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A B S T R A C T

An icariin/polytrimethylene carbonate (ICA/PTMC) composite coating was constructed on the surface of plasma 
electrolytic oxidized (PEO) AZ31 alloy, followed by chemical grafting of antimicrobial peptides (AMPs). The PEO 
coating served as a corrosion-resistant framework, while ICA—a flavonoid compound extracted from the 
traditional Chinese herb Epimedium—was physically encapsulated with PTMC. ICA can promote bone healing via 
the Wnt/β-catenin pathway. The outermost layer was functionalized with chemically grafted AMPs to mitigate 
infection risks following magnesium alloy bone implantation. Results demonstrated that nitrogen (N) element 
was detected in the coating by EDS and XPS, and FT-IR spectroscopy revealed the characteristic C––O stretching 
peak of flavonoids, confirming the successful loading of AMPs and ICA. Compared with bare AZ31 (i꜀oᵣᵣ = 2.57 ×
10− 5 A/cm2) and PEO coating (1.61 × 10− 6 A/cm2), the PEO-P@I-A coating exhibited a much lower corrosion 
current of 1.54 × 10− 9 A/cm2 and an impedance modulus exceeding 107 Ω cm2 at 10− 2 Hz. During 21 days of 
immersion in SBF, the system effectively retarded the degradation rate, with a hydrogen evolution rate of 0.036 
mL cm− 2⋅day− 1. In vivo implantation experiments showed stable degradation of the implant within 8 weeks, as 
evidenced by X-ray and Micro-CT imaging that revealed no gas-induced cavities or osteolysis, with active new 
bone formation and good osseointegration; no signs of infection were observed. The incorporation of AMPs 
endowed the coating with superior antibacterial activity during the early implantation stage. This anti-infection 
function, together with the sustained release of ICA from the underlying layer, synergistically created a favorable 
microenvironment that supported osteogenic, angiogenic, and anti-inflammatory effects, ultimately promoting 
bone regeneration. This study provides a novel strategy for the surface modification of degradable magnesium- 
based bone implants, holding promising application prospects.

1. Introduction

Mg and its alloys are widely considered to be potentially revolu
tionary materials for orthopaedic implants, owing to their biodegrad
ability, biocompatibility, and ideal Young's modulus (approximately 45 

GPa), which closely matches that of natural cortical bone [1–5]. 
Significantly, a growing body of evidence has been suggesting that Mg 
ions released by Mg-based bone implants can stimulate bone regenera
tion and hasten healing [6–8]. The primary barrier to the clinical 
application of Mg and its alloys is their high reactivity within 
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physiological environment [9,10]. Rapid degradation results in swift 
loss of mechanical integrity, production of excessive hydrogen, creation 
of a local alkaline environment, and accumulation of corrosion products, 
all of which can negatively affect bone-tissue repair to varying degrees 
[11]. An ideal absorbable bone implant must strike an optimal balance 
between mechanical stability, fracture healing, and degradation [12,
13]. From the standpoint of the interplay between mechanical stability 
and degradation, the implant's degradation rate should be low during 
the initial three to six months, while its mechanical stability should be 
high to support bone healing [14]. During fracture healing, inflamma
tion and hematoma formation start within 1-7 days, leading to the 
development of granulation tissue. Within 2 to 4 weeks, cartilage 
emerges from the granulation tissue and subsequently transforms into a 
hard callus over the following 2 to 4 months, establishing a stable 
structure around the fracture site. Over several months to years, the 
mineralized callus gradually regenerates, ultimately forming a structure 
that closely resembles the original bone morphology [15–17].

Consequently, Mg-based bone implants should exhibit an appro
priate degradation rate to align with the support needed for bone-tissue 
healing (the specific duration varies depending on the implant site and 
condition of adjacent soft tissues, among other factors) [18,19]. 
Concurrently, they should sequentially exhibit multiple functions such 
as early antibacterial effects and mid-to-late osteoinduction, and meet 
the clinical application requirements of the bone-repair process [20,21]. 
Currently, achieving such temporally coordinated functions for 
Mg-based bone implants remains at an early stage of development [22,
23]. From the perspective of complete temporal and spatial interactions 
between Mg-based bone implants and the human environment, and in 
response to clinical application requirements, constructing multi-level 
composite coatings is the main development trend for the future [24]. 
This involves, on the basis of slowing down the rapid degradation of the 
base material, achieving spontaneous sequential functional switching of 
early antibacterial effects and subsequent osteoinduction [25].

Constructing a multi-functional composite coating on Mg surface is 
an effective strategy to achieve this goal. Top-down sequential degra
dation coating is a surface-modification method that has emerged in the 
recent years. Its design concept is to build a multi-level structure on the 
Mg surface to achieve multi-functionality: selecting pre-treatment 
methods to enhance the corrosion resistance of the system and modify 
the surface, promoting the subsequent coating deposition; and con
structing a gradient coating with special biological functionality on the 
surface of the pretreatment layer [26]. The plasma electrolytic oxidation 
(PEO) process is a relatively simple technique that utilizes aqueous 
electrolytes and generates significantly less hazardous waste compared 
to conventional anodizing or chemical conversion coatings, making it an 
environmentally friendly pretreatment method. [27–29]. This technol
ogy uses high voltage to create controllable in-situ grown ceramic layers 
on the surface of Mg alloys, which exhibit strong substrate bonding and 
good corrosion resistance [30]. Simultaneously, the addition of appro
priate elements (such as calcium, phosphorus, and strontium) to the 
electrolyte effectively promotes the proliferation and differentiation of 
bone-related cells. However, the high porosity of the PEO coating pro
vides a penetration channel for corrosion ions, which is not conducive to 
the long-term protection. Modifying the PEO surface with multiple 
components and facilitating interactions among the components to 
enhance the performance of the system are key challenges faced by the 
sequential-degradation coatings [31,32].

Polytrimethylene carbonate (PTMC) is a biodegradable medical 
material with good biocompatibility and surface-erosion characteristics. 
In particular, its surface-erosion mode is more conducive to the long- 
term corrosion control of Mg alloys [33,34]. PTMC can be used as a 
drug carrier for local administration. Icariin (ICA) is a typical flavonoid 
compound isolated from epimedium, which has multiple biological ef
fects such as anti-inflammatory, antibacterial, and anti-cancer effects 
and promotes bone formation, which can regulate bone homeostasis. 
Bone homeostasis primarily reflects three balances based on 

osteogenic/adipogenic differentiation of bone marrow mesenchymal 
stem cells (BMSCs): skeletal-immune balance, oxidation-antioxidation 
balance, and iron metabolism balance. ICA, as one of the common 
components of traditional Chinese medicine, exhibits fewer adverse 
reactions and has been studied for its application in scaffold implanta
tion [35–42]. In addition, ICA can promote angiogenesis and migration 
of BMSCs through multiple signalling pathways (Wnt/β-catenin) in 
bone-marrow mesenchymal stem cells, thereby promoting the prolifer
ation and osteogenesis of bone cells [43–47]. Furthermore, to realize 
antibacterial function during the initial period, antimicrobial peptides 
(AMPs) are grafted onto the surface. AMPs are a new type of antibac
terial agent, with efficient and broad-spectrum antibacterial properties, 
which can be metabolized in the human body, and are not prone to 
developing antibiotic resistance. In recent years, AMPs have been 
frequently used as key components for the surface modification of im
plants to enhance their antibacterial performance [48–51]. Although 
AMPs may be degraded by enzymes in the body, covalent fixation on the 
implant surface can stabilize their antibacterial effect in the body and 
weaken the degradation effect of enzymes. AMPs have been proven to be 
able to bond with hydroxyl and other groups to form relatively stable 
structures, which improves their feasibility for chemical deposition and 
co-deposition with other organic components [52–55].

To meet the multi-functional requirements of Mg-based bone im
plants, a composite coating is constructed on the surface of AZ31 alloy. 
The coating system is composed of a PEO layer, a PTMC coating loaded 
with ICA, and AMPs. First, the PEO layer is used to slow down the 
corrosion rate of the AZ31 substrate, and a PTMC coating loaded with 
ICA is deposited on the surface of the PEO layer. The proliferation of 
osteoblasts is induced by ICA to promote bone healing. To further endow 
it with the antibacterial function in the initial stage of implantation, 
AMPs are chemically grafted on the surface, thereby achieving the 
construction of a sequential multi-functional coating on the surface of 
degradable Mg-based bone implants. The construction of the coating 
system and performance, including corrosion behaviour and in-vitro and 
in-vivo bio-properties are systematically investigated, and the sequen
tial degradation and superiority of the multi-functional coating are 
discussed in detail.

2. Materials and methods

2.1. Material preparation methods

The AZ31 alloy rods (supplied by Huatai Metal Materials Co., Ltd., 
China) were used as substrate material, with the following chemical 
composition (wt.%): Al 3.0%, Zn 0.8%, and balance Mg. The rods were 
wire-cut into two types of disk-shaped specimens: φ10 mm × 1.5 mm 
and φ2.5 mm × 2.5 mm. All chemical reagents were used as received 
without further purification. Dopamine hydrochloride (≥98% purity, 
189.64 g/mol), epigallocatechin gallate (EGCG, ≥95% purity, 458.37 g/ 
mol), and Tris-base (≥99.9% purity, 121.14 g/mol) were purchased 
from Sigma-Aldrich (Shanghai, China). Absolute ethanol (analytical 
grade), trisodium phosphate dodecahydrate (Na3PO4⋅12H2O, analytical 
grade), and potassium hydroxide (KOH, analytical grade) were obtained 
from Chengdu Kelong Chemical Co., Ltd. Icariin (ICA, ≥95% purity) was 
purchased from Shanghai Macklin Biochemical Technology Co., Ltd. 
The antimicrobial peptide (AMPs, sequence: WRWRWR-NH2, ≥95% 
purity) was provided by Hangzhou Sino Peptide Co., Ltd. For clarity, the 
samples are designated as follows: PEO for the PEO-treated substrate; 
PEO-P@I for the PEO coating further deposited with PTMC encapsu
lating ICA (where P=PTMC, I=ICA, and @ denotes encapsulation); and 
PEO-P@I-A for the final coating after grafting of AMPs (A = antimi
crobial peptides).

The AZ31 samples (φ10 mm × 1.5 mm) were mechanically polished 
using sequential SiC sandpapers (#800-#5000 grit) prior to plasma 
electrolytic oxidation (PEO) treatment. PEO treatment was performed in 
an aqueous electrolyte containing 0.03 M Na3PO4⋅12H2O and 0.04 M 
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KOH. The required mass of Na3PO4⋅12H2O (molecular weight: 380.12 
g/mol) was calculated based on its anhydrous equivalent (molecular 
weight: 163.94 g/mol) to achieve the target phosphate concentration, 
ensuring accurate molarity. The electrolyte was prepared by dissolving 
the calculated amounts of Na3PO4⋅12H2O and KOH in deionized water 
under continuous stirring until complete dissolution. PEO electrolyte 
using a pulsed DC power supply (AIYS750-15A) under constant-current 
conditions (10 A/dm2, 500 Hz, 300 μs pulse width, 30% duty cycle) for 
6 min. During this period, the voltage progressively increased from the 
initial breakdown threshold to a final voltage of approximately 450-480 
V, which is consistent with typical PEO parameters for magnesium al
loys. The electrolyte temperature was maintained at 15-25◦C. The 
resulting PEO-coated samples (PEO) were ultrasonically cleaned (40% 
power, 5 s) and dried at 40◦C.

For ICA incorporation, a PTMC-assisted co-deposition method was 
employed. A homogeneous DMF solution containing 1.5 mg/mL ICA and 
8.9 mg/mL PTMC was cast onto PEO-treated samples in Polytetra
fluoroethylene molds, followed by solvent evaporation at 60◦C for 12 h 
to obtain PEO-P@I composite coatings.

Surface functionalization for AMPs grafting involved sequential 
treatments: (1) 2 h immersion in 2 mg/mL DA solution at room tem
perature, (2) 2 h treatment with 1 mg/mL DA and 0.2 mg/mL EGCG 
mixture, and (3) 24 h static grafting in 2 mg/mL AMP solution at 4◦C, 
yielding the final PEO-P@I-A composite coating. Control samples were 
prepared following identical protocols.

2.2. Material characterization

The prepared specimens were systematically characterized to anal
yse their microstructure and surface properties. For cross-sectional 
analysis, samples were thermally mounted to expose only the trans
verse section. Surface and cross-sectional morphologies were examined 
using field emission scanning electron microscopy (FE-SEM, Quanta 
FEG250, FEI, USA) coupled with energy-dispersive X-ray spectroscopy 
(EDS, EDAX Element, USA) for elemental composition analysis. Phase 
composition was determined by X-ray diffraction (XRD, D8 Advance, 
Bruker, Germany) with Cu Kα radiation (λ = 1.5406 Å) over a 2θ range 
of 10-90◦. Surface functional groups were identified by Fourier trans
form infrared spectroscopy (FTIR, Nicolet Nexus410, Thermo Scientific, 
USA) in the wavenumber range of 400-4000 cm− 1. Chemical states of 
surface elements were analyzed using X-ray photoelectron spectroscopy 
(XPS, Smart Lab 9K, Rigaku, Japan) with Al Kα excitation (1486.6 eV) at 
300 W operating power, where high-resolution spectra were deconvo
luted through peak fitting. Surface wettability was evaluated via contact 
angle measurements (WCA2000A, Aifesi Precision Instruments, China) 
using 3 μL deionized water droplets, with five measurements taken at 
different locations and averaged for each sample. All characterizations 
were performed at ambient temperature.

2.3. Corrosion resistance evaluation

Electrochemical tests and immersion experiments were conducted 
using simulated body fluid (SBF, pH 7.4, composition detailed in 
Table 1) as the electrolyte. The electrochemical characterization 

included potentiodynamic polarization measurements and electro
chemical impedance spectroscopy (EIS) analysis. The potentiodynamic 
polarization scans were performed at 1 mV/s in the potential range of 
− 2.0 V to 0 V (vs. SCE); EIS measurements were conducted at the open- 
circuit potential with a frequency range of 100 kHz to 10 mHz and an AC 
amplitude of 10 mV. The immersion tests comprised 3 parts: (1) 
Hydrogen evolution testing, where the SBF volume-to-sample surface 
area ratio was maintained at 80 mL:1 cm2, with periodic measurement 
of evolved hydrogen volume normalized to the specimen surface area; 
(2) pH monitoring experiments conducted at a solution volume-to- 
surface area ratio of 50 mL:1 cm2, with regular recording of pH varia
tions; (3) Soak AZ31, PEO, and PEO-P@I-A samples in 45 mL of PBS 
buffer for 21 days. The exposed area of each sample is 0.785 cm2. The 
solution is replaced every three days, and 5 mL is taken each time to 
evaluate magnesium ion release. All experiments were performed under 
controlled conditions at 37 ± 1◦C with continuous agitation at 15 rpm to 
maintain physiological relevance.

2.4. Icariin released in vitro

PEO-P@I-A samples were soaked in phosphate-buffered saline (PBS) 
solution for 14 days at a constant temperature of 37◦C. At 1, 3, 5, 7, and 
14 days, respectively, the soaked liquid was removed, and the absor
bance of the UV-VIS spectrophotometer (Jasco V-530 UV/Vis, Jasco 
Company, Tokyo, Japan) was measured at a wavelength of 270 nm, and 
the cumulative release of ICA was calculated using the ICA standard 
release curve according to Lambert Beer's law.

2.5. In vitro cytocompatibility evaluation

2.5.1. Cytotoxicity
Cell proliferation activity was detected by CCK-8 kit (Cell Counting 

Kit-8, Biyuntian Biotechnology Co., Ltd., Shanghai, China). BMSCs, 
HUVECs, and RAW246.7 cells were separately seeded in 24-well plates 
at 5 × 103, incubated overnight, 1 mL of extract was added, and after 3 
and 5 days of continued culture, the medium was removed and 200 μL of 
medium and 20 μL of CCK-8 were added per well. After further incu
bation for 1 h, transfer 200 μL of liquid from the wells to a new 96-well 
plate, and measure the absorbance of each well at 450 nm using a 
microplate reader. Fluorescent staining was performed using live/dead 
cell staining kit (Calcein-AM/PI kit, Biyuntian Biotechnology Co., Ltd., 
Shanghai, China).

BMSCs, HUVECs, and RAW246.7 cells is seeded in 24-well plates at 5 
× 103 and cultured overnight. 1 mL of α-MEM and DMEM was then 
added using 25% material extract. After continuing the culture for 3 and 
5 days, add 200 μL of live/dead cell staining solution to each well plate 
according to the instructions. After 30 min of incubation at room tem
perature, the solution is removed and fluorescence images of the cells on 
the plate are taken with an inverted fluorescence microscope.

2.5.2. Osteogenesis and mineralization evaluation
The osteogenic effects of samples were evaluated through ALP ac

tivity assessment. BMSC cells (5 × 104 cells/well) were cultured in 
α-MEM with 10% FBS for 24h, then treated with osteogenic medium 
containing 25% material extract (10 mM β-glycerophosphate, 50 μg/mL 
ascorbic acid, 100 nM dexamethasone) for 7 days. ALP staining (Beyo
time Biotechnology) visualized mineralized nodules. For mineralization 
analysis, cells were cultured for 21 days (medium changed every 3 days) 
followed by ARS staining (2% solution, pH 4.2, 37◦C, 30min) to assess 
calcium nodule formation. All experiments were performed in triplicate 
with three independent repeats. Osteogenesis-related gene expression 
was analyzed by qPCR comparing control and extract-treated groups (7 
days). RNA was extracted (TRIzol), reverse transcribed, and analyzed for 
ALP, Col-І, OCN, and Runx2 expression (GAPDH reference), Table S1.

Table 1 
Simulates the composition of bodily fluids(SBF).

Ingredients Concentration (mM) Ions

NaCl 142.0 Na+, Cl−

NaHCO3 4.2 HCO3
−

KCl 5.0 K+, Cl−

K2HPO4⋅3H2O 1.0 HPO4
2-

MgCl2⋅6H2O 1.5 Mg2+

CaCl2 2.5 Ca2+

Na2SO4 0.5 SO4
2-

Tris + HCl 50.0 ​
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2.5.3. Ferroptosis evaluation
Recent studies have shown that ferroptosis [56–59],an 

iron-dependent programmed cell death caused by the accumulation of 
lipid peroxides [60],is activated in the pathological microenvironment 
described above and has become one of the key mechanisms leading to a 
decrease in osteoblast number, impaired function, and even apoptosis 
[61].Intracellular glutathione depletion, inhibition of GPX4 activity, 
and lipid peroxide accumulation combined to exacerbate osteogenic 
dysfunction, ultimately hindering bone regeneration. Therefore, inter
vention ferroptosis pathway has become a new strategy to promote bone 
defect repair. Ferroptosis was assessed by Prussian Blue staining for Fe3+

deposition. Samples fixed with 4% paraformaldehyde were stained with 
2% potassium ferrocyanide/2% HCl (1:1) for 30min, forming blue 
Fe4[Fe(CN)6]3 precipitates, then counterstained with nuclear fast red 
(3-5min). Three groups were tested: positive control (iron-treated), 
negative control (iron chelator-pretreated), and test group (iron and 
extract treated). For cellular analysis, BMSC cells (5 × 103/well) were 
cultured for 24h, treated with FAC (24h), washed, then incubated with 
deferoxamine/extract (24h) before staining. qPCR analysis of ferroptosis 
genes (GPX4, SLC7A11, ACSL4, TFR1) compared three groups: control, 
FAC-treated (100 μM, 7d), and ICA-treated (FAC 24h pretreatment +
extract 7d). RNA was extracted (TRIzol), reverse transcribed, and 
analyzed (SYBR Green) using GAPDH as reference, Table S2.

2.5.4. Macrophage biocompatibility
RAW 264.7 macrophages (5 × 103 cells/well) were cultured for 24h, 

then treated with 25% extract for 7 days. Cells were washed with PBS 
and lysed with TRIzol for RNA extraction. Three groups were analyzed: 
control, ICA-treated, and AMPs + ICA combination. After 7-day treat
ment, RNA was reverse transcribed (Prime Script™ RT kit) and in
flammatory markers (TNF-α, IL-6, IL-10) were quantified by qPCR 
(SYBR Green), normalized to GAPDH, Table S3.

2.6. In vitro antibacterial experiments

2.6.1. Antibacterial evaluation
The antibacterial properties were evaluated against staphylococcus 

aureus (S. aureus) and Escherichia coli (E. coli, strain CMCC(B)26003; 
Huan kai Microbial Sci. & Tech., Guangzhou, China). Bacterial cultures 
were grown overnight at 37◦C with shaking (120 rpm) in tryptic soy 
broth (TSB; Huan kai Microbial Sci. & Tech.) to reach logarithmic phase. 
The bacterial suspensions were then adjusted to a density of 6 × 104 

CFU/mL in fresh medium. Prior to testing, all samples were sterilized 
under UV irradiation. Subsequently, 50 μL of bacterial suspension was 
inoculated onto each material surface and incubated at 37◦C for 6, 12, 
and 24 h. Following incubation, samples were transferred to sterile 
water and subjected to ultrasonication to detach adherent bacteria. The 
resulting bacterial suspensions were serially diluted, plated on agar 
plates, and incubated at 37◦C for 24 h for colony counting. The anti
bacterial efficacy was calculated by comparing the colony-forming units 
(CFU) between test and control groups.

2.6.2. Bacteria stained alive and dead
Bacterial viability was evaluated by inoculating 100 μL bacterial 

suspension onto samples (37◦C, 24h). After sonication in sterile water, 
bacteria were collected by centrifugation (10,000×g, 5min), washed 
with PBS, and resuspended (~108 cells/mL). The suspension was stained 
with SYTO 9/PI (manufacturer's ratio, 37◦C, 15min dark), then visual
ized by fluorescence microscopy (SYTO 9: 503/530 nm for live cells; PI: 
535/617 nm for dead cells).

2.6.3. Antibacterial stability
Antibacterial stability followed the same bacterial preparation. UV- 

sterilized samples were pre-immersed in PBS (1 mL/well) at 37◦C for 
3-7 days before bacterial challenge. For each time point, 50 μL bacterial 
suspension was applied to samples and incubated for 24 h. Adhered 

bacteria were then sonicated off, plated, and counted after 24 h culture.

2.7. In vivo animal study

This study was conducted using healthy Sprague-Dawley rats aged 8- 
12 weeks (body weight 200-300 g). All the animal operations and ex
periments were approved by the Institutional Animal Care and Use 
Committee of Peking University Shenzhen Hospital (ethical approval 
No.2022-164). The animals were randomly assigned to three experi
mental groups: (1) control group (bone defect only), (2) infection group 
(bone defect with Staphylococcus aureus inoculation), and (3) treatment 
group (implant samples in the bone defect bacterial infection model). 
Surgical procedures were performed through a longitudinal lateral 
incision on the hind limb to expose the femoral midshaft. A 3 mm full- 
thickness critical-sized bone defect was created using a low-speed 
electric drill. In both infection and treatment groups, the defect site 
was inoculated with 1 × 106 CFU of S. aureus suspension prepared in 
phosphate-buffered saline (PBS). The treatment group simultaneously 
received magnesium alloy implantation at the defect site. Acute in
flammatory responses were evaluated at 7 days post-operation. After 8 
weeks, bone regeneration was quantitatively assessed by micro- 
computed tomography (micro-CT) to measure the defect area, new 
bone volume (BV/TV), and bone mineral density (BMD). Micro-CT scans 
were reconstructed and analyzed using CTAn software (Bruker). BMD 
was calibrated using a hydroxyapatite phantom; BV/TV is the ratio of 
bone volume to tissue volume; Tb.Sp denotes trabecular separation; BS/ 
BV is the bone surface-to-bone volume ratio. All parameters were 
calculated according to international standard definitions. Histopatho
logical evaluation was performed using hematoxylin and eosin (H&E) 
staining to examine inflammatory cell infiltration and pathological 
changes in bone tissue at the implantation site. All statistical analyses 
were performed using SPSS 22.0 software (IBM Corp.). Intergroup 
comparisons were conducted using one-way analysis of variance 
(ANOVA), with a p-value <0.05 considered statistically significant (see 
Fig. 1).

3. Results

3.1. Coating characterization

The surface morphologies of AZ31, PEO, PEO-P@I, and PEO-P@I-A, 
as observed by SEM and elemental mapping via EDS, are presented in 
Fig. 2. The surface of AZ31 exhibits a scratch morphology resulting from 
polishing, with the main detected element being Mg (93.3%), with a 
minor amount of O (6.7%), which primarily originates from the natural 
oxidation of the Mg alloy. The PEO specimen exhibits a typical porous 
morphology produced by intensive discharge and entrapped gas. The 
micro-pores present an uneven size distribution, with diameters ranging 
from approximately 0.5 μm to 5 μm and an average diameter of 1.8 ±
0.6 μm (mean ± SD, n = 50 pores measured from multiple SEM images). 
The EDS scan indicates that the PEO layer is primarily composed of Mg 
(32.4%), O (57.5%), and P (10.1%, originating from the electrolyte). A 
relatively flat and uniform polymer-coating morphology is produced by 
the PEO-P@I surface because of loading the ICA/PTMC coating, 
obscuring the porous morphology of the PEO layer. The EDS results 
prove that the coating consists of C (73.2%) and O (26.2%), mainly 
originating from PTMC and ICA. The PEO-P@I-A surface shows a sig
nificant increase in N (9%) as detected by surface EDS, indicating suc
cessful grafting with AMPs. In contrast, the cross-sectional EDS results 
showed no detectable N. This discrepancy is attributed to the fact that 
AMPs are grafted as an ultrathin molecular layer (likely a few nano
meters thick) on the outermost surface, which is below the detection 
sensitivity of cross-sectional EDS analysis but readily detectable by 
surface-sensitive techniques such as XPS.

The cross-sectional morphologies and EDS mappings of the coatings 
are presented in Fig. 3. The cross-section of the PEO layer shows 
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discharge channels and open pores with an average thickness of 
approximately 5.6 μm, and EDS confirms the presence of Mg, O, and P. 
In contrast, the cross-section of PEO-P@I exhibits a uniformly coated 
polymer coating with an approximate thickness of 45.8 μm on the PEO 
layer surface.

The XRD peak image of the PEO layer is displayed in Fig. 4A. The 
primary phase of the PEO layer contains MgO in addition to the peaks of 
Mg. The diffraction peak of magnesium phosphate is absent, and may be 
existing in an amorphous state. FT-IR analysis is performed, and the 
results are compared with that of the AZ31 control group, as shown in 
Fig. 4B. A broad peak observed at 1000-1300 cm− 1 on the PEO is 
attributed to the absorption peaks of P––O (phosphoryl group) and P–O 
(phosphorus-oxygen bond), suggesting that the PEO layer contains 
compounds such as magnesium phosphate. After the deposition of the 
ICA/PTMC coating, broad peaks emerge at 3400 cm− 1 on the surfaces of 
PEO-P@I and PEO-P@I-A, which may originate from the phenolic hy
droxyl groups (O–H) in the ICA structure and/or the primary amine 
groups (N–H) in the AMP structure [62]. The –CH2 stretching vibration 
peaks at 2980 and 2910 cm− 1, –COOR C––O stretching vibration peak at 
1740 cm− 1, and C–C stretching vibration peak at 1480 cm− 1 predomi
nantly originate from the PTMC. The absorption peaks between 1500 
and 1600 cm− 1 correspond to the benzene-ring skeleton vibration peaks 
of the ICA structure [63]. The -amide I (-C––O stretching vibration) and 
-amide II (-NH deformation vibration and C–N stretching vibration) 
characteristic peaks are observed at 1630 and 1550 cm− 1, respectively, 
on the surface of PEO-P@I-A, indicating the successful grafting of AMPs.

The wettability of the samples was characterized using static water- 
contact-angle testing, as shown in Fig. 4C. The water contact angle of the 
bare AZ31 is 102.6 ± 1.7◦, demonstrating typical hydrophobic charac
teristics. In contrast, the water contact angle of the PEO significantly 
decreases to 42.6 ± 1.1◦. This notable alteration in wetting properties is 
primarily attributed to the porous structure formed during the PEO 
process, which increases surface roughness, thereby enhancing the 
surface's adsorption capacity for water molecules. The water contact 
angle of PEO-P@I increases to 70.2 ± 1.4◦, due to the presence of PTMC, 

a hydrophobic polymer, which covers the PEO porous structure and 
renders the sample surface relatively hydrophobic. After further grafting 
with AMPs, the surface hydrophilicity increases, and the water contact 
angle decreases to approximately 46.3 ± 0.7. The change is attributed to 
the amino hydrophilic groups introduced by the AMPs.

The X-ray photoelectron spectroscopic (XPS) analysis of all the 
specimens are presented in Fig. 5. From the XPS full spectrum (Fig. 5A) 
and XPS atomic percentage (Table 2), the peak of P is detected on the 
surface of the PEO sample (9.81%), and the percentage content of O 
increases, compared to that of AZ31, suggesting the presence of a 
ceramic oxide layer containing P and O on the surface. The content of C 
on the surface of PEO-P@I increases significantly, while the content of 
Mg decreases. This is because of the PEO surface being covered by the 
PTMC coating loaded with ICA, both PTMC and ICA contain a large 
amount of C. After grafting AMPs, N is detected on the surface of PEO- 
P@I-A (6.06%). The results of a high-resolution fitting analysis of C 
1s, O 1s, and N 1s on the surfaces of the PEO-P@I and PEO-P@I-A 
samples is presented in Fig. 5E–I. The C element (C 1s) in the two 
groups of samples may exhibit the following four bonding states: the 
aliphatic C–C at a binding energy of 284.6 eV; the aliphatic C–O at a 
binding energy of 287 eV; C––O at a binding energy of 288.1 eV; and 
O–C––O at a binding energy of 290.1 eV. The O element (O 1s) of the two 
groups of samples may have the following three bonding states: aro
matic C–OH at a binding energy of 533.7 eV; O––C–O at a binding en
ergy of 532.4 eV; and O––C–O at a binding energy of 531.6 eV. The 
detection of these bonding forms indicates that a PTMC coating loaded 
with ICA is deposited on the surface of PEO-P@I and PEO-P@I-A sam
ples. It is noteworthy that N is detected on the surface of the PEO-P@I-A 
sample, and the high-resolution fitting result of N 1s (Fig. 5G) shows that 
it may have two bonding states: N–H with a binding energy of 399.4 eV 
and C–N with a binding energy of 401.3 eV. This result further confirms 
that the AMPs have been successfully grafted on the surface.

Fig. 1. (A) Schematic illustration of the coating construction and (B) evaluation of anti-corrosion, osteogenesis and antibacterial properties.
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Fig. 2. Surface morphology and EDS mappings of AZ31, PEO, PEO-P@I and PEO-P@I-A coatings.
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3.2. Corrosion behaviours

The corrosion behaviours of the specimens in the SBF solution are 
evaluated using electrochemical and immersion tests. The polarization 
curves are depicted in Fig. 6A. The corresponding corrosion potential 

(Ecorr) and corrosion current (icorr), calculated by the Tafel extrapolation 
method, are listed in Table 3. The corrosion potential indicates the 
tendency of the corrosion reaction. The icorr of AZ31 is (2.57 ± 0.42) ×
10− 5 A/cm2. The icorr of PEO decreases by approximately one order of 
magnitude, to approximately (1.61 ± 0.27) × 10− 6 A/cm2. A single PEO 

Fig. 3. Cross sectional morphology and EDS mappings of AZ31,PEO,PEO-P@I and PEO-P@I-A coatings.
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layer cannot effectively prevent the occurrence of corrosion, owing to its 
intrinsic porous structure. Owing to the excellent corrosion resistance of 
the PTMC coating, the icorr of PEO-P@I and PEO-P@I-A further decrease 
remarkably, reaching (1.96 ± 0.31) × 10− 9 and (1.54 ± 0.22) × 10− 9 A/ 
cm2, respectively, with corrosion inhibition rates reaching 99.99%.

Fig. 6B–D display the electrochemical impedance spectra (EIS) of 
each sample, including Nyquist and Bode plots. In the EIS of AZ31, two 
capacitive arcs and one inductive arc are observed, while three capaci
tive arcs can be identified in the EIS of PEO, PEO-P@I, and PEO-P@I-A. 
The larger capacitive arcs of PEO-P@I and PEO-P@I-A signify that the 
coating possesses good corrosion resistance, as shown in Fig. 6B. In the | 
Z|–frequency Bode diagram (Fig. 6C), the low-frequency resistance of 
PEO is one order of magnitude higher than that of AZ31, and the low- 
frequency resistance of PEO-P@I and PEO-P@I-A are approximately 
three orders of magnitude higher than that of AZ31, indicating that the 
coating of PEO-P@I and PEO-P@I-A effectively enhances the corrosion 
resistance of the Mg substrate.

The time constants signify different physical characteristics for 
different treatments (Fig. 6D). For the AZ31 substrate, the one at high 
frequencies (102–105 Hz) are associated with the formation of corrosion 
products, while that at 10− 1–10 Hz represents the electrochemical re
sponses of the electrical double layer between the corrosion products 
and Mg matrix. The low-frequency time constant is related to the 
corrosion reaction occurring at the interface. PEO displays two-time 
constants at medium–high frequencies (10–104 Hz), corresponding to 
the electrochemical responses of the outer and inner layers of the PEO 
layer. The time constants at low frequencies (10− 2–10 Hz) indicate the 
electrochemical responses of the electrical double layer between the 
PEO layer and Mg substrate. For PEO-P@I-A, the grafting of AMPs en
hances the barrier performance, and AMPs did not form a separate layer 
in the cross-sectional morphology. Therefore, PEO-P@I and PEO-P@I-A 
both present three time constants. The time constant at high frequencies 
(103–105 Hz) represents the response of the composite structure, which 
combines the loaded ICA/PTMC layer and PTMC layer grafted with 
AMPs with the PEO porous outer layer in the system. The time constants 
at medium frequencies (101–103 Hz) can be attributed to the dense inner 
PEO layer, while the time constants at low frequencies (10− 2–10 Hz) 
indicate the electrical-double-layer response between the PEO layer and 
Mg substrate.

To further assess the corrosion stability of the coating, each group of 
samples is immersed in an SBF solution for 21 days. EIS tests are con
ducted on the 1st, 3rd, 5th, 7th, 14th, and 21st days, as depicted in 
Fig. 7. The time constants for all samples remain consistent throughout 
the immersion period. The impedance modulus of AZ31 initially de
creases and then gradually increases. In the early stages of immersion, 
corrosion reactions cause the impedance modulus to drop; however, 
with the continuous deposition of corrosion products further corrosion 
reactions are partially hindered, leading to a gradual increase in the 
impedance modulus. Initially, the impedance modulus of PEO at low- 
frequency was approximately one order of magnitude higher than that 
of the Mg matrix. However, over the 14-day immersion period, the 
modulus continuously decreased to less than 103 Ω cm2. Considering the 
degradability of the system, the thickness of the PEO pre-treatment layer 
used in this study is relatively thin. The corrosion medium penetrates the 
interior through micro-pores and discharge channels, resulting in 
degraded corrosion performance. Following the initial immersion stage, 
the low-frequency impedance modulus of the PEO-P@I and PEO-P@I-A 
increase by approximately three orders of magnitude. As the immersion 
time increases, the decreasing rate of impedance modulus slows, indi
cating that the composite coating significantly enhances the corrosion 
resistance. The PEO-P@I-A exhibits the highest impedance modulus 
capability. Despite the continuous penetration of the corrosive medium, 
which gradually reduced the impedance modulus, the low-frequency 
impedance modulus of PEO-P@I-A remained above 106 Ω cm2 after 
21 days of immersion.

The corroded morphology and corresponding local composition 
analysis are presented in Fig. 8. Numerous flocculent structures are 
detected on the surface of the Mg alloy, which are corrosion products 
mixed with a small amount of precipitated calcium phosphate phases. 
The same structure also appears on the PEO surface, suggesting the 
occurrence of similar chemical reactions. A few cracks are visible, which 

Fig. 4. Structural analysis of the respective coatings. (A)FT-IR spectra of Mg 
matrix and the coatings; (B)XRD pattern of PEO layer; (C)Water contact angles 
of AZ31 Mg and the coatings.
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may be caused by long-term soaking corrosion. A small number of lumpy 
structures are present on the surface of PEO-P@I, and EDS profiling 
results indicate that these precipitates consist of mixed compounds 
containing Ca, P, and Mg elements.

The reaction of Mg substrate with corrosive media results in an in
crease in the solution pH, hydrogen gas generation, and release of Mg 
ions, which reflects the corrosion resistance of the system. Long-term 
immersion tests involve monitoring changes in pH, hydrogen- 

evolution volume, and Mg-ion concentration. As depicted in Fig. 9. 
The total hydrogen-evolution volume for AZ31 is approximately 4.16 
mL cm− 2, whereas that for PEO is approximately 1.50 mL cm− 2 

following a 21-day immersion. In comparison, the total hydrogen- 
evolution volumes for PEO-P@I and PEO-P@I-A are approximately 
0.78 mL cm− 2 and 0.75 mL cm− 2, respectively. Assessing the hydrogen- 
evolution rate of Mg-based implants is crucial, as excessively high rates 
can cause subcutaneous bubbles and inflammation [64–66]. The 
hydrogen-evolution rates are calculated and listed in Fig. 9A. The coated 
samples all exhibit markedly lower hydrogen-evolution rates, than the 
bare AZ31. The hydrogen evolution volumes of PEO-P@I (0.037 mL 
cm− 2 day− 1) and PEO-P@I-A (0.036 mL cm− 2 day− 1) were significantly 
lower than those of AZ31 (4.16 mL cm− 2 day− 1) and PEO (1.02 mL cm− 2 

day− 1) at 21 days as depicted in Fig. 9B. Research has indicated that in 
mice, a hydrogen-evolution rate of 0.068 mL cm− 2 day− 1 is tolerable 
[67].

As illustrated in Fig. 9C, AZ31 exhibits the largest pH variation 
throughout the immersion period, increasing to approximately 9.3 by 

Fig. 5. XPS analysis of the Mg matrix and coatings High-resolution spectra of the (A) full XPS spectra; (B) Mg 1s, (C) O 1s, and (D) N 1s of each group; Fitting results 
of high-resolution spectra of C 1s (E) and O 1s (F) of PEO-P@I; Fitting results of high-resolution spectra of C 1s (G), O 1s (H), and N 1s (I) of PEO-P@I-A.

Table 2 
XPS analysis of the surface elemental composition and atomic percentage of the 
specimens.

Specimen C 1s Mg 1s O 1s P 2p N 1s

AZ31 45.95 12.96 40.38 0.6 0.11
PEO 17.64 19.01 52 10.81 0.54
PEO-P@I 65.75 2.74 29.75 1.27 0.49
PEO-P@I-A 64.3 2.35 26.25 1.04 6.06
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day 21. In coated samples, PEO showed significantly smaller pH changes 
than AZ31 during the first 10 days of immersion. The coating partially 
blocked substrate–solution contact, slowing corrosion. After 10 days, pH 
rose to levels similar to AZ31. Despite its dense inner layer, corrosive 
media penetrated through pores to the interface, causing localized 
corrosion and coating failure, leading to a sharp increase in pH. In 
contrast, PEO-P@I and PEO-P@I-A maintain stable pH values around 
7.5 throughout the 21-day immersion, primarily attributed to the pro
tective PTMC coating covering these samples. The hydrophobic PTMC 
layer exhibits surface erosion degradation and demonstrates superior 
corrosion resistance.

The samples AZ31, PEO, and PEO-P@I-A are immersed in PBS so
lution at a surface area/volume ratio of 0.05 cm2/mL. The Mg-ion 
concentration in the solution is measured every three days, as shown 
in Fig. 9D. The total Mg-ion release of AZ31 is approximately 75.93 mg/ 
mL after 21 days of immersion, that of PEO is approximately 76.33 mg/ 
mL, and that of PEO-P@I-A is approximately 36.1 mg/mL. Magnesium 
ion release meets the maximum safe concentration in the body of 200 

mg/mL [68–70]. The total magnesium ion release of PEO is close to that 
of AZ31, indicating that the long-term protective performance of the 
PEO layer is insufficient. The magnesium ion release concentration of 
PEO-P@I-A is significantly reduced. AZ31 releases Mg ions rapidly upon 
contact with PBS solution, but the rate slows as corrosion products de
posit on the surface. After 6 days, AZ31's Mg-ion concentration reaches 
about 24.07 mg/mL, while PEO's is lower at 14.77 mg/mL, indicating 
initial corrosion inhibition by the PEO layer. With prolonged immersion, 
PEO's release increases significantly, likely due to PBS penetration 
through pores or defects at the coating-substrate interface, triggering 
substrate corrosion and Mg-ion release from PEO degradation. In 
contrast, PEO-P@I-A exhibits a stable release trend, with Mg-ion con
centrations around 5 mg/mL, demonstrating consistent and durable 
protection.

3.3. Icariin released in vitro

The in vitro release results of PEO-P@I-A samples in PBS buffer were 
measured using a UV spectrophotometer at 37 ± 1.0◦C, as shown in 
Fig. 10. The results indicate that ICA was released steadily over 14 days, 
with a maximum average release of 64.31 μM. Fig. 10B shows that ICA 
exhibited higher release concentrations in the early soaking period (1-5 
days), while in the later soaking period (5-14 days), the coating released 
steadily, maintaining a concentration of 7-10 μM.

3.4. Biological evaluation

3.4.1. BMSC cells compatibility
The cytotoxicity evaluation of the samples on BMSC cells 

Fig. 6. (A)Potentiodynamic polarization curves; (B)Nyquist plots; (C)|Z| plots; (D)Phase angle of the AZ31 alloy and coatings.

Table 3 
Calculated results originated from the polarization curves via Tafel 
extrapolation.

Specimen Ecorr (VSCE) icorr (A/cm2) η 
(%)

AZ31 − 1.23 ± 0.1 (2.57 ± 0.42)✕10− 5 0
PEO − 1.45 ± 0.3 (1.61 ± 0.27)✕10− 6 93.73
PEO-P@I − 1.53 ± 0.2 (1.96 ± 0.31)✕10− 9 99.99
PEO-P@I-A − 1.24 ± 0.1 (1.54 ± 0.22)✕10− 9 99.99
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Fig. 7. EIS spectra of the specimens recorded in SBF at 37◦C within 21 days (A)AZ31; (B) PEO; (C) PEO-P@I; (D) PEO-P@I-A.
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(Fig. 11A–D) demonstrates that the relative cell viability exceeds 75% at 
an extract concentration of 25%. Notably, both the PEO-P@I and PEO- 
P@I-A exhibit excellent cytocompatibility across all tested concentra
tions, consistently maintaining the cell viability above 75%. To further 
assess the biocompatibility of the composite coatings, BMSC cell growth 
is examined using live/dead cell staining (Fig. 11E). After 3 and 5 days of 
culture, all experimental groups show only minimal dead cells, while the 
control group exhibits relatively lower cell density at both time points. 
These results indicate that the composite coatings possess favorable 
biosafety towards cells. All data shown were obtained using 25% ma
terial extracts.

The osteogenic potential of the samples is evaluated in-vitro, with 
results presented in Fig. 11F. ALP staining after 7 days of culture reveal 
markedly darker brown coloration, compared to the control group. 
Quantitative analysis demonstrates that the area of darker brown nod
ules on the PEO-P@I and PEO-P@I-A coatings increased by 35–40%, 
relative to that on the control, and by 25–30% compared to that on the 
AZ31 group. BMSCs were cultured with 25% sample extracts for 21 

days, and the in vitro biomineralization ability was evaluated by alizarin 
red S (ARS) staining. The area of mineralized calcium nodules in PEO- 
P@I and PEO-P@I-A groups increased by 40%–50% compared with 
the control group, and by 65%–70% compared with the PEO group. 
Meanwhile, the introduction of AMPs had almost no effect on the 
osteogenic induction and mineralization of ICA.

The mRNA was extracted from the cultured BMSC cells and analyzed 
by quantitative real-time PCR (qPCR), with a focus on the expression 
levels of key genes (ALP, Runx2, OPN, Col-I) related to osteoblast dif
ferentiation, as shown in Fig. 12G. The results demonstrate that the ALP 
expression levels in both the PEO-P@I and PEO-P@I-A groups are 
significantly upregulated by 2.6 ± 0.2 fold, compared to that of the 
control group (p < 0.01). This indicates that ICA promotes early oste
ogenic differentiation and enhances alkaline phosphatase activity, 
facilitating the initiation of extracellular matrix mineralization. Runx2 
expression reached 1.7 ± 0.1-fold that of the control (p < 0.05), sug
gesting that ICA may drive osteogenic differentiation by activating 
Runx2 transcriptional activity. The expression of the mid-to-late-stage 

Fig. 8. (A)Surface morphology and EDS mappings of AZ31 AZ31, PEO, PEO-P@I and PEO-P@I-A coatings of samples during the 21-day immersion in the SBF 
solution at 37 ± 0.5◦C.
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marker OPN is upregulated by 1.5 ± 0.2-fold (p = 0.05), potentially 
associated with the extracellular matrix maturation and mineralization 
processes. ICA significantly stimulates Col-I synthesis (2.7 ± 0.3-fold 
increase, p < 0.01), indicating its efficacy in promoting collagen depo
sition to provide structural support for bone-matrix formation. Collec
tively, ICA markedly upregulates the expression of osteogenesis-related 
genes, with particularly pronounced effects on OPN and Col-I, demon
strating considerable potential to promote osteogenic differentiation.

To investigate the impact of composite coatings on ferroptosis, BMSC 
cells are first cultured and pre-treated with ferric ammonium citrate 
(FAC) in 24 h coating extracts, followed by Prussian blue staining 
(Fig. 12A). Compared to the positive control (FAC-treated) group, cells 
treated with PEO-P@I and PEO-P@I-A extracts exhibit a significant 

reduction (approximately 70–85%) in the number of deep-blue gran
ules, as well as decreased staining area and intensity. The diffuse or 
clustered distribution of deep-blue granules observed in the positive 
control is markedly attenuated in the treatment groups. ICA may sup
press ferroptosis-related pathways through modulation of iron meta
bolism and key gene expression. Further qPCR analysis of key ferroptosis 
regulatory genes (GPX4, SLC7A11, TFR1, ACSL4) (Fig. 12B) reveals that 
ICA treatment significantly upregulates GPX4 (4.0 ± 0.1-fold, p < 0.01) 
and SLC7A11 (4.0 ± 0.3-fold, p < 0.05) expression, while significantly 
downregulating TFR1 (0.41 ± 0.01-fold, p < 0.01) and ACSL4 (0.44 ±
0.01-fold, p < 0.01) expression levels. However, direct evidence of lipid 
peroxidation is still needed for confirmation.

Fig. 9. (A) Hydrogen evolution; (B) hydrogen release rate; (C) pH changes of each group of samples during the 21-day immersion in the SBF solution at 37 ± 0.5◦C; 
(D) The released magnesium concentration of AZ31, PEO and PEO-P@I-A within 21 days of immersion in s in PBS solution at 37 ± 0.5◦C.

Fig. 10. (A) ICA cumulative release concentration and (B) Release concentration the 14-day immersion of samples in PBS solution.
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3.4.2. HUVECs cell compatibility
Bone is a highly vascularized tissue, and the long-term survival of an 

implant fundamentally depends on its ability to establish an effective 
blood supply with the host. In order to evaluate the ability of this coating 
to guide angiogenesis, the function of endothelial cells was evaluated 
(Fig. 13A). The HUVECs cell viability remains above 75% when the 
sample extracts are diluted to a concentration of 25%, and it was 
consequently established as the standard concentration for subsequent 
experiments. Analysis via live/dead fluorescence staining (Fig. 13B) and 
cytoskeletal staining (phalloidin staining, Fig. 13C) reveal that, 
compared to the AZ31 and PEO groups, both the PEO-P@I and PEO- 
P@I-A groups exhibit significantly enhanced cell viability during the 3 
and 5-day culture periods. This is evidenced by a 35–45% increase in the 
fluorescence intensity and a concurrent significant increase in the cell 
number (reflected by a 1.3 ± 0.1-fold increase in the fluorescent cell 
area, p < 0.01). Furthermore, cell-migration assays (Fig. 13D) confirm 
that treatment with the composite coatings for 12 h results in a 35–40% 
enhancement in HUVECs cell-migration rate. Collectively, the PEO-P@I 
and PEO-P@I-A possess the potential to promote angiogenesis by 
significantly enhancing the endothelial cell viability and promoting cell 
proliferation and migration capabilities.

3.4.3. Macrophages compatibility
The cytocompatibility of the samples with RAW264.7 macrophages 

and their immunomodulatory effects on inflammation were systemati
cally evaluated, as shown in Fig. 14. Cytotoxicity assessment using the 
CCK-8 assay (Fig. 14A) reveals that the cell viability remains above 75% 
when the extract dilution concentration is 25%. Notably, both the PEO- 
P@I and PEO-P@I-A groups maintain cell viability exceeding 75%, 
across all tested concentrations, indicating favorable cytocompatibility 
of these composite materials. Live/dead fluorescence staining analysis 
(Fig. 14B) and cytoskeletal staining (phalloidin staining, Fig. 14C) 
showed that the PEO-P@I and PEO-P@I-A groups exhibited significantly 
enhanced cell viability compared to the AZ31 and PEO groups during 
both 3-day and 5-day culture periods. Fluorescence intensity increased 
by 40-42% and cell numbers increased significantly at the same time 
(fluorescent cell area increased by 1.1 ± 0.05-fold, p < 0.01). To further 
investigate the regulatory mechanism of the composite coatings on 
macrophage inflammation, we analyse the expression changes of key 
inflammatory cytokines using qPCR (Fig. 14D). The results demonstrate 
that the composite coating significantly suppress the expression of pro- 
inflammatory cytokines: compared to the control group, IL-6 expression 
decreases by 3.5 ± 0.8-fold (p < 0.01). Suppression of IL-12 expression 

Fig. 11. In vitro cytocompatibility of AZ31, PEO, PEO-P@I and PEO-P@I-A extract culture with BMSCs. (A) and (C) Live (green)/dead (red) staining of BMSCs after 3 
and 5 days of incubation. (B) and (D) Cell viability; (E) FITC (green)/DAPI (blue) staining of BMSCs after 3 and 5 days of incubation and quantitative data of cell 
adhesion number; (F) ALP and alizarin red staining and quantification; (G)The qPCR results for the relative mRNA expression of angiogenesis-related genes, including 
ALP, Runx2, OPN, and Col-I after 7 days of incubation.

Fig. 12. (A) BMSCs Cell Prussian blue dyeing after 7 days of incubation; (B) The qPCR results for the relative mRNA expression of angiogenesis-related genes, 
including GPX4, SLC7A11, TFR1, and ACSL4 after 7 days of incubation.
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Fig. 13. In vitro cytocompatibility of AZ31, PEO, PEO-P@I and PEO-P@I-A extract culture with HUVECs. (A) Cell viability. (B)Live (green)/dead (red) staining of 
HUVECs after 3 and 5 days of incubation; (C)FITC (green)/DAPI (blue) staining of HUVECs after 3 and 5 days of incubation and quantitative data of cell adhesion 
number; (D) HUVECs Cell migration assays(0-12h).
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Fig. 14. In vitro cytocompatibility of AZ31, PEO, PEO-P@I and PEO-P@I-A extract culture with RAW264.7. (A) Cell viability after 3 and 5 days of incubation; (B) 
Live (green)/dead (red) staining of RAW264.7 after 3 and 5 days of incubation; (C)FITC (green)/DAPI (blue) staining of RAW264.7 after 3 and 5 days of incubation 
and quantitative data; (D)The qPCR results for the relative mRNA expression of angiogenesis-related genes, including IL-10, IL-12, IL-6, IL-4and MMP-3 after 7 days 
of incubation.
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is even more pronounced, showing an 83.5% reduction (p < 0.01). 
Concurrently, MMP-3 expression is significantly reduced, by 5.1 ± 0.7- 
fold (p < 0.05), suggesting that the material may mitigate extracellular 
matrix degradation by inhibiting matrix metalloproteinase activity. 
Regarding anti-inflammatory cytokine regulation, the PEO-P@I-A group 
exhibits significant promotion: IL-4 and IL-10 expression levels increase 
3.9 ± 0.6-fold and 7.8 ± 0.2-fold, respectively (p < 0.01). This differ
ential regulatory pattern suggests potential mechanisms for the immu
nomodulatory action of the composite coatings: (1) Rapid suppression of 
IL-6 and IL-12 expression indicates possible inhibition of the inflam
matory response via modulation of the NF-κB signalling pathway; (2) 
Sustained promotion of IL-10 expression implies potential involvement 
of STAT3 pathway activation. Significantly, the synergistic suppression 
of IL-6 and MMP-3 (p < 0.01) may collectively attenuate tissue damage 
within the inflammatory microenvironment, while the observed upre
gulation of IL-10 coupled with the downregulation of IL-12 (p < 0.05) 
reflects the material's ability to reprogram macrophage immune 
balance.

3.4.4. Antibacterial efficacy
The antibacterial efficacy of the composite coatings is evaluated 

through in-vitro experiments against Staphylococcus aureus (S. aureus) 
and Escherichia coli (E. coli), as depicted in Fig. 15. E. coli and S. aureus 
are co-cultured with different samples for 6, 12, and 24 h. The bacterial 
viability is subsequently assessed using the standard plate-colony 
counting technique to determine the antibacterial capacities of the 
samples (Fig. 15A and B).

The AZ31 group exhibits moderate antibacterial activity, achieving 
approximately 85% inhibition against both S. aureus and E. coli. This is 
presumably attributed to the corrosion of AZ31 upon contact with the 
bacterial suspension, leading to localized pH elevation and Mg-ion 
release, both factors known to inhibit bacterial growth. The inhibition 
rate for the PEO group drops to about 60%, due to the coating's ability to 
slow excessive corrosion of the Mg substrate and its lack of inherent 
antibacterial properties. In contrast, the PEO-P@I group exhibits 
significantly enhanced antibacterial efficacy, with inhibition rates 
exceeding 95%, attributable to the antibacterial activity of the ICA. 
Surface grafting of AMPs further boosts the antibacterial capability of 
the PEO-P@I-A sample, achieving an inhibition rate of approximately 
99%. To further validate these findings, live/dead fluorescent staining is 
performed on S. aureus and E. coli after 24 h of culture (Fig. 15C). The 
PEO-P@I and PEO-P@I-A groups show significantly more yellow fluo
rescent spots than the AZ31 and PEO groups, confirming their superior 
antibacterial efficacy.

The antibacterial stability of the coatings is evaluated by immersing 
the samples in PBS for 3, 5, and 7 days. After immersion, the samples are 
co-cultured with S. aureus and E. coli for 24 h, followed by character
ization using the plate-counting method (Fig. 15D and E). The anti
bacterial capability of AZ31 gradually diminishes during immersion, 
likely because the accumulating corrosion products cover the substrate 
surface, reducing its inhibitory effect on bacteria. The PEO group 
maintains inhibition rates between 50% and 62%. Both the PEO-P@I 
and PEO-P@I-A groups show a slight decrease in the antibacterial ac
tivity, potentially resulting from drug release during the immersion 
period. Nevertheless, both coatings retain high efficacy, demonstrating 
inhibition rates consistently above 85% after 7 days’ immersion.

3.5. In-vivo performance

The in-vivo synergistic antibacterial and osteogenic properties of the 
PEO-P@I-A were evaluated using a 3 mm full-thickness critical-sized 
bone-defect model in SD rat femoral condyles, infected with S. aureus 
(Fig. 16A). Macroscopic observations of the implantation sites on post- 
operative days 3 and 7 (Fig. 16B) reveal distinct signs of acute infec
tion in the group implanted with the PEO. These signs include pro
nounced erythema, subcutaneous pus accumulation, and exudation of 

yellowish-white purulent discharge. In contrast, the PEO-P@I-A group 
exhibits only mild erythema and minimal serous effusion, with no evi
dence of significant suppurative infection. Quantitative bacteriological 
analysis of the wound exudates collected on post-operative day 7 dem
onstrates a significantly lower number of colony-forming units in the 
PEO-P@I-A group, compared to both the untreated control and PEO 
groups (p < 0.01), robustly confirming the persistent antibacterial ef
ficacy of the composite coating in-vivo.

Micro-CT imaging conducted 7 days post-implantation offers addi
tional insights (Fig. 16C). Compared to the control and PEO groups, 
which display reduced bone density and osteolysis, the AZ31 group 
exhibits relatively milder bone resorption. This could be attributed to 
the antibacterial effect resulting from the high alkalinity or elevated Mg- 
ion concentration during degradation. Notably, the PEO-P@I-A group 
presents normal CT morphology, indicating that the early-stage release 
of antimicrobial agents from the coating successfully suppresses bacte
rial proliferation at the implant site.

X-ray radiographs taken 8 weeks post-implantation (Fig. 17A) re
veals a low-density circular cavity surrounding the implanted AZ31, 
likely caused by hydrogen-gas accumulation because of rapid alloy 
degradation. The other groups, including PEO-P@I-A, do not display 
such distinct, persistent cavities, suggesting progressive filling by 
mineralized tissue and successful bridging of the defect between the 
implant and newly formed bone. Further analysis via Micro-CT at the 8 
week time point (Fig. 17B) and subsequent statistical analyses of pa
rameters including bone mineral density (BMD), bone volume/tissue 
volume (BV/TV), trabecular separation (Tb. Sp), and bone surface to 
bone volume ratio (BS/BV) provides three-dimensional structural evi
dence of new bone formation (Fig. 17B). The results suggest significant 
bone ingrowth into the defect area, with newly formed trabeculae 
connecting to the host bone. Specifically, the BMD of the regenerated 
bone around the PEO-P@I-A implants is higher than that in the AZ31 
and control groups at 8 weeks. The BV/TV ratio follows the same trend. 
Furthermore, the analysis of Tb.Sp and BS/BV indicates that the PEO- 
P@I-A group is more conducive to the formation of peri-implant 
trabeculae, effectively promoting the regeneration of new bone tissue. 
These findings confirm the osteoconductive and osteoinductive prop
erties of the PEO-P@I-A group.

Histological analyses employing hematoxylin and eosin (H&E) and 
Masson staining is conducted to evaluate bone-tissue regeneration 
around the implants at 8 weeks (Fig. 17C). H&E staining shows exten
sive new bone formation in the defect area of the PEO-P@I-A group, in 
contrast to minimal or absent bone formation in the AZ31 and control 
groups. Masson staining at 8 weeks indicates the deposition of blue- 
stained collagen fibres–a fundamental precursor and component of 
mature bone matrix—in the PEO-P@I-A group, confirming an active and 
high-quality osteogenic process. In contrast, the AZ31 and control 
groups exhibit no apparent collagen fibre proliferation at this early 
stage.

To assess potential systemic side effects of the composite coating, 
H&E staining is performed on cross-sections of the heart, liver, spleen, 
lung, kidney, and brain from all animal groups (Fig. 18A). No significant 
histopathological abnormalities, cell necrosis, or tissue damage are 
observed in any of the examined organs. These results clearly demon
strate that the implanted material does not induce systemic toxicity in 
the recipients. In summary, this surface-modified AZ31 alloy implant 
establishes a novel ‘temporal’ therapeutic strategy for treating infected 
bone defects. The drug-loaded coating based on PEO treatment suc
cessfully achieves three functions: it serves as an antibacterial barrier 
during the critical early phase, transitions into an osteogenic scaffold 
during the mid-to-late repair stages, and acts as a protective layer 
throughout the process to ensure controlled degradation and 
biocompatibility.
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Fig. 15. (A) E. coli 6-24 h Plate count and antibacterial rate; (B) S. aureus 6-24 h Plate count and antibacterial rate; (C) 24 h Bacterial live-death staining; (D) E. coli 3- 
7day Plate count and antibacterial rate; (E) S. aureus 3-7day Plate count and antibacterial rate.
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4. Discussion

4.1. Influence mechanism of coating design on corrosion resistance

The composite coating significantly enhanced the corrosion resis
tance of AZ31 alloy. The icorr of bare AZ31 was 2.57 × 10− 5 A/cm2, while 
that of PEO-P@I and PEO-P@I-A coatings decreased to 1.96 × 10− 9 and 
1.54 × 10− 9 A/cm2 respectively, with a corrosion inhibition efficiency of 
99.99% (Fig. 6A, Table 2). The low-frequency impedance modulus of the 
composite coatings (Fig. 6B–D) was approximately 3 orders of magni
tude higher than that of AZ31, and remained above 106 Ω cm2 during the 

21-day immersion in SBF (Fig. 8), demonstrating excellent and stable 
barrier performance. The PTMC coating effectively protected the 
corrosion of the PEO in the dynamic degradation test. The PTMC-PEO 
composite mechanism exhibits a synergistic effect: the inner ceramic 
layer, with high hardness and excellent corrosion resistance, has a 
porous structure that provides a mechanical locking effect, better 
anchoring the intermediate layer; the outer polymer layer, with high 
flexibility and sealing properties, blocks corrosive media from entering 
through the PEO micropores, further enhancing the corrosion resistance 
of the coating.

The significant improvement in corrosion resistance is attributed to 

Fig. 16. (A) Modeling and implantation of infected femoral condyle defects; (B) Implantation site of infected femoral condyle (3-7 days); (C) Micro-CT of the 
infection site at 7 days post-implantation in the infected femoral condyle.
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the synergistic effect of the structure and components of the coating. (1) 
PEO layer: A ceramic layer mainly composed of MgO through micro-arc 
oxidation (Fig. 4B). Although its porous structure (Fig. 2) cannot 
completely block the corrosive medium [69], it provides a good me
chanical interlocking substrate for the subsequent polymer coating, 
enhancing the adhesion between the film and the substrate [70] (Fig. 3). 
(2) PEO-P-I polymer coating: As a hydrophobic polymer, PTMC forms a 
dense, uniform coating (~45.8 μm in thickness, Fig. 3) on the PEO 
surface, significantly increasing the water contact angle from 40◦ to 70◦

(Fig. 4C). This polymer coating effectively seals the micropores and 
discharge channels of the PEO layer, acting as a robust barrier that 
greatly retards the ingress of corrosive species such as Cl− and H2O into 
the substrate [71,72]. "Moreover, the ICA structure contains multiple 
phenolic hydroxyl groups and carbonyl groups, which have the potential 

to chelate metal ions. This complexation mechanism—involving coor
dination of phenolic hydroxyl groups with Mg2+ ions—enables ICA to 
form stable metal-phenolic complexes at the substrate interface when 
Mg2+ is released through micro-defects, potentially creating a secondary 
protective barrier that further enhances corrosion resistance stability. 
The presence of aromatic C–OH (533.7 eV) and O––C–O (531.6 eV) 
functionalities in the O 1s XPS spectra (Fig. 5F and H) supports the 
presence of these chelating groups within the coating." During the 
long-term immersion, both the bare AZ31 and PEO showed significant 
pH increase, extensive hydrogen evolution, and surface corrosion 
product deposition (Fig. 7). However, the pH of the PEO-P@I and 
PEO-P@I-A remained stable at around 7.5 throughout 21 days, with a 
hydrogen evolution rate less than 0.012 ± 0.002 mL*cm− 2*day− 1, 
which is far below the threshold reported in literature [73] that causes 

Fig. 17. In vitro cytocompatibility of AZ31, PEO, and PEO-P@I-A extract culture with RAW264.7. (A) X-ray of the infection site at 8 weeks post-implantation in the 
infected femoral condyle; (B) Micro-CT of the infection site at 8 weeks post-implantation in the infected femoral condyle; (C) H&E staining and Masson staining of the 
infection site at 8 weeks post-implantation in the infected femoral condyle.
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inflammation in mice (0.068 mL*cm− 2*day− 1). (3) Effects of AMPs 
grafting: After AMPs were grafted, the hydrophilicity increased (the 
WCA decreased to 46.3◦), attributed to the hydrophilic amino groups of 
AMPs [74], but it did not compromise its corrosion protection perfor
mance. On the contrary, the corrosion current density of PEO-P@I-A was 
slightly lower than that of PEO-P@I, and the hydrogen evolution 
amount (Fig. 9A) and the Mg2+ release concentration (Fig. 9D, cumu
lative release of approximately 36.1 mg/mL) during long-term immer
sion (21 days) were maintained at the lowest levels. This might be 
because the AMPs molecules further filled the microscopic defects on the 
PTMC surface, enhancing the barrier integrity. These results demon
strate that the “PEO-PTMC@ICA-AMPs” composite coating system 
effectively and sustainably controls the corrosion rate of the magnesium 
substrate through the dual effects of physical barrier and chemical sta
bility, providing a prerequisite for maintaining the structural integrity 
and biological function of the implant in vivo [75–78].

Analogy with other PEO composite PTMC coating studies [79–81], 
The impedance value is increased by 3-4 orders of magnitude compared 
to AZ31 and by 1-2 orders of magnitude compared to PEO, and the 
PEO-P@I composite coating prepared in this study achieves the same 
level of corrosion resistance.

4.2. Structure-dependent sequential functions of the coating

Bone healing is a complex and dynamic biological process, involving 
stages such as inflammation, cartilage callus formation, hard callus 
formation, and bone remodeling, each with its unique biological func
tional requirements [82]. An ideal orthopedic implant should be able to 
meet the differentiated biological demands at healing stages: effectively 
prevent infection in the early postoperative period and actively promote 
bone integration in the middle and later stages. This study successfully 
endowed the material with this sequential function through a smart 

Fig. 18. (A) H&E staining of organs (heart, liver, spleen, lung, kidney, and brain) of SD rats at 8 weeks post-implantation.
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“sandwich” coating component structure design [83–85].
In vitro antibacterial experiments demonstrated (Fig. 13) that the 

PEO-P@I-A coating had an inhibition rate of approximately 99% against 
S. aureus and E. coli, and maintained an antibacterial rate of over 85% 
after soaking in PBS for 7 days, indicating a sustained and stable anti
bacterial ability [86,87]. The results of the in vivo infection model 
further confirmed (Fig. 16) that the group implanted with the 
PEO-P@I-A coating only showed mild erythema in the early post
operative period, without signs of purulent infection, and the number of 
colonies in the wound exudate was significantly lower than that of the 
control group, proving its effective early antibacterial effect in a com
plex physiological environment.

It is worth noting that despite its strong antibacterial properties, the 
coating did not exhibit toxicity towards various mammalian cells. Cell 
compatibility experiments demonstrated (Figs. 11, 13 and 14) that at a 
25% extract concentration, the survival rates of BMSCs, HUVECs, and 
RAW264.7 were all above 75% [88], and live-dead staining and phal
loidin staining indicated that the cells were in a healthy state [89]. This 
suggests that the antibacterial effect of AMPs is selective [90], causing 
minimal damage to mammalian cell membranes. This selectivity arises 
from fundamental differences in membrane composition: bacterial 
membranes are rich in negatively charged phospholipids (e.g., phos
phatidylglycerol and cardiolipin), while mammalian cell membranes 
predominantly contain zwitterionic phospholipids (e.g., phosphatidyl
choline) and cholesterol. The cationic AMPs preferentially bind to the 
negatively charged bacterial membranes via electrostatic interactions, 
leading to membrane disruption, whereas the neutral or zwitterionic 
mammalian membranes are largely unaffected at the concentrations 
used.

As the coating gradually degrades, the loaded ICA and chemically 
grafted AMPs are released, thereby exerting their multi-functions: (1) 
Promoting osteogenic differentiation and mineralization: ICA signifi
cantly enhances the ALP activity of BMSCs (Fig. 11F) and the formation 
of mineralized nodules (ARS staining) [91], and upregulates the 
expression of key osteogenic genes (ALP, Runx2, OPN, Col-I) [92] 
(Fig. 11G). Notably, the expression of the Col-I gene is upregulated by 
2.7 times, indicating that ICA can effectively promote collagen deposi
tion and provide a scaffold for bone matrix formation [93]. The qPCR 
results show that the introduction of AMPs has a negligible effect on the 
osteogenic induction and mineralization promotion of ICA (only 
reducing by 2-5%), suggesting that the functional layering design of the 
coating is successful. (2) Inhibition of ferroptosis: ICA treatment notably 
reduced the Prussian blue-positive particles in BMSCs (Fig. 12A), 
upregulated the expression of anti-ferroptosis genes GPX4 and SLC7A11 
[94], and concurrently downregulated the expression of pro-ferroptosis 
genes TFR1 and ACSL4 (Fig. 12B). These findings suggest that ICA 
protects osteoprogenitor cells against ferroptosis by modulating iron 
metabolism pathways, thereby establishing a more favorable microen
vironment for bone regeneration. (3) Angiogenesis promotion: The 
extract of the composite coating significantly enhanced the viability, 
proliferation and migration ability of HUVECs (Fig. 13), indicating that 
ICA has the function of promoting endothelial cell activity [95], which is 
conducive to the formation of an early vascular network around the 
implant, providing nutrients and oxygen for bone tissue regeneration. 
(4) Immune regulation: The coating can guide macrophages to polarize 
towards an anti-inflammatory phenotype (Fig. 14D), the outer layer 
AMPs recognize and regulate macrophage activation pathways, guiding 
them to polarize towards the M2 anti-inflammatory phenotype, thereby 
significantly suppressing the expression of pro-inflammatory factors 
such as IL-6, IL-12, and MMP-3, while reducing excessive inflammation 
triggered by bacterial infection in the early stage of implantation; the 
intermediate layer releases ICA as an immunomodulatory flavonoid 
small molecule, further enhancing macrophage transformation to the 
anti-inflammatory phenotype, synergistically promoting the secretion of 
anti-inflammatory factors such as IL-4 and IL-10, improving the local 
immune microenvironment, and enhancing the osteogenic 

differentiation ability of mesenchymal stem cells. (5) In vitro antibac
terial activity: The composite coating demonstrated rapid and 
long-lasting antibacterial capability in in vitro antibacterial evaluation. 
Within 24 h, the antibacterial rate against Escherichia coli and Staphy
lococcus aureus exceeded 98%, with AMPs exhibiting highly efficient and 
rapid antibacterial effects; meanwhile, the antibacterial rate remained 
above 90% over 7 days, showing that AMPs provide stable and 
long-lasting antibacterial effects. The outermost layer of AMPs creates 
an anti-infection implant microenvironment during the early implan
tation period.

The in vivo experimental results of the SD rat infectious bone defect 
model further verified the comprehensive biological functions of the 
coating. After 7 days of implantation (Fig. 16), compared with the 
positive control, AZ31, and the PEO group, the implantation site of the 
PEO-P@I-A coating showed no pus or white inflammatory exudate, a 
significant reduction in colony formation on plates, and, according to 
Micro-CT, no bone infection degradation was observed compared to the 
positive group, indicating that early AMP release effectively inhibits 
bacterial colonization and proliferation at the implantation site, pre
venting the occurrence of infectious bone destruction. After 8 weeks of 
implantation (Fig. 17), Micro-CT and histological analysis showed that 
the amount of new bone formed around the implant in the PEO-P@I-A 
group (BMD, BV/TV) was significantly higher than that in the control 
group, and the trabecular bone structure was denser and more contin
uous. At the same time, obvious collagen fiber deposition was observed 
(Masson staining), It indicates the continuous and stable release of ICA 
in the mid-to-late stage of implantation, accelerating collagen synthesis 
and mineralization, and significantly enhancing new bone formation 
and osseointegration. AMPs and ICA are sequentially released relying on 
the coating degradation process, further aligning with the healing pro
cess of bone defect repair, and the entire process of degradation is 
controllable, successfully constructing a sequential multifunctional 
composite coating on the implant surface. Compared with other 
sequential coating driving forces (bioactive factors, chemical catalysis, 
and physical excitation, etc. [96–102]), the use of coating degradation 
as the driving force offers distinct advantages for repairing infectious 
bone defects. This passive mechanism is intrinsically synchronized with 
the natural bone healing timeline: AMPs are released first during the 
early critical post-implantation period (1-7 days) when infection risk is 
highest, followed by sustained ICA release in the mid-to-late stages (2-8 
weeks) when osteogenic, angiogenic, and immunomodulatory functions 
are most needed. This self-regulated temporal release requires no 
external intervention (unlike physical excitation) and avoids potential 
toxicity or complexity associated with chemical catalysts. By coupling 
drug release to the implant's natural degradation profile, our approach 
achieves a clinically relevant, patient-friendly sequential functionality 
that aligns seamlessly with the biological cascade of bone healing. We 
acknowledge that the exact in vivo timing of drug release and the 
mechanisms of their interaction warrant further detailed investigation. 
Nevertheless, our current experimental design provides a sufficient basis 
for claiming sequential functional switching: (1) in vitro ICA release 
data (Fig. 10) confirm sustained release over 14 days; (2) antibacterial 
stability tests (Fig. 15D and E) demonstrate that AMPs retain >85% 
activity after 7 days of pre-immersion; (3) in vivo results clearly show 
temporal separation of functions—infection prevention at day 7 
(Fig. 16) and enhanced new bone formation at 8 weeks (Fig. 17); and (4) 
the coating's layered architecture inherently supports sequential release, 
with AMPs grafted on the outermost surface for immediate exposure and 
ICA embedded within the PTMC matrix for sustained release. Collec
tively, these results provide strong evidence for the intended sequential 
functionality, while future studies will precisely track in vivo drug 
release kinetics and the detailed molecular mechanisms of interaction.

5. Conclusion

In summary, this study successfully constructed a composite coating 
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on the surface of AZ31 alloy, which possesses both excellent corrosion 
resistance and sequential biological functions. The coating system 
operates through a synergistic multi-layer design: (1) the PEO layer 
serves as a corrosion-resistant ceramic base with a porous structure that 
provides mechanical interlocking for subsequent layers; (2) the inter
mediate PTMC + ICA layer acts as the primary corrosion barrier through 
its dense, hydrophobic nature, while also enabling sustained ICA release 
to promote osteogenesis, angiogenesis, and immune modulation in the 
mid-to-late stages; and (3) the outermost AMPs layer provides rapid, 
broad-spectrum antibacterial protection during the critical early post- 
implantation period. This dynamic functional transition—from early 
anti-infection to later osteogenesis promotion—is attributed to the 
controllable degradation characteristics of the coating, which are 
modulated by the sequential layering and the distinct degradation 
behavior of each component. Key quantitative results demonstrate the 
effectiveness of this design: the composite coating reduced the corrosion 
current density to 1.54 × 10− 9 A/cm2 (a 99.99% inhibition efficiency 
compared to bare AZ31) and maintained a low hydrogen evolution rate 
of 0.036 mL cm− 2⋅day− 1 over 21 days. The AMPs conferred a near- 
complete antibacterial effect (~99% inhibition against S. aureus and 
E. coli) that remained above 85% even after 7 days of immersion. In vivo, 
the coating prevented infection and promoted significant new bone 
formation, achieving a bone volume fraction (BV/TV) of 22.7 ± 2.1% 
and a bone mineral density (BMD) of 0.38 ± 0.03 g/cm3 at 8 weeks post- 
implantation, substantially higher than the infected control group. 
These quantitative metrics collectively validate the coating's potential 
for clinical translation in treating infected bone defects.
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