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Abstract
A niobium (Nb)-doped micro arc oxidized coating (MAO) was fabricated on a titanium
substrate, and microwave hydrothermal (MH) post-treatment was applied to regulate the
microstructure  of  the  coating,  aiming  to  enhance  bone-implant  osseointegration  and
antibacterial  performance.  The experimental  results showed that the as-prepared MAO
coating was composed of nanocrystalline TiO2  and a large amount of amorphous phase

containing  oxygen,  Nb,  calcium,  phosphorus,  and  other  bioactive  elements.  After  MH
treatment,  short  rod-like  hydroxyapatite  (HA)  crystals  were  uniformly  formed  on  the
porous  surface  of  the  Nb-doped  MAO  coating,  resulting  in  a  well-ordered  crystalline
structure with tight interfacial bonding between the HA crystals and the MAO coating. The
incorporation  of  Nb  and  MH  post-treatment  synergistically  optimized  the  surface
microtopography  and  chemical  composition  of  the  MAO  coating,  which  markedly
enhanced  in  vitro  bioactivity,  in  vivo  osseointegration,  and  antibacterial  properties.
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INTRODUCTION
Titanium (Ti) and its alloys have been widely applied in the biomedical field as key materials for hard tissue

replacement
[1]

, and are commonly used in dental implants, orthopedic prostheses, and fracture fixation

devices, owing to three main attributes
[1-3]

: excellent biocompatibility, favorable mechanical properties, and

outstanding in vivo corrosion resistance. However, these materials still exhibit notable limitations when used

as hard tissue substitutes. For instance, dental root implants require rapid osseointegration, defined as the

formation of a stable biomechanical bond with human alveolar bone
[4-6]

. This requirement contrasts with the

inherent biological inertness of titanium, which limits direct chemical bonding with living tissue. Clinically,

this surface bio-inertness results in insufficient bone-implant interfacial integration. Specifically, titanium

surfaces lack osteoinductive properties to stimulate bone tissue regeneration, thereby hindering the

formation of a functional osteophilic interface essential for long-term implant stability
[4]

.

A promising approach to form a bone-bonding interface involves the application of bioactive coatings on

titanium surfaces
[7-9]

. Numerous studies have investigated the fabrication of bioactive coatings using various

surface treatment methods, including plasma spraying, sol-gel processing, magnetron sputtering, laser

cladding, and electrochemical deposition
[10-14]

. These methods represent a broad range of surface coating

techniques. However, several challenges remain, including insufficient adhesion strength between the coating

and substrate, high processing cost, and complicated procedures. Furthermore, the complex surface

topography of threaded implants complicates the formation of uniform coatings
[12,13]

. In addition, some

coated implants tend to induce inflammatory reactions in surrounding tissues after implantation, which

further limits the clinical application of Ti-based implant materials
[15]

.

Microarc oxidation (MAO) coatings are a promising surface modification technology for Ti and its

alloys
[16,17]

. This method overcomes the limitations of conventional coating preparation techniques and offers

four distinct advantages. First, the MAO coating is formed by in situ oxidation of the Ti substrate, producing

a metallurgical bonding interface with high bonding strength. Second, the preparation process is simple,

low-cost, and time-efficient, and the entire oxidation process can be completed within a few minutes. Third,

MAO technology shows strong adaptability to substrates with complex geometries and can form uniform

porous coatings on threaded or porous implants. Fourth, the chemical composition and microtopography of

the MAO coating can be tailored by adjusting the electrolyte composition and oxidation parameters. Early

MAO coatings were mainly composed of titanium oxides
[18-20]

. With further research development, Ca and P

elements were incorporated into MAO coatings to improve biological activity
[21-23]

. However, these bioactive

elements are mainly distributed in the amorphous phase of MAO coatings, which limits their osteoinductive

potential and results in only limited improvement in coating bioactivity.

To further enhance the biological performance of MAO coatings, various post-treatment methods have been

developed
[21-23]

, such as heat treatment, conventional hydrothermal treatment, and chemical treatment
[17,23-28]

.

Nevertheless, these post-treatment methods have inherent limitations. Heat treatment is difficult to induce

the formation of a bioactive hydroxyapatite (HA) phase in the MAO coating
[29]

. Chemical treatments (NaOH

solution soaking) can improve the bioactivity of MAO coatings but cannot form stable HA crystals, and

prolonged treatment may damage the coating-substrate interface and reduce the mechanical properties of

the coating
[17,29]

. Conventional hydrothermal treatment can induce HA phase formation, but the treatment

time is long and crystal morphology is difficult to control
[21-23]

. Microwave hydrothermal (MH) treatment is a

novel and efficient post-treatment technique for MAO coatings
[29-31]

. This method combines the advantages

of microwave heating and hydrothermal reaction, enabling rapid formation of HA crystals while maintaining

the bonding strength of the coating-substrate interface
[31]

. However, most HA crystals formed by

conventional MH treatment are nanowires or long rod-like structures, and it remains difficult to obtain

uniform short rod-like HA crystals that closely resemble the natural HA morphology in human bone
[29-31]

.
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Table 1. Composition of the electrolyte for MAO treatment

Chemical reagent Concentration (g·L-1)

EDTA-2Na 15.0

Ca(CH3COO) 2·H2O 8.80

Ca(H2PO4)2·H2O 6.30

Na2SiO3·9H2O 7.10

C10H5NbO20 5.00

NaOH 5.00

H2O2 6.00

In addition to insufficient osseointegration, bacterial infection is another major factor leading to implant

failure in clinical practice
[4]

. To address this issue, various strategies have been explored to impart

antibacterial properties to MAO coatings. Zhang et al.
[32]

 introduced silver nanoparticles into the MAO

coating to enhance antibacterial capacity, and the antibacterial effect increased with increasing silver ion

doping concentration. Zhou et al.
[33]

 prepared MAO coatings modified with HA nanodot arrays and loaded

ciprofloxacin-loaded chitosan hydrogel in specific regions to achieve a synergistic effect of osseointegration

and antibacterial performance. Wu et al.
[34]

 fabricated an antibacterial coating by loading halogenated

furanone compound-loaded poly (L-lactic acid) nanoparticles on the Ti surface. In addition, doping trace

metal elements, such as Cu
[35]

, Zn
[36]

, and Sr
[37]

 into MAO coatings is a simple and effective method to regulate

antibacterial activity. Nb is a biocompatible metal element with osteogenic promotion ability and

antibacterial potential, and its incorporation into MAO coatings is expected to synergistically enhance both

osseointegration and antibacterial properties.

In this study, Nb was doped into the MAO coating by adding Nb-containing compounds to the electrolyte,

followed by MH post-treatment to regulate the surface microstructure of the Nb-doped MAO coating. The

effects of Nb doping and MH treatment on microstructure, phase composition, in vitro bioactivity,

antibacterial performance, and in vivo osseointegration of the MAO coating were systematically investigated.

The formation mechanism of short rod-like HA crystals on the Nb-doped MAO coating during MH

treatment was further clarified, and a multifunctional Ti-based implant surface with enhanced

osseointegration and antibacterial performance was developed. This approach provides a new strategy for the

surface modification of dental and orthopedic implants.

MATERIALS AND METHODS
MAO treatment

Ti sheets (10 × 10 × 1 mm
3
) and Ti rods (Φ2 × 6 mm

3
) were used as substrate materials, and all specimens

were pretreated to remove the oxide layer and surface contaminants. First, the Ti samples were degreased by

ultrasonic cleaning in acetone solution for 30 min to eliminate surface oil. Then, the Ti samples were

wet-polished using SiC sandpaper with progressively finer grits (#600, #800, #1200, and #2000) until the

surface was smooth with no visible scratches. After polishing, the samples were sequentially ultrasonically

cleaned in acetone, deionized water, and 75% medical ethanol for 30 min each, and finally dried in a

constant-temperature oven at 30 °C for subsequent MAO treatment.

The MAO experiment was conducted in a specialized electrolyte cell, with Ti samples as the anode and

stainless steel as the cathode. The electrolyte composition is presented in Table 1, and the electrolyte was

continuously stirred during the oxidation process to maintain uniform temperature and composition. All

reagents were purchased from Harbin Yanjie Technology Co., Ltd. The key MAO parameters were set as

follows: applied voltage of 400 V, pulse frequency of 600 Hz, duty cycle of 8%, and oxidation time of 5 min.
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Table 2. Sample labels and corresponding MH treatment parameters

Sample NaOH (mol/L) Temperature (°C) Microwave power (W) Time (min)

MHC05T10 0.5 200 800 10

MHC05T60 0.5 200 800 60

MH: Microwave hydrothermal.

Microwave hydrothermal post-treatment

The MAO-treated samples were subjected to MH post-treatment using an MH synthesis instrument

(XH-800s, China). The samples were fixed in a hydrothermal reactor kettle and completely immersed in

0.5 mol/L NaOH solution. The MH treatment parameters were set as a temperature of 200 °C, microwave

power of 800 W, and treatment times of 10 and 60 min, respectively. The detailed treatment procedures have

been reported in previous studies
[29-31]

. After the MH reaction, the samples were immediately removed,

soaked in deionized water for 10 min to remove residual alkali, and dried in an oven at 30 °C for 2 h. For

convenience of description, the samples were labelled as shown in Table 2.

Simulated body fluid immersion

The apatite-inducing ability of the samples was evaluated by soaking in simulated body fluid (SBF)
[38]

. The

samples were immersed in 30 mL of SBF solution, and the SBF was refreshed every 48 h to maintain a stable

ion concentration. The soaking time was set to 3, 5, and 7 days, and the experiment was conducted in a

constant-temperature incubator at 37 °C. The SBF solution was prepared by dissolving analytical-grade NaCl

(8.030 g/L), NaHCO
3
 (0.352 g/L), KCl (0.225 g/L), K

2
HPO

4
·3H

2
O (0.230 g/L), MgCl

2
·6H

2
O (0.311 g/L), CaCl

2

(0.293 g/L), and Na
2
SO

4
 (0.0720 g/L) in deionized water. The pH value of the solution was adjusted to 7.4

using 6.06 g/L Tris hydroxymethylaminomethane ((CH
2
OH)

3
CNH

2
) and 1 mol/L HCl. All reagents were

purchased from Harbin Yanjie Technology Co., Ltd.

Structure characterization

X-ray diffraction

X-ray diffraction (XRD) analysis was performed using a D/max-γB X-ray diffractometer (Japan) with CuKα
radiation to characterize the phase composition of the samples. The test parameters were set as follows:

accelerating voltage of 40 kV, current of 40 mA, scanning range from 10° to 90°, and scanning rate of

10°/min. The phase composition was identified by comparison with the standard PDF card database.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectrometer (EDS)

The surface microtopography of the samples was observed using a Helios Nanolab 600i scanning electron

microscope (SEM, FEI Co., USA) at an accelerating voltage of 20 kV. The elemental composition of the

samples was analyzed using an energy dispersive X-ray spectrometer (EDS, Oxford, UK) integrated with the

SEM system.

Focused ion beam (FIB) and transmission electron microscopy (TEM)

Transmission electron microscopy (TEM, Talos F200x, FEI Co., USA) was used to characterize the fine

microstructure and crystal structure of MHC05T60 samples at an accelerating voltage of 200 kV. The TEM

samples were prepared using a focused ion beam (FIB, Helios Nanolab 600i, FEI Co., USA) to ensure

appropriate thickness and structural integrity. High-resolution TEM (HRTEM) and fast Fourier transform

(FFT) were used to analyze the crystal phase. Elemental mapping and line scanning were performed using

the EDS system integrated with the TEM system.
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In vitro antibacterial test

The antibacterial performance of the samples was evaluated using Escherichia coli (E. coli, Gram-negative)

and Staphylococcus aureus (S. aureus, Gram-positive), which are the main pathogenic bacteria causing

implant-related infections. The cultivation procedures for E. coli and S. aureus have been reported in

previous studies
[20,39]

. First, the bacterial strains were inoculated onto solid bacterial media and cultured at

37 °C for 24 h. Subsequently, the cultures were transferred to fresh solid media every 24 h. After two rounds

of solid-phase cultivation, a small aliquot of viable bacteria was transferred to liquid bacterial media and

incubated at 37 °C for an additional 24 h. The bacterial suspension was diluted with phosphate-buffered

saline (PBS) to a concentration of 1.75 × 10
5
 cfu/mL for subsequent experiments.

The samples were placed in a 24-well plate and sterilized using an autoclave at 121 °C for 30 min after a 2 h

immersion in 70 v/v% ethanol within a sterile culture hood. Then, 1 mL of the bacterial suspension was

added to each well and incubated at 37 °C for 24 h without shaking. Subsequently, bacteria at a concentration

of 1.75 × 10
5
 cfu/mL were seeded onto the samples, and the samples were placed back into the 24-well plate

and incubated at 37 °C for 24 h. After incubation, the samples were rinsed with PBS to remove non-adhered

bacteria, and the adhered bacteria were eluted by ultrasonic vibration for 5 min. The eluent was diluted to an

appropriate concentration, spread on solid LB agar medium, and cultured at 37 °C for 24 h. The number of

bacterial colonies was counted under an optical microscope, and the antibacterial rate (R) was calculated

according to Equation (1):

R = (A - B)/A*100%                                                                        (1)

where A is the number of bacterial colonies for the blank group, and B is the number of bacterial colonies for

the MAO and MHC05T60 samples.

In addition, the morphology of adhered bacteria on the sample surface was observed by SEM to further

evaluate the antibacterial effect. The samples with adhered bacteria were fixed with 2.5% glutaraldehyde

solution for 4 h, dehydrated using a gradient ethanol series (30%, 50%, 70%, 80%, 90%, 95%, 100%), and then

dried and sputtered with gold for SEM observation.

Electrochemical corrosion experiment

The electrochemical corrosion behavior of MAO and MAO-Nb coatings was evaluated using a Reference 600

electrochemical workstation (Gammry, USA) in 0.5 mol/L NaOH solution. A conventional three-electrode

system was adopted: the sample, with an exposed area of 0.3 cm
2
, served as the working electrode, a platinum

plate acted as the auxiliary electrode, and a saturated calomel electrode (SCE) was used as the reference

electrode. Before the test, the sample was immersed in the electrolyte for 5 min to reach a stable open-circuit

potential (OCP).

Potentiodynamic polarization curves were measured in the potential range from +1 V to -1 V (vs. SCE) with

a scanning rate of 1 mV·s
-1

, and the corrosion potential (E
corr

), corrosion current density (I
corr

), and

polarization resistance (R
p
) were obtained by fitting the polarization curves using Gamry Echem Analyst

software. Electrochemical impedance spectroscopy (EIS) was performed in the frequency range of 10
-2
 Hz to

10
5
 Hz with an alternating current amplitude of 10 mV, and the EIS data were fitted and analyzed using

ZSimpWin software to determine the impedance parameters of the coating.
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In vivo osseointegration test

Animal experimental models

The tibial implantation model was covered by the approved animal protocol (IACUC No. 2020127). A total 

of 28 healthy and mature New Zealand rabbits (half male and half female, body weight of 2.5-3.0 kg)

were obtained from Wanle Domestic Rabbit Breeding Base and randomly divided into two groups (MAO

group and MHC05T60 group), with 14 rabbits in each group.

The detailed implantation procedure is described as follows
[29-31]

. The rabbits were anesthetized by ear vein

injection of 3% pentobarbital sodium solution (30 mg/kg body weight). The hair around the midpoint of the

rabbit tibia was shaved, and the skin was disinfected with 2% iodophor and 75% alcohol. A local anesthetic

(2% lidocaine) was injected subcutaneously, and a longitudinal incision of about 1.5 cm was made to expose

the tibial cortical bone by cutting the skin, fascia, and periosteum. A cylindrical hole with a size of

Φ2 × 6 mm
3
 was drilled into the tibia using a dental drill under continuous saline cooling to avoid damage to

the bone tissue. The MAO and MHC05T60 implants were inserted into the bone holes, and the periosteum,

fascia, and skin were sutured layer by layer. After implantation, the rabbits were intramuscularly injected

with gentamicin (1 mL/day) for 3 consecutive days to prevent infection and were housed in a clean animal

room with free access to food and water. The surgical sutures were removed 10 days after implantation.

Implant retrieval

At 4 and 8 weeks after implantation, 7 rabbits in each group were euthanized by ear vein injection of air, and

the tibial segments containing the implants were immediately excised. The residual soft tissue on the tibial

surface was carefully removed using surgical scissors, and the samples were rinsed with normal saline for

subsequent characterization. After implant retrieval, the microstructures of both the tibia side and the

implant side were examined using a Helios Nanolab 600i scanning electron microscope (SEM, FEI Co., USA)

to evaluate the tissue response around the implant.

Radiographic evaluation

X-ray digital radiography (Ultral Focus100, Faxitron X-Ray, USA) was used to observe the bone-implant

interface at 4 and 8 weeks after implantation, and the presence of bone resorption, gaps, and implant

loosening was evaluated. Micro-CT (Siemens, USA) was used for three-dimensional reconstruction of the

implant-bone complex. The scanning parameters were set as follows: voltage of 80 kV, current of 100 μA,

scanning rate of 6°/min, and spatial resolution of 9 μm. Inveon Research Workplace V6 (IRWV6, Siemens,

USA) software was used to analyze the micro-CT data, and bone volume/total volume (BV/TV) and bone

surface/total volume (BS/TV) of the bone tissue within 500 μm around the implant were calculated to

quantify new bone formation.

SEM observation of the bone-implant interface

The tibial segments containing implants were fixed with 4% paraformaldehyde solution for 24 h, and the

implants were then carefully separated from the bone tissue. The surfaces of the implant and the bone tissue

at the interface were observed by SEM, and EDS analysis was performed to characterize the elemental

composition at the interface in order to evaluate the bonding status between the implant and the

surrounding bone tissue.

Statistical analysis

All experimental data were expressed as mean ± standard deviation (x ± s), and statistical analysis was

performed using SAS 6.0 software. One-way analysis of variance (ANOVA) was used to compare differences

between groups, and P <​ 0.05 was considered statistically significant. All in vitro experiments and surface

—
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Figure 1. XRD patterns (A) and SEM images (B) of MAO, MHC05T10 and MHC05T60 samples.

characterizations were repeated at least three times to ensure reproducibility of the results. OriginPro 2018C

and Microsoft Office 2024 were used to generate the experimental figures and tables.

RESULTS
XRD analysis and SEM images of MHC05T10 and MHC05T60 samples

The phase composition and surface microstructure of MAO, MHC05T10, and MHC05T60 samples were

characterized by XRD and SEM, and the results are shown in Figure 1. As observed from the XRD patterns

[Figure 1A], the MAO sample mainly exhibits diffraction peaks of the Ti substrate and a weak anatase TiO
2

peak, and no obvious HA phase diffraction peak is detected, indicating that the MAO coating is primarily

composed of an amorphous structure and anatase TiO
2
 phase. After MH treatment, the diffraction intensity

of anatase TiO
2
 in the MHC05T10 and MHC05T60 samples is significantly enhanced, and new diffraction

peaks appear at 2θ = 31.9°, 33.1°, 46.7°, and 49.5°, which correspond to the (211), (300), (222), and (213)

crystal planes of the HA phase (PDF: 73-0294), indicating that MH treatment can induce the formation of

HA crystals on the Nb-doped MAO coating. With increasing MH treatment time, the diffraction intensity of

HA phase peaks in the MHC05T60 sample is higher than that in the MHC05T10 sample, indicating that the

content of HA crystals increases with prolonged treatment time.
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Figure 2. TEM image and EDS map-scanning images of the cross-sectional MHC05T60 sample: (A) TEM bright field image; (B) Ti
element; (C) O element; (D) Ca element; (E) P element; (F) Na element; (G) Nb element.

Figure 1B presents SEM images of MAO, MHC05T10, and MHC05T60 samples. The MAO sample exhibits a

typical porous surface with microscale dimensions, with pore sizes ranging from several micrometres to tens

of micrometres, and the pore surface appears relatively smooth. After MH treatment, the MHC05T10 and

MHC05T60 samples continue to exhibit a porous structure, with numerous short rod-like HA crystals

observed on their surfaces. Magnified SEM images indicate that these crystals form a well-ordered HA

submicron pillar structure on the MAO coatings, and the crystals are densely arranged. The length of the

short rod-like HA crystals in the MHC05T60 sample is slightly greater than that in the MHC05T10 sample,

which is consistent with the XRD analysis results, indicating that the growth of HA crystals is promoted with

increasing MH treatment time.

Microstructure analysis of the cross-sectional MHC05T60 coating

To further investigate the microstructure and elemental distribution of the MHC05T60 sample, the results

are shown in Figures 2-4. The cross-sectional TEM image in Figure 2A clearly shows that the MHC05T60

coating exhibits a typical three-layer structure: (I) an outermost growth layer with short rod-like HA crystals,

(II) a middle porous layer containing anatase TiO
2
 clusters and an amorphous structure, and (III) an

interface layer with TiO
2
 nanocrystals. In region I, Ca, P, and O elements are mainly concentrated in the

outermost growth layer [Figures 2C-E]. In contrast, the middle porous region (region II) exhibits lower

concentrations of Ca and P, with uneven distributions of Ca, P, Na, and Nb elements [Figures 2D-G].

Additionally, several nanocrystal clusters with higher concentrations of Ti and O elements are observed in

the middle porous region, and similar features are present in adjacent regions of the porous layer

[Figures 2B and C]. Furthermore, in region III, the boundary between the porous layer and the Ti substrate

exhibits a strong bonding interface.

The magnified TEM image, along with the corresponding HRTEM and FFT images of regions II and III

presented in Figure 2A, is shown in Figure 3. The magnified TEM image [Figure 3A] reveals that the average

size of the crystal clusters in region II is about 50 nm. The HRTEM and FFT patterns [Figures 3B and C]

show that the lattice fringes with d-spacings of 0.243 and 0.342 nm correspond to the (103) and (202) crystal

planes of anatase, and the FFT pattern exhibits typical diffraction spots of anatase TiO
2
 along the [010] zone
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Figure 3. TEM magnified image, HRTEM image and FFT image of region I and region II in the Figure 2A: (A-C) magnified TEM image,
HRTEM and FFT images of region II; (D-G) Magnified TEM image and FFT images of region III.

axis [Figures 3B and C], indicating that the nanocrystalline clusters are anatase. The magnified TEM image

further indicates that region III comprises an oxidized layer, an interface layer, and the Ti substrate, and the
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Figure 4. TEM magnified image, EDS image, HRTEM images and FFT images of region I in Figure 2A. (A) Magnified TEM image; (B) The
EDS lining scanning image; (C-E) HRTEM image and FFT images of area M1 and M2; (F and G) HRTEM image and FFT images of area M1.

lattice fringes of the Ti substrate correspond to the (110), (10-1), and (011) crystal planes of Ti with the

[-11-1] zone axis, as shown in Figures 3D-G. The metallurgical bonding between the interface layer and the

Ti substrate is tight, without obvious gaps, which ensures high bonding strength of the coating.

The magnified TEM image and EDS line-scanning results of the outermost growth layer of the MHC05T60

coating are shown in Figure 4. The EDS line-scanning results [Figure 4B] show that the outermost layer can

be divided into three typical regions: areas M1, M2, and M3. In area M1, the main elemental compositions

are 20 at% Ti, 55 at% O, 20 at% Ca, and 2.5 at% P and 2.5 at% Na, while the atomic concentrations of Si and

Nb are nearly zero. In area M2, the atomic concentrations of Ti and O decrease significantly to 7.5 at% and

47.5 at%, respectively, whereas those of Ca and P increase notably to 27.5 at% and 10 at%, respectively. The

contents of Si, Nb, and Na are about 2.5 at% each. In area M3, the main elemental compositions are Ca, P,

and O, along with small amounts of Si and Nb, with concentrations of 30 at%, 15 at%, 50 at%, 2.5 at%, and

2.5 at%, respectively. The HRTEM and FFT results show that area M1 exhibits an amorphous structure

[Figures 4C and E], region M2 contains a polycrystalline HA phase [Figure 4C and D], and region M3

consists of a single HA phase with the [0-11] zone axis [Figures 4F and G], indicating that the outermost

growth layer exhibits a gradient structure from amorphous phase to HA crystal.
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Figure 5. SEM micrographs for MAO, MHC05T10 and MHC05T60 samples after SBF soaking for 3,5 and 7 days.

In vitro bioactivity of MAO, MHC05T10, and MHC05T60 samples

SEM observation analysis

The in vitro mineralization abilities of the MAO, MHC05T10, and MHC05T60 samples were investigated, as

shown in Figure 5. After SBF immersion, the MAO sample shows no significant change and remains similar

to its original morphology, indicating poor bioactivity. In contrast, the MHC05T10 and MHC05T60 samples

exhibit deposition of sol-gel films on their surfaces after 3 days of SBF soaking, along with noticeable changes

in the initially formed HA submicron pillars, suggesting that transformation of these pillars occurs during

soaking. After 5 and 7 days of immersion, pronounced apatite coatings are formed on the surfaces of both

the MHC05T10 and MHC05T60 samples.

XRD and EDS analysis

Figure 6 illustrates the XRD patterns and EDS results of MAO, MHC05T10, and MHC05T60 coatings after 7

days of SBF soaking. In Figure 6A, the XRD patterns show that a new broad diffraction peak appears at

2θ = 32° for MHC05T10 and MHC05T60 samples, which corresponds to the characteristic diffraction peaks

of apatite, indicating that the deposited crystals on the coating surface are in the apatite phase. The

MHC05T60 coating exhibits enhanced apatite formation ability, likely due to its higher initial HA content
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Figure 6. XRD patterns and EDS results of MAO, MHC05T10 and MHC05T60 samples after SBF immersion for 7 days: (A) XRD pattern;
(B) EDS results, the error bars in (B) represent standard deviation (SD). Note: N-MAO refers the MAO sample without SBF immersion.

before SBF immersion. Figure 6B shows that after 7 days of SBF soaking, the Ca/P ratio of the MAO sample

before and after soaking shows no obvious change, indicating that almost no apatite deposition occurs,

which is consistent with the SEM results. The Ca/P ratios of the MHC05T10 and MHC05T60 samples are

about 1.6 and 1.7, respectively, which are close to the Ca/P ratio of natural bone apatite, further confirming

that the surface deposits are apatite.

Corrosion behavior of MAO and Nb-incorporated MAO coating

Figure 7 shows the potentiodynamic polarization curves and electrochemical impedance spectra (EIS) of the

MAO and MAO-Nb samples in 0.5 mol/L NaOH solution, and the results are summarized in Table 3. In

Figure 7A, the corrosion potential (E
corr

) of the MAO-Nb sample (-0.280 ± 0.014 V) is slightly lower than that

of the MAO sample (-0.250 ± 0.0125 V), and the corrosion current density (I
corr

) of the MAO-Nb sample

((5.64 ± 0.082) × 10
-9

 A/cm
2
) is much lower than that of the MAO sample ((2.28 ± 0.035) × 10

-8
 A/cm

2
).

Furthermore, the polarization resistance (R
p
) of the MAO-Nb sample ((7.09 ± 0.38) × 10

6
 Ω·cm

2
) is more than

four times that of the MAO sample ((1.81 ± 0.21) × 10
6
 Ω·cm

2
), indicating that Nb doping significantly

improves the corrosion resistance of the MAO coating.

The EIS test results [Figures 7B and C] are consistent with the polarization curve results. The Nyquist plots

of the MAO-Nb coating show a larger capacitive arc radius (about 1,500 kΩ·cm
2
) than that of the MAO

coating (about 750 kΩ·cm
2
), indicating that the MAO-Nb coating has higher charge-transfer resistance and a

lower corrosion rate. Figure 7C shows the Bode modulus plots of MAO and MAO-Nb coatings. Previous

corrosion studies indicate that the impedance modulus at low frequency can represent the polarization

resistance
[40,41]

. Therefore, the impedance modulus values at a frequency of 0.01 Hz can be considered as the

polarization resistance (R
p
). In this study, the impedance modulus value of MAO-Nb at 0.01 Hz

(6.5 × 10
6
 Ω·cm

2
) is slightly higher than that of the MAO coating (6.25 × 10

6
 Ω·cm

2
), which further confirms

that Nb doping improves the corrosion resistance of the MAO coating.

In vitro antibacterial ability of MAO and MHC05T60 coating

Figure 8 presents the colony-counting results and SEM images of the MAO and MHC05T60 samples against

E. coli and S. aureus. In Figure 8A, the colony-counting results show that the number of viable bacteria on

the MHC05T60 sample is significantly lower than that on the MAO sample. Based on these results, the

antibacterial rates for S. aureus and E. coli on the MHC05T60 sample reach 96.1% and 87.3%, respectively,

whereas those on the MAO coating are only 31.9% and 26.8%, respectively, indicating that the MH-treated

Nb-doped MAO coating exhibits excellent broad-spectrum antibacterial performance.
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Figure 7. Potentiodynamic polarization curves and electrochemical impendence spectra (EIS) of MAO and MAO-Nb samples in 0.5 mol/L
NaOH solution: (A) Potentiodynamic polarization curves; (B) Nyquist plots; (C) Bode modulus plots.

Table 3. Polarization parameters derived from the polarization curves in Figure 7A

Sample
Ecorr

(V vs. SCE)
Icorr

(A∙cm2)
βa

(V/decade)
βc

(V/decade)
Rp

(Ω∙cm2)

MAO -0.250 ± 0.0125 (2.28 ± 0.035) × 10-8 0.435 -0.121 (1.81 ± 0.21) × 106

MAO-Nb -0.280 ± 0.014 (5.64 ± 0.082) × 10-9 0.332 -0.127 (7.09 ± 0.38) × 106

MAO: Micro arc oxidized coating.

As shown in Figure 8B, E. coli and S. aureus adhered to the MAO coating remain in a normal proliferative

state with intact cell morphology. In contrast, after MH treatment, the number of adhered bacteria on the

MHC05T60 sample is very low, and the remaining bacteria exhibit clear cell damage, with several deformed

and lysed cells, which directly confirms the excellent antibacterial effect of the MHC05T60 sample.

In vivo osseointegration of MAO and MHC05T60 coating

X-ray image observation

The X-ray images of the implant-bone complex at 4 and 8 weeks after implantation are shown in Figure 9.

The axial and sagittal X-ray images show that no obvious gap, bone resorption, or implant loosening is

observed at the bone-implant interface in either the MAO or MHC05T60 samples, indicating that both

coatings exhibit good biocompatibility.
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Figure 8. Optical images (A) and SEM images (B) of E.coli and S.aureus on the MAO and MHC05T60 samples.

Figure 9. X-ray images of MAO and MHC05T60 implants in the tibia after healing for 4 and 8 weeks: (A) 4 weeks; (B) 8 weeks.

Micro-CT observation analysis

Figure 10 presents the micro-CT three-dimensional color images and statistical analyses of the MAO and

MHC05T60 bone-implant complexes after 4 and 8 weeks of healing. The three-dimensional color images

(green for bone tissue, red for soft tissue, and yellow for implant) show that bone formation around the

MAO implant at 4 weeks after implantation is limited, and the newly formed bone is discontinuous and

heterogeneous with low density. At 8 weeks after implantation, the new bone around the MAO implant

becomes more continuous, and its density increases; however, a small amount of soft tissue remains at the

interface. In contrast, the MHC05T60 implant exhibits a large amount of continuous and homogeneous bone

tissue at 4 weeks after implantation, and the newly formed bone is closely attached to the implant surface. At

8 weeks after implantation, the new bone around the MHC05T60 implant becomes more mature, the bone

volume is significantly increased, and the soft tissue at the interface is almost completely replaced by new

bone.
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Figure 10. Micro-CT 3D color images and Statistical analysis for the MAO and MHC05T60 implant-bone complex at 4 and 8 weeks after
implantation. (A and B) Micro-CT 3D color images for MAO implant-bone complex for 4 and 8 weeks; (C and D) Micro-CT 3D color
images for MHC05T60 implant-bone complex for 4 and 8 weeks; (E) BV/TV; (F) BS/TV. Note: TV refers total volume of the tissues; BV
refers biological tissue volume; BS refers the biological tissue surface area. *P <​ 0.05 compared to the MAO implant.

The quantitative analysis results [Figures 10E and F] show that the BV/TV value of the MAO implant at 4

weeks is about 22% and increases to 27% at 8 weeks. The BV/TV value of the MHC05T60 implant at 4 weeks

is about 31.2%, which is higher than that of the MAO implant at 8 weeks, and increases to 37.5%, which is

significantly higher than that of the MAO implant (P <​ 0.05). The BS/TV value of the MHC05T60 implant is

lower than that of the MAO implant at the same time point, indicating that the new bone around the

MHC05T60 implant is more mature and exhibits an improved bone structure. These micro-CT results

confirm that the MHC05T60 coating significantly accelerates in vivo new bone formation and improves

bone-implant osseointegration efficiency.
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Figure 11. SEM images and corresponded EDS spectra of the taken-out MAO and MHC05T60 implants from the tibia after implantation
for 4 and 8 weeks.

SEM observation of the bone-implant interface

Figure 11 presents SEM micrographs and corresponding EDS analyses of MAO and MHC05T60 implants

extracted from the tibiae after 4 and 8 weeks of healing. At 4 weeks after implantation, a small amount of

bone-like tissue is observed in the pore regions of the MAO implant, and the interface bonding is weak;

some bone tissue is detached during the separation process, and the EDS spectrum shows a high C content.

At 8 weeks after implantation, the amount of bone-like tissue on the MAO surface increases, but the main

component at the interface remains soft tissue.

In contrast, a large number of bone-like deposits are observed on the surface of the MHC05T60 implant at 4

weeks after implantation, and the bone-implant interface is tightly bonded; fracture occurs in the bone tissue

rather than at the interface during separation, and the EDS spectrum shows high Ca and P contents. At 8

weeks after implantation, the bone-like tissue on the MHC05T60 implant surface is further mineralized, and

the Ca and P contents at the interface are close to those of natural bone, indicating the formation of a stable

bone-bonding interface.

To avoid the influence of the coating on the analysis of the bone-implant interface status of MAO and

MHC05T60 implants, SEM images of the tibia at the cortical bone position after implant removal for both
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Figure 12. SEM images of the tibia at the cortical bone position after removing MAO and MHC05T60 implants after implantation for 4 and
8 weeks.

MAO and MHC05T60 samples are shown in Figure 12. At 4 weeks after implantation, numerous convex

structures are observed in the tibia at the fracture site, corresponding to the original porous structure of the

MAO sample. These convex structures are fragmented, and trace amounts of Ti are detected in this region,

indicating that bone tissue has grown into the micropores and can withstand a certain load. At 8 weeks after

implantation, the convex structures become larger, indicating that the amount of newly formed bone tissue

increases. In contrast, numerous spherical mineral deposits are observed on the bone surface of the

MHC05T60 implant at 4 weeks after implantation, consistent with the residual structure of the MHC05T60

implant surface, suggesting that fracture occurs on the bone side. At 8 weeks after implantation, the bone

surface of the MHC05T60 implant forms a composite structure of convex residual coating and newly formed

bone tissue, indicating that the MHC05T60 implant forms a firm and stable osseointegration interface with

the surrounding bone tissue.

DISCUSSION
Formation of the multilayer coating with rod-like HA crystals

MH treatment is a novel and efficient surface modification technique that introduces a microwave field into

the conventional hydrothermal process. Its unique heating characteristics, such as volumetric heating, rapid
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Figure 13. The schematic representation for the microstructure evolution and the formation of rod-like HA crystals.

heat transfer, and selective heating, enable rapid formation of HA crystals on the MAO coating surface. In

this study, Nb was doped into the MAO coating by adding C
10

H
5
NbO

20
 to the electrolyte, and MH treatment

was conducted in NaOH solution to induce the formation of HA crystals. The formation mechanism of the

three-layer structure of the MHC05T60 coating and the evolution of HA crystals are shown in Figure 13.

Based on the TEM results, the Nb-doped MAO coating is mainly composed of an amorphous structure

containing Ca, P, Si, Na, and Nb elements, along with a small amount of anatase TiO
2
 nanocrystal clusters,

and its microstructure is similar to that reported in previous studies
[29-31]

. During MH treatment, the

microwave field acts as a heat source and rapidly heats the NaOH solution to the target temperature

(200 °C), forming a high-temperature and high-pressure reaction environment in a specialized autoclave.

Under these conditions, the incorporated Ca, P, and Si elements diffuse toward the coating surface, resulting

in the formation of SiO
4

4-
, Ca

2+
, and PO

4

3-
 species at the solution-coating interface. Hydroxide ions (OH

-
) in

the MH treatment solution facilitate HA nucleation by interacting with these species. The Si element in the

coating forms SiO
4

4-
 at the interface, which acts as a heterogeneous nucleation site for HA crystals and

promotes rapid nucleation. As the MH treatment time increases, HA nuclei are rapidly formed on the

surface and subsequently grow in situ toward the solution, thereby forming a three-layer structure of the

MHC05T60 sample, including an outer growth layer with rod-like HA crystals, a porous middle layer

containing an amorphous structure and numerous TiO
2
 nanocrystal clusters, and a dense interface layer.

Due to the interconnected porous structure of the MAO coating, some HA crystals are formed on the

surfaces of internal pores. However, owing to the limitations imposed by the porous structure, only a limited

amount of OH
-
 ions can diffuse into these pores, resulting in the formation of HA nuclei on the pore

surfaces. Furthermore, the HA crystals observed in this study exhibit a short rod-like morphology, which

                                                                                             



Wei et al. Microstructures 2026, 6, 20260119 Page 19 of 23

differs from the nanowire structures with smaller diameters and greater lengths formed on the surface of

MH-treated MAO coatings without Nb, as previously reported
[29-31]

. Nb incorporated into the coating plays a

key role in regulating the morphology of HA crystals. The Nb-doped MAO coating exhibits enhanced

corrosion resistance in NaOH solution, suggesting a reduced reaction rate between OH
-
 and the MAO

coating, which weakens the Ca and P concentration gradient at the coating-solution interface. As a result,

fewer HA nuclei are formed on the Nb-incorporated MAO coating within a short time compared to the

Nb-free MAO coating. Consequently, the formation of finer and longer HA crystals on the Nb-doped MAO

coating is less favorable due to the insufficient Ca and P concentration gradient. In contrast, short rod-like

HA crystals with larger diameters are formed, which may be more favorable for inducing bone formation, as

this morphology resembles HA crystals in natural bone.

Biological performance of MAO and MHC05T60 coatings

Antibacterial ability of MAO and MHC05T60 coatings

The in vitro antibacterial test results show that the MHC05T60 sample exhibits excellent broad-spectrum

antibacterial performance against E. coli and S. aureus. The colony-counting results and SEM images

demonstrate that the antibacterial capability of the MAO coating is significantly enhanced after MH

treatment. The adhesion and proliferation of E. coli and S. aureus on the surface of the MHC05T60 sample

are markedly inhibited, thereby reducing the risk of post-implantation infection. These findings indicate that

MH treatment can effectively improve the antibacterial properties of MAO coatings and provide a feasible

approach for enhancing antibacterial performance.

Several factors, including surface roughness
[42-44]

, surface topology
[42-44]

, and chemical composition
[20,42-44]

, may

influence the antibacterial ability of the MHC05T60 sample. The MAO coating exhibits a relatively smooth

porous topological structure, allowing E. coli and S. aureus to easily adhere to its surface, as confirmed by the

SEM images in Figure 8B. In contrast, the adhered bacterial structures on the MHC05T60 sample are

significantly damaged, suggesting that the nanoscale microstructure positively affects antibacterial

performance. This observation indicates that surface morphology plays an important role in regulating

bacterial adhesion and proliferation. Previous studies have also demonstrated that surface morphology can

influence bacterial adhesion and proliferation
[20]

.

Additionally, the chemical composition of the MHC05T60 sample influences the adhesion and proliferation

of E. coli and S. aureus. Following MH treatment, the concentrations of Ca and P elements on the surface of

the MHC05T60 sample increase due to the formation of HA crystals. Previous studies indicate that Ca and P

elements can affect bacterial adhesion and proliferation
[20]

. During the bacterial culture process, the

MHC05T60 coating releases higher levels of Ca and P due to the dissolution of rod-like HA crystals. The

amorphous Nb
2
O

5
 in the MHC05T60 sample can induce the generation of reactive oxygen species (ROS),

such as H
2
O

2
, O

2

2-
, and OH

-
, thereby further inhibiting bacterial growth

[45]
. Released Nb

5+
 from Nb

2
O

5
 can

penetrate bacterial cells by disrupting the cell wall and damaging DNA and RNA, thereby inhibiting bacterial

proliferation, similar to the mechanism of Zn
2+[46]

. Therefore, the enhanced antibacterial ability of the

modified MAO coating results from the combined effects of incorporated elements and the porous surface

topology.

In vitro and in vivo bioactivity of MAO and MHC05T60 coatings

The formation of apatite is considered an important process in new bone formation around the implant. In

vitro SBF soaking is an effective method to evaluate the bioactivity of materials
[47,48]

. The SBF soaking

experiments and in vivo animal studies confirm that the MHC05T60 coating exhibits excellent in vitro

bioactivity and in vivo osseointegration performance. This enhancement is mainly attributed to the

synergistic effect of short rod-like HA crystals and Nb doping, and can be explained by two main factors.
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First, the rod-like HA crystals exhibit good crystallographic compatibility with apatite, acting as

heterogeneous nucleation sites for apatite and significantly accelerating apatite deposition. Second, the

Nb-doped HA crystals exhibit good solubility, similar to the effects of Sr, F, and Si ions
[49,50]

. Consequently,

during SBF immersion, dissolution of Nb-substituted HA crystals increases the local concentrations of Ca
2+

and PO
4

3-
 ions at the outermost layer of the MHC05T60 sample. These factors collectively indicate that the

MHC05T60 coating with numerous rod-like HA crystals possesses excellent apatite-inducing ability.

The in vivo osseointegration behavior in the tibia is a complex process involving deposition of bone-like

apatite, fluid-material exchange, and formation of new biological tissues
[51]

. X-ray and micro-CT

three-dimensional color images indicate excellent biocompatibility of all implants in vivo. Furthermore, the

bone-implant interface cannot be clearly identified from these images. Therefore, SEM images of both the

implant and tibia sides were used to investigate the interface status. The fracture position indicates a

favorable interface between the bone and the MHC05T60 implant, as confirmed by the SEM images in

Figures 11 and 12. The fracture SEM images demonstrate that the MHC05T60 implant exhibits excellent

osseointegration performance, which is attributed to its micro/nano dual-scale porous surface with

numerous  rod-l ike  HA  crystals ,  as  further  supported  by  the  push-out  force  shown  in

Supplementary Figure 1. As reported in related literature and previous studies, a micro/nano dual-scale

porous surface with HA nanowires has been achieved through combined techniques of MAO/HT
[22,23,52-54]

,

MAO/MH
[30,31]

, and MAO/MSH
[29]

, which is similar to the microstructure observed in this study. The

variation in microstructure is mainly attributed to the improved corrosion resistance of the MAO-Nb

coating. To evaluate differences in in vivo osseointegration, the bone-implant extraction force was

summarized and compared, as shown in Supplementary Table 1. Overall, the MH-treated MAO-Nb coating

with a micro/nano dual-scale porous surface and rod-like HA crystals presents a promising material for bone

repair applications.

CONCLUSION
The incorporation of Nb, MAO, and MH treatment was used to rapidly construct a micro/nano dual-scale

porous surface with numerous rod-like HA crystals on the Ti surface. The MHC05T60 coating consists of an

outer growth layer with numerous rod-like HA crystals, a porous middle layer containing numerous anatase

TiO
2
 clusters and an amorphous structure, and a dense interface layer. Furthermore, the incorporation of Nb

promotes the formation of HA with a uniform submicron pillar-like morphology, which is attributed to

enhanced corrosion resistance of the MAO coating. Based on the results of in vitro antibacterial tests, SBF

immersion tests, and in vivo animal experiments, the MHC05T60 sample demonstrates excellent overall

biological performance, including superior antibacterial ability, good apatite deposition capacity, and

outstanding in vivo bone-inducing ability. The enhancement of these properties is attributed to the

micro/nano dual-scale rough porous surface and the specific elemental composition of the rod-like HA

crystals. Consequently, the MH-treated Nb-incorporated MAO coating presents a promising alternative

material for bone-related applications.
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