
(c) E. coli (n = 3). *** denoted p < 0.001. 

3.4. Biocompatibility of Peptide Functionalized Titanium Surfaces 

The antibacterial results indicated that surfaces grafted with peptide concentrations below 40 μM lacked 
significant antibacterial activity (Figure 2b). Accordingly, only samples functionalized at 40, 50, and 80 μM were 
selected for biocompatibility assessment using L929 cells. CCK-8 results indicated a clear dependence of cellular 
response on both peptide type and surface density (Figure 4a–c). For Ti-L surfaces, increasing the grafting density 
from 40 to 80 μM progressively reduced biocompatibility. Specifically, on days 1, 3, and 5, compared with Ti, the 
CCK-8 OD values for Ti-L-80 decreased by 27.54%, 7.01%, and 7.21%, respectively (Figure 4a–c). The number 
of cells on Ti-L-80 was also visibly lower than on Ti (Figure 4d). In contrast, Ti-D surfaces exhibited 
biocompatibility comparable to Ti. Relative to Ti, on days 1, 3, and 5, the CCK-8 OD values for Ti-D-80 were 
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1.11-, 1.08-, and 1.04-fold, respectively (Figure 4a–c). Ti-D also demonstrated improved biocompatibility 
compared to Ti-L. For example, compared to Ti-L-80, the CCK-8 OD values for Ti-D-80 on days 1, 3, and 5 were 
1.53-, 1.16-, and 1.12-fold, respectively (Figure 4a–c). Furthermore, cell morphology observations from day 1 to 
day 5 revealed that Ti-D surfaces supported more cells than Ti-L surfaces. Even at the highest grafting density  
(80 μM), cells on Ti-D maintained favorable morphology and adhesion, with no significant reduction in cell 
number or proliferation compared to Ti, confirming the excellent biocompatibility of Ti-D across all tested 
conditions (Figure 4d). 

 

Figure 4. Biocompatibility of peptide functionalized titanium surfaces. Viability of L929 cells co-cultured with the 
indicated surfaces assessed by CCK-8 assay after (a) 1 day, (b) 3 days, and (c) 5 days of culture (n = 5). (d) 
Corresponding cell morphology images. Cells were stained with Phalloidin-FITC and DAPI and observed by 
fluorescence microscope (scale bar = 250 μm). * Denoted p < 0.05, ** denoted p < 0.01, *** denoted p < 0.001. 

Together, these findings demonstrated that complete substitution with D-amino acids effectively reduced the 
cytotoxicity associated with high densities of L-peptide, thereby substantially enhancing the overall 
biocompatibility of the functionalized surface. 

4. Discussion 

This study compared the antibacterial performance and biocompatibility of L-peptides and their fully D-
substituted counterparts (D-peptides), both in free solution and after surface grafting. The results showed that 
complete D-amino acid substitution markedly enhanced the antibacterial activity of the original L-peptide against 
both S. aureus and E. coli, whether in solution (Figure 2a) or after surface grafting (Figure 2b). Consistent with 
previous reports, the effect of D-substitution on antibacterial activity depended on the mechanism of the antimicrobial 
peptide. D-substitution generally maintained the activity of peptides that act via nonspecific membrane disruption, 
such as KWKKLLKKPLLKKLLKKL [30], KKLLKLLKLLL [31], and FLPLIGRVLSGIL [32], whereas it often 
reduced the activity of peptides that rely on stereospecific target binding, exemplified by Bac(1–17) [33]. It was 
also worth noting that selective D-substitution at individual residues can further modulate antibacterial activity by 
altering peptide conformation [34]. Furthermore, our results demonstrated that D-substitution did not compromise 
the bacterial membrane-disruptive mechanism of the peptide (Figure 2d), thereby retaining its ability to evade 
conventional resistance mechanisms. 

In addition to its influence on antibacterial performance, D-substitution significantly improved proteolytic 
stability (Figure 3). This characteristic was critical for extending functional durability under physiological conditions 
and represents a key factor in enhancing the therapeutic potential of peptide-based coatings [35,36]. For bone-titanium 
implants, long-term in vivo stability of antimicrobial coatings is essential to clinical translation [6,37]. Without 
sufficient resistance to endogenous proteases, surface coatings degrade rapidly, resulting in transient antibacterial 
activity that permits biofilm formation and infection recurrence [38]. The use of D-amino acids directly addresses 
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this limitation by conferring pronounced protease resistance, thereby aligning peptide durability with the long-
term functional demands of orthopedic implants [39,40]. 

For antimicrobial peptide-functionalized surfaces, achieving favorable biocompatibility remained a major 
challenge due to the high local density of peptides. Our results showed that L-peptide-functionalized surfaces (Ti-
L) indeed exhibited certain cytotoxicity (Figure 4), which may hinder tissue regeneration. In contrast, D-
substituted antimicrobial peptides in this work demonstrated excellent biocompatibility (Figure 4). The Ti-D-80 
surface supported a cell density comparable to that on the pristine Ti control, which was significantly higher than 
that on the Ti-L-80 surface. According to previous reports, this improvement could be attributed to the ability of 
D-substitution to modulate peptide helicity and amphipathicity, thereby reducing toxicity [34,41]. Additionally, 
the mirror-image conformation of D-peptides helped them evade stereospecific recognition by eukaryotic cellular 
systems, avoiding bio-derived toxicity [42,43]. Nevertheless, the precise molecular mechanisms underlying these 
effects required further investigation. 

Collectively, by simultaneously enhancing antibacterial efficacy, improving resistance to enzymatic 
degradation, and promoting biocompatibility, D-substitution broadens the therapeutic window of antibacterial 
surfaces. This integrated approach offers a promising design strategy for implant coatings that effectively balance 
strong antibacterial protection with favorable host tissue compatibility. 

5. Conclusions 

The surface immobilization of D-amino acid-substituted antimicrobial peptides onto titanium implants 
produced interfaces with significantly improved performance. Compared with conventional L-peptide coatings, 
the Ti-D surface not only exhibited potent broad-spectrum antibacterial activity through a membrane-disruptive 
mechanism and demonstrated strong resistance to enzymatic degradation, but also maintained excellent 
biocompatibility even at high grafting densities. Together, these properties established D-amino acid substitution 
as an effective molecular strategy for designing implant surfaces that combined robust, long-lasting antibacterial 
protection with enhanced compatibility toward host tissues, thereby advancing the development of infection-
resistant biomedical interfaces. 
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