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ated zirconia: preparation and
osteogenic performance evaluation

Shuang Tang, a Yaoxin Wang,a Ping Maa and Zhipeng Fan*b

Zirconia implants are increasingly prevalent in dental applications due to their superior aesthetic outcomes,

excellent mechanical properties, and remarkable biocompatibility. However, zirconia implants face

challenges such as insufficient bioactivity and limited osseointegration capability, which compromise

their long-term stability. In this study, porous titania (TiO2) coatings were developed on zirconia surfaces

to enhance their osteogenic activity. Zirconia substrates were immersed in a mixed solution of zirconium

oxychloride (ZrOCl2) and TiO2 in a water bath. By regulating the concentration of the treatment solution

according to the hydrolysis characteristics of ZrOCl2, TiO2 coatings with different porous morphologies

were formed during the dense sintering process of zirconia ceramics. The surface characteristics,

mechanical strength and bonding strength of coatings of different zirconia samples were tested. The

MC3T3-E1 cells were seeded on zirconia discs to evaluate the bioactivity of porous TiO2 coatings. To

assess the in vivo response of porous TiO2-coated zirconia, the samples were implanted into rat femurs,

followed by systematic analysis. Firmly bonded porous TiO2 coatings were generated on the zirconia

surface, significantly enhancing surface roughness and hydrophilicity without adversely affecting the

mechanical strength of zirconia. Through in vitro cell experiments, porous TiO2-modified zirconia could

promote cell proliferation, spreading and osteogenic differentiation. Furthermore, in vivo assessments

confirmed that porous TiO2-coated zirconia exhibited superior osseointegration effect. The preparation

of porous TiO2-coated zirconia is an effective method to improve the osteogenic performance of

zirconia implants, which is of significant importance for promoting the widespread application of

zirconia implants.
1. Introduction

Tooth loss and dentition defects can signicantly impact
patients' physiological and psychological health. Dental
implant restoration can restore patients' masticatory function,
thereby improving their quality of life.1,2 Zirconia has emerged
as a substitute material for titanium and titanium alloy
implants due to its excellent mechanical properties and
aesthetic characteristics.3,4 Zirconia exhibits a exural strength
exceeding 1000 MPa, a fracture toughness of approximately
9 MPa m1/2, and a compressive strength of about 2000 MPa.5

These mechanical strengths create a foundation for its appli-
cation as an implant material. Additionally, zirconia exhibits
aesthetic effects similar to natural teeth and possesses excellent
biocompatibility, which further enhances its advantages as an
implant material.6,7 While, zirconia is a bioinert material, which
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results in slower osseointegration and increases the failure rate
of implant surgery.8,9

Surface modication treatments are applied to improve the
osteogenic effects of the zirconia implant, including mechanical
processing, sandblasting and acid etching.10–12 These methods
can increase the surface roughness of zirconia implants, thereby
facilitating osseointegration. However, studies have found that
such treatments may compromise its mechanical strength.13

Moreover, to improve the osteogenic performance of zirconia,
researchers have developed coatings with various components on
its surface, such as b-tricalcium phosphate (b-TCP), hydroxyapa-
tite (HA), and so on. Stefanic et al. reported the formation of
a stable b-tricalcium phosphate (b-TCP) coating on zirconia
implants via chemical deposition and hydrothermal treatment.14

However, the bonding strength between the b-TCP coating and
the zirconia substrate was relatively weak, particularly for coat-
ings obtained through physical deposition methods. Miao et al.
fabricated a porous layer on a zirconia substrate and deposited an
HA coating to enhance the osteogenic properties of zirconia.15

While, the mismatch in thermal expansion coefficients between
HA and the zirconia substrate limited the bonding strength of the
HA coating. In summary, surfacemodication process oen faces
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Concentration of treatment solution for experimental group
specimens, mol L−1

ZrOCl2 TiO2

TO1 1 1
TO2 1.5 1
TO3 2 1
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challenges due to poor interfacial bonding between the coating
and the substrate.

The high polarity of Ti–O bonds in TiO2 promotes the dissoci-
ation of surface water molecules into hydroxyl groups, thereby
enhancing its bioactivity.16 Miranda et al. successfully prepared
a titania coating on zirconia via the sol–gel method, achieving
excellent bioactivity.17 Additionally, previous studies fabricated
a titania coating on zirconia via plasma spraying and demonstrated
that the TiO2 coating signicantly enhanced osteoblast differenti-
ation in vitro.18 However, the TiO2 coatings obtained by these
methods exhibited poor adhesion to zirconia, forming discontin-
uous and uneven layers. This could increase the risk of coating
delamination at the bone-implant interface, compromising the
long-term stability of zirconia implants. Therefore, a more effective
approach is needed to produce strongly bonded TiO2 coatings on
zirconia surfaces. In our previous research, we developed an
improved method for preparing titania coatings. In this method,
pre-sintered zirconia was treated in amixed suspension containing
ZrOCl2 and different concentrations of TiO2, followed by dense
sintering. As a result, TiO2 coatings with varying distribution
densities were obtained. The hydrolysis properties of ZrOCl2 facil-
itate the formation of a Ti–Zr mixed interfacial layer, thereby
ensuring strong bonding between the coating and the zirconia
substrate. Furthermore, our previous work demonstrated that TiO2

coatings with enhanced bioactivity, surface roughness, and wetta-
bility could be fabricated on pre-sintered zirconia using this
strategy, thereby promoting osteogenic differentiation and
osseointegration.19 However, these coatings exhibited a relatively
uniform, non-porous morphology, which limited available sites for
cell adhesion, migration, and proliferation.

Studies have shown that porous surfaces facilitate cell
adhesion and proliferation, extracellular matrix deposition,
nutrient/oxygen transport, and metabolic waste removal,
thereby providing structural conditions for bone tissue
ingrowth.20 The existing preparation techniques for porous
zirconia ceramics primarily rely on the addition of pore-forming
agents.21 By removing these agents through sublimation,
chemical leaching, or sintering, porous ceramics with irregular
pores can be formed. However, this method may alter the
internal structure of zirconia, potentially compromising its
exural strength.22 In this study, we aim to reliably fabricate
a porous titania coating on zirconia surfaces by controlling the
dehydration of bound water in ZrOCl2 hydrolysis products.
Through optimizing the surface structure, the bioactivity of the
coating can be further enhanced, thereby signicantly
improving the adhesion, proliferation, and differentiation of
osteoblasts, ultimately promoting the osseointegration of
zirconia implants. This treatment offers a novel strategy for
fabricating porous coatings with strong substrate bonding,
thereby broadening the potential biomedical applications of
porous TiO2-coated zirconia.

2. Materials and methods
2.1. Preparation of the samples

The pre-sintered zirconia ceramic blocks (Upcera, China) were
processed into discs with a diameter of 14 mm and a thickness of
© 2025 The Author(s). Published by the Royal Society of Chemistry
2 mm by a low-speed cutting machine (Buehler, USA). The
zirconia discs were successively polished by 800#, 1000#, and
1200# SiC sandpaper, followed by ultrasonic cleaning with
distilled water and anhydrous ethanol. All samples were randomly
assigned into four groups. The control group (C) required no
additional treatment. According to the concentration of ZrOCl2
(as shown in Table 1), the experimental samples were divided into
three groups: TO1, TO2 and TO3. ZrOCl2 was dissolved in deion-
ized water at the predetermined concentration. Subsequently,
a certain amount of nano TiO2 powder (particle size: 20–30 nm,
purity: 99%) was added into the ZrOCl2 solution. Themixture was
subjected tomagnetic stirring and ultrasonic dispersion to ensure
the TiO2 powder was uniformly dispersed, resulting in a homo-
geneous suspension. The pre-sintered zirconia samples were then
immersed in the suspension and reacted in a water bath at 95 °C
for 4 h. Aer the water bath treatment, the samples were removed
and gently rinsed several times with deionized water to remove
any residual acids or impurities on the surface. Aer cleaning and
drying, all samples were sintered in a sintering furnace (Everest,
Kavo, Germany), heated to 1450 °C at a rate of 5 °C min−1

according to the instructions. Before use, all specimens were
rinsed with deionized water and dried for storage.

2.2. Surface characterization of the samples

The surface and cross-sectional morphologies of each group of
samples were observed using a scanning electron microscope
(SEM, Phenom-world, Netherlands). Additionally, three-
dimensional (3-D) reconstruction images of the surface of
different zirconia discs were also captured by SEM. The porosity
of the porous coatings was calculated using ImageJ soware.
The surface elemental mapping and cross-sectional line scan-
ning were performed with an energy-dispersive X-ray spec-
trometer (EDS, Phenom-world, Netherlands). The X-ray
diffraction (XRD, Shimadzu, Japan) analysis was conducted to
identify the structures and phase compositions of the zirconia
surfaces from each group. The water contact angle (WCA) was
measured using an automatic contact angle meter (Kino
Industry, USA) to evaluate surface hydrophilicity. For the
measurements, 3 mL droplets of deionized water were deposited
onto the surfaces of the testing discs. The average values ob-
tained from the measurements (n = 5) were recorded and
subsequently compared. The average surface roughness (Ra) of
each group (n = 5) was measured using a surface roughness
tester (Shanghai Taiming Optical Instrument, China).

2.3. Three-point bending strength testing

Pre-sintered zirconia ceramic blocks were prepared into strips
(25 × 5 × 1.5 mm). Each group of samples (n = 5) was treated
RSC Adv., 2025, 15, 27452–27466 | 27453
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according to the procedure described in Section 2.1. The ex-
ural strength (s) was evaluated by a universal material testing
machine (Shimadzu, Japan) with a crosshead movement speed
of 0.5 mm min−1. The three-point bending strength of each
specimen was calculated according to the formula: s= 3Fl/2wb

2.
Where F represents the breaking load (N), l is the test span
(mm), w denotes the width of the sample (mm), and b is the
thickness of the sample (mm).
2.4. The bonding strength of coating

The adhesion strength of the coating was tested using a tensile
pull-off test with epoxy resin bonding. A universal material
testing machine (AG-X Plus, Shimadzu, Japan) was employed to
perform a pull-off test to obtain the adhesion strength of the
TiO2-coated zirconia specimens (n = 5). The bottom of the
sample was xed on the experimental machine platform. A
transparent tape with a circular hole (4 mm in diameter) was
applied to the coating surface to demarcate the bonding area. A
resin column (4 mm in diameter and 5 mm in height) was then
bonded to the coating using an adhesive (Kuraray Company,
Japan). The coating was stretched at a speed of 0.5 mm min−1

until fracture occurred. The interfacial adhesion strength was
calculated as follows:

P =Fmax/S.

where P represents the bonding strength, Fmax denotes the
maximum load at fracture, and S signies the bonding area.
2.5. In vitro cell experiments to assess the bioactivity of
porous TiO2-coated zirconia

2.5.1. Cell culture. Mouse pre-osteoblasts cells (MC3T3-E1)
were purchased from the American Type Culture Collection to
evaluate the biological response to different zirconia samples.
The cells were maintained in a-MEM medium (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, USA)
and 1% penicillin-streptomycin (Gibco, USA) at 37 °C in
a humidied environment with 5% CO2.

2.5.2. Live/dead double staining. Zirconia specimens (n =

3) were placed in a 24-well plate, with a seeding density of 1 ×

104 cells per well for MC3T3-E1 cells. The cells were cultured at
37 °C in a 5% CO2 incubator for 1 and 3 days. The staining
solution was prepared bymixing 6 mL of calcein-AM and 18 mL of
propidium iodide in 6 mL of 10× assay buffer. Aer thorough
mixing, 200 mL staining solution was added to each well. Aer
30 min of staining, the samples were observed under uores-
cence microscope (Olympus, Japan).

2.5.3. CCK-8 assay. MC3T3-E1 cells were seeded on the
surface of each group of specimens (n = 3) at a density of 2.5 ×

104 cells per mL. Aer culturing for 1, 3, and 5 days, 400 mL a-
MEM containing 40 mL CCK-8 solution (Dojindo, Japan) was
added to each well, and the samples were incubated at 37 °C for
1 h. Aer incubation, 200 mL of the supernatant from each well
was transferred to a fresh 96-well plate. The 96-well plate was
placed in a microplate reader to measure the absorbance. The
27454 | RSC Adv., 2025, 15, 27452–27466
absorbance was measured with a microplate reader (Molecular
Devices, USA) at 450 nm.

2.5.4. Cytoskeleton immunouorescence staining. MC3T3-
E1 cells were seeded on zirconia samples (n = 3) in a 24-well
plate at a density of 1 × 104 cells per well. Aer being cultured
for 1 and 3 days, the cells on different specimens were xed with
4% paraformaldehyde and permeabilized with 0.1% Triton X-
100. Finally, MC3T3-E1 cells were stained with phalloidin
(Sigma, USA) and 10 mg per mL DAPI (Sigma, USA) respectively,
followed by three thorough washes with PBS. The stained
MC3T3-E1 cells were observed by a uorescence microscope
(Olympus, Japan).

2.5.5. Staining and quantication of ALP activity. The
zirconia specimens from each group (n= 3) were placed in a 24-
well plate, and MC3T3-E1 cells at a density of 2.5 × 104 cells
per mL were co-cultured for 24 h. Aer removing the existing
medium, osteogenic medium mixed with 50 mg per mL L-
ascorbic acid (Sigma, USA), 10mM b-glycerol phosphate (Sigma,
USA) and 50 nM dexamethasone (Sigma, USA) was added. Aer
culturing in osteogenic induction medium for 4 and 7 days, the
samples were xed in 4% paraformaldehyde and stained with
a BCIP/NBT Kit (Beyotime, China). The staining results were
observed by stereomicroscopy (Olympus, Japan). The ALP
activity was quantied following the protocol provided with the
detection kit (Beyotime, China). The results were standardized
to the total protein concentration, which was measured by
a BCA protein assay kit (Beyotime Biotechnology, China).

2.5.6. Alizarin red S staining and quantitative analysis.
Each group of samples (n = 3) were placed in a 24-well plate,
and 1 mL of cell suspension (1 × 105 cells per mL) was added.
Aer incubating for 24 h, the osteogenic induction medium was
replaced. Aer 7 days of osteogenic induction, the samples were
stained with 0.2% Alizarin Red solution (pH 4.2, Sigma, USA)
and observed by a stereomicroscope (Olympus, Japan). For
quantitative analysis, 10% cetylpyridinium chloride (Sigma,
USA) was added to dissolve stained mineralized nodules on the
surface of the samples. The OD value was measured at 600 nm
by microplate reader (Molecular Devices, USA).

2.5.7. qRT-PCR analysis.MC3T3-E1 cells were seeded on the
surfaces of each group of specimens (n= 3) at a density of 1× 105

cells per well. Aer 7 days of osteogenic induction, the quanti-
tative reverse transcription-polymerase chain reaction (qRT-PCR)
was employed to evaluate the expression levels of osteogenic
genes including ALP, type I collagen (Col-I), osteocalcin (OCN),
runt-related transcription factor 2 (Runx2) and osteopontin
(OPN). Total RNA was extracted using the TRIzol reagent (Sigma,
USA). The RNA was reverse transcribed into cDNA by the Reverse
Transcription Takara kit (Takara, Japan). Finally, quantitative RT-
PCR was performed using SYBR Green chemistry (Takara, Japan).
Primers for osteogenesis-related genes are listed in Table 2.
Relative mRNA expression levels were calculated using the 2−DDCt

method with GAPDH as the housekeeping gene.
2.6. In vivo animal experiments

2.6.1. Specimen preparation. The pre-sintered zirconia
cylinders (diameter 1 mm, length 10mm) was randomly divided
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Primers for target genes

Target genes Primers

ALP F: 50-TGCCCTGAAACTCCAAAAGC-30

R: 50-CTTCACGCCACACAAGTAGG-30

COl-I F: 50-CTGACTGGAAGAGCGGAGAG-30

R: 50-GACGGCTGAGTAGGGAACAC-30

OCN F: 50-AGACTCCGGCGCTACCTT-30

R: 50-CTCGTCACAAGCAGGGTTAAG-30

Runx2 F: 50-AGATGGGACTGTGGTTACCG-30

R: 50-TAGCTCTGTGGTAAGTGGCC-30

OPN F: 50-ACACTTTCACTCCAATCGTCCCTAC-30

R: 50-GGACTCCTTAGACTCACCGCTCTT-30

GAPDH F: 50-ATGGGTGTGAACCACGAGA-30

R: 50-CAGGGATGATGTTCTGGGCA-30
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into 4 groups: group C served as the control group. The exper-
imental group samples were immersed in different concentra-
tions of ZrOCl2 solution mixed with TiO2 (as shown in Table 1),
named as TO1, TO2 and TO3 groups. Aer sintering, each group
of specimens were disinfected at 121 °C for 15 min before being
used in subsequent experiments.

2.6.2. Surgical procedure. All in vivo experiments were
approved by the ethics committee of Beijing Stomatological
Hospital affiliated with Capital Medical University and in
accordance with the “Guide for the Care and Use of Laboratory
Animals”. Eight-week-old male Sprague Dawley (SD) rats (n = 3)
were randomly divided into four groups: C, TO1, TO2 and TO3.
The rats were anesthetized by intraperitoneal injection of
sodium pentobarbital. Subsequently, the hind limbs of each rat
were shaved and sterilized. A 10 mm incision was made on the
medial side of the knee joint, followed by blunt dissection of the
muscles, patella, and associated ligaments to fully expose the
femur. A bone defect of 1 mm in diameter and 10 mm in length
was prepared and cooled with saline to prevent osteonecrosis.
The implants were carefully and gently inserted into the
prepared cavities, aer which the surrounding so tissues were
meticulously sutured to ensure proper closure. To prevent the
risk of postoperative infection, penicillin (100 000 IU) was
administered via intramuscular injection. Aer 4 and 8 weeks of
implantation, the rats were sacriced. The femurs, along with
the implants, were collected and xed in 4% paraformaldehyde
before conducting further assessments.

2.6.3. Micro-CT analysis. High-resolution micro-CT (Sky-
scan, Bruker) was employed to scan the femurs. Three-
dimensional reconstruction was performed using CTvox so-
ware, and the images were analyzed and processed with CTAn
soware. Aer image binarization and 3D denoising, a circular
region of interest (ROI) with a diameter of 1.5 mm was selected
to cover the bone defect area. The main bone-related parame-
ters: bone-to-tissue volume ratio (BV/TV), trabecular thickness
(Tb. Th), trabecular separation (Tb. Sp), and trabecular number
(Tb. N) were calculated and compared.

2.6.4. Histological analysis. Bone tissue samples contain-
ing implants from each group were placed in a 10% ethyl-
enediaminetetraacetic acid (EDTA) solution for decalcication.
Once decalcication was complete, the implants were carefully
© 2025 The Author(s). Published by the Royal Society of Chemistry
removed to ensure that the surrounding new bone was not
damaged. The decalcied samples underwent a series of pro-
cessing steps, including ethanol gradient dehydration, xylene
clearing, paraffin embedding, and sectioning. Finally, hema-
toxylin and eosin (H&E) staining and Masson staining were
performed. These sections were observed by microscopy
(Olympus, Japan).
2.7. Statistical analysis

All quantitative data were expressed as mean ± standard devi-
ation (SD). The differences between the groups were assessed by
one-way analysis of variance (ANOVA) with least signicant
difference (LSD) post hoc tests in IBM SPSS Statistics (Version
22.0, Windows). A p-value < 0.05 was considered statistically
signicant.
3. Results and discussion
3.1. Surface characterization

Porous titania coatings with different morphologies were
successfully prepared on the zirconia surface (as shown in
Fig. 1A–C). With increasing ZrOCl2 concentration in the treat-
ment solution (TO1 < TO2 < TO3), the surface porosity rose
sequentially to 18.36± 0.96% (TO2) and 43.08± 1.08% (TO3), as
quantied by ImageJ analysis. SEM observation of the longitu-
dinal sections of each group of samples (Fig. 1D) revealed that
the titania coatings formed on the surfaces of the TO1, TO2, and
TO3 group specimens were tightly bonded to the zirconia
substrate, with no obvious cracks. The TO3 group exhibited
a higher density of interconnected pores compared to the TO2

group.
Based on the hydrolysis characteristics of ZrOCl2: ZrOCl2 +

2H2O / ZrO(OH)2 + 2HCI; ZrO(OH)2 + H2O / Zr(OH)4;
Zr(OH)4 / ZrO2 + 2H2O. Increasing ZrOCl2 concentration
accelerates Zr(OH)4 formation, and its subsequent dehydration
during sintering generates higher porosity in the TiO2 coating.

The surface elemental mapping results are shown in Fig. 2A.
The control group exhibited Zr, O, and Y as the primary
elements on the zirconia surface. The TO1, TO2 and TO3 groups
mainly consisted of Ti and O, along with trace amounts of Zr. As
illustrated in Fig. 2B, line scanning was performed to analyze
the elemental composition variation across the longitudinal
sections of each group. The trend of elemental changes along
the cross-section of the specimens revealed the formation of
a Ti–Zr mixed layer at the surface of the zirconia substrate.

The fabrication strategy in this study effectively leveraged the
high porosity of pre-sintered zirconia to facilitate ZrOCl2 inl-
tration. Upon hydrolysis, ZrOCl2 transformed into Zr(OH)4,
which decomposed into ZrO2 during sintering, enhancing
interfacial bonding. Concurrently, TiO2 diffused into the
zirconia substrate, forming a chemically stable Ti–Zr mixed
interface. This explains the gradual transition in elemental
composition observed in line scanning (Fig. 2B), where Ti
intensity decreased while Zr increased toward the substrate.

Fig. 3A shows the XRD results, indicating that group C
zirconia exhibited a tetragonal structure. The crystal structure
RSC Adv., 2025, 15, 27452–27466 | 27455

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03550c


Fig. 1 SEM images of the samples: (A) low magnification (scale bar: 100 mm), (B) high magnification (scale bar: 20 mm). (C) 3-D reconstruction
images of zirconia specimens in each group. (D) Cross-sectional SEM images of zirconia samples from different groups.
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of TO1, TO2, and TO3 samples was the rutile phase. Zirconia can
transform from the tetragonal phase to the monoclinic phase in
water or steam, especially under stress, which may cause
microcracks and reduce material durability. This problem is
most serious in dense zirconia that has been fully sintered, as it
is more prone to low-temperature degradation (LTD).23 In our
study, the water bath treatment was applied to pre-sintered
zirconia, so it does not cause LTD. Final high-temperature
sintering both densies the zirconia and restores the stable
tetragonal phase. Thus, the risk of LTD in our process is very
low. Titania typically crystallizes into the rutile phase aer
sintering at high temperatures (>800 °C). Previous studies have
27456 | RSC Adv., 2025, 15, 27452–27466
demonstrated that rutile, as a stable high-temperature phase,
still possesses good biocompatibility and a certain degree of
bioactivity, which can meet actual clinical requirements.24

However, some studies reported that the anatase phase of TiO2

generally exhibits superior bioactivity compared to the rutile
phase.25 In subsequent research, we will attempt to introduce
other oxides to achieve the synthesis of a more bioactive
anatase-phase TiO2 coating. According to research, oxides can
be an effective means of regulating the phase transformation of
TiO2: composite metal oxides can either promote or inhibit
phase transitions.26,27
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Elemental mapping of zirconia specimen surfaces in each group. (B) The EDS line-scanning results of longitudinal sections of zirconia.
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The water contact angle measurements are presented in
Fig. 3B and C. The titania coating signicantly reduced the
hydrophilicity of zirconia. The water contact angles of TO2 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
TO3 groups were signicantly lower than that of TO1 (p < 0.05),
while the TO3 group exhibited the lowest value (p < 0.05). The
enhanced hydrophilicity of porous titania coatings can be
RSC Adv., 2025, 15, 27452–27466 | 27457
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Fig. 3 (A) XRD patterns of diffrernt samples. (B and C) Water contact angles of each group zirconia. (D) Surface roughness value of the C, TO1,
TO2, and TO3 groups. (E) Three-point bending strength of the specimens. (F) Bonding strength of coatings from each group of samples. *P <
0.05, **P < 0.01, ***P < 0.001.
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attributed to two factors. Firstly, TiO2's highly polar Ti–O bonds
promote water dissociation into hydroxyl groups, enhancing
hydrophilicity.28 Additionally, water contact angle decreases
with increasing surface roughness.29 The porous coating further
improves hydrophilicity by enhancing surface roughness.

The surface roughness measurement results of zirconia
specimens in each group are shown in Fig. 3D. The results
indicated that the surface roughness of the control group was
0.26 ± 0.07 mm, while those of the TO1, TO2, and TO3 groups
were 1.35 ± 0.03 mm, 1.47 ± 0.02 mm and 1.84 ± 0.04 mm,
respectively. The surface roughness values of the experimental
groups were signicantly higher than those of the control group
(P < 0.001), and the TO3 group exhibited signicantly greater
roughness compared to the other experimental groups (P <
0.001).

The exural strength values of zirconia specimens in each
group are shown in Fig. 3E. Compared with the group C, the
zirconia specimens in groups TO1, TO2, and TO3 exhibited
27458 | RSC Adv., 2025, 15, 27452–27466
reduced three-point bending strength. However, the differences
among the groups were not statistically signicant (P > 0.05).
Rezaei et al. created micro–nano hierarchical structures on the
surface of zirconia specimens using solid-state laser etching.30

Their results showed that these structures signicantly
enhanced osseointegration. Additionally, Wang et al. prepared
porous zirconia specimens via SLA-based 3D printing of
zirconia slurry.31 By fabricating porous morphological coatings
on the surface of zirconia implants, they effectively improved
the bioactivity of zirconia. Nevertheless, ensuring the mechan-
ical strength of modied ceramic materials still requires
extensive exploration. In this study, the results indicated that
while hydrolysis of ZrOCl2 produces acidic byproducts, which
could theoretically weaken the zirconia substrate, the controlled
concentration of ZrOCl2 in this study did not compromise its
mechanical strength. Moreover, unlike previous modication
methods, the porous structure was introduced only in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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surface coating layer, preserving the dense core structure to
maintain mechanical strength.

As shown in Fig. 3F, the bonding strengths of the coatings in
the TO1, TO2, and TO3 groups were 57.13 ± 0.84 MPa, 56.99 ±

0.81 MPa and 56.04 ± 0.22 MPa, respectively. There were no
statistically signicant differences between the TO2 and TO3

groups, but both were signicantly lower than the group TO1 (P
< 0.05). Notably, the measured values in all groups met the
15 MPa requirement. Sini Rivari et al. prepared a titania coating
on zirconia via the sol–gel method, enhancing epithelial cell
adhesion, adhesion molecule expression, and cell diffusion on
zirconia surfaces in vitro.32 Additionally, Li Nan et al. fabricated
a TiO2 coating on zirconia by atomic layer deposition (ALD)
technology, demonstrating that the titania coating signicantly
enhanced the osteogenic differentiation capacity of osteoblasts
in vitro and in vivo.33 However, the TiO2 coatings obtained
through these methods struggled to form a continuous and
uniform layer on zirconia, and their bonding strength could not
be guaranteed. In this study, the Ti–Zr transition layer was
generated at the coating/substrate interface through hydrolysis-
sintering process. This approach avoided stress concentration
caused by thermal expansion coefficient mismatch, which is the
primary reason for the delamination of traditional sprayed
coatings. In our previous research, it was conrmed that the Ti–
Zr mixed layer primarily consisted of a solid solution (ZrTiO4),
further enhancing interfacial stability.19,34
3.2. Cell survival and proliferation

The live/dead uorescence staining was conducted to assess the
cytotoxicity of different implants aer 1 and 3 days of culture.
Green uorescence indicated live cells, while red uorescence
represented dead cells (Fig. 4A). The majority of cells adherent
to the ZrO2 discs in all groups remained viable (green), with
a small number of dead cells (red). Therefore, it can be
concluded that the porous titania coating exhibited good
cytocompatibility.

The proliferation activity of MC3T3-E1 cells on different
specimens is shown in Fig. 4B. Aer 1, 3, and 5 days of culture,
the TO1, TO2, and TO3 groups demonstrated signicantly higher
cell proliferation activity compared to the group C (P < 0.05).
Among them, the porous TiO2 coatings (TO2 and TO3) further
enhanced proliferation compared to TO1, with TO3 exhibiting
the highest activity (P < 0.05).

As shown in Fig. 4C, morphological analysis of MC3T3-E1
cells on the porous TiO2 coating surface demonstrated that
this porous structure signicantly enhances cell adhesion and
spreading.

Studies have demonstrated that the micro-scale surface
roughness of implants plays a crucial role in osseointegration.35

Compared to smooth surfaces, Wennerberg et al. found that
surfaces with a roughness of 1–2 mm signicantly enhance
osteoblast proliferation and adhesion.36 The surface topography
of implants inuences osteoblast adhesion behavior, primarily
through the anchoring effect of actin-based cytoskeletal bers
in osteoblasts, which interact with the rough surface to promote
cell-implant binding and facilitate early-stage cell adhesion.37
© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, porous structures facilitate cell adhesion and
growth by providing mechanical interlocking during initial cell
attachment, which is critical for enhancing osteoblast prolifer-
ation.38 In this study, surface modication of zirconia not only
enhanced surface roughness but also formed a porous titania
coating, which signicantly improved the substrate's suitability
for cell adhesion and proliferation. The porous titania coating
preparation method used in this study offers advantages such
as simplicity of operation, controllable cost, and the ability to
coat large areas, making it well-suited for clinical application
and industrial promotion. The resulting porous structure
effectively enhances surface roughness and specic surface
area, thereby improving the environment for cell adhesion and
providing an innovative pathway for the functionalization of
implant surfaces. However, this method has certain limitations
in terms of pore structure uniformity and tunability.

To achieve more precise control over the porosity and pore
structure of ceramic implants, several common strategies are
used. One is the template method, which employs organic or
inorganic templates to introduce highly uniform and size-
controllable pores into ceramic matrices.39,40 Another
approach is 3D printing technology. This method uses digital
design to accurately control pore size, porosity, and structural
distribution, enabling the fabrication of personalized bone
implants.41,42 While the template method allows for precise
customization of porous structures, it suffers from complex
processes, high costs, and challenges in mass production.43,44

3D printing excels in structural complexity and individualiza-
tion, but is limited by its cost, precision, efficiency, and post-
processing requirements.45,46 Therefore, the application and
promotion of these methods need to balance practical needs,
costs, and technical challenges. In our future research, we will
actively explore the integration of these methods with our
current approach to further enhance the biological perfor-
mance of the porous coatings.

Hydrophilicity is a critical parameter for evaluating the
surface properties of biomaterials, as it directly inuences their
interactions with biological systems, particularly in cell adhe-
sion, proliferation, and migration.47 Studies have shown that
materials with good surface hydrophilicity are more conducive
to the early adhesion and spreading of osteoblasts, and the
underlying mechanism may be related to increased expression
of focal adhesion proteins and actin.48,49 Hydrophilic surfaces
offer distinct advantages by more effectively mimicking the
natural cellular growth environment, thereby providing an
optimal interface for cell development. Aer porous coating
modication, the surface wettability of zirconia samples was
signicantly enhanced, promoting cell attachment and
spreading, stimulating cell proliferation and osteogenic differ-
entiation, and accelerating bone regeneration and osseointe-
gration. As demonstrated by the morphological analysis of
MC3T3-E1 cells seeded on the surfaces of zirconia specimens
in this study, the TO3 group, which had the lowest contact
angle, exhibited the best osteoblast affinity. In contrast, the
control group with a higher surface contact angle showed
certain adverse effects on cell adhesion, spreading, and the
formation of the actin cytoskeleton. The actin cytoskeleton is an
RSC Adv., 2025, 15, 27452–27466 | 27459
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Fig. 4 (A) The live/dead fluorescence double staining of MC3T3-E1 cells cultured on different group samples for 1 and 3 days. (B) Proliferation of
MC3T3-E1 cells seeded on each group of zirconia discs after 1, 3 and 5 days. (C) Cytoskeletal morphology of MC3T3-E1 cells incubated on
different specimens for 1 and 3 days. *P < 0.05, **P < 0.01, ***P < 0.001.
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important structure through which integrin proteins transmit
forces between the interior and exterior of the cell. Studies have
shown that hydrophobic surfaces reduce protein adsorption,
and insufficient wettability can affect the initial interaction
between the material surface and blood components as well as
subsequent cellular responses.50 As a result, improved surface
hydrophilicity facilitates thorough wetting of biomaterials,
which enhances the adsorption of bioactive molecules and
supports osteoblast attachment, ultimately contributing to
greater proliferation, differentiation, and mineralization of
these cells.

Enhanced surface roughness and improved hydrophilicity
are generally benecial for promoting cell adhesion and oste-
ogenic differentiation. In addition, the chemical characteristics
of material surfaces play a crucial role in inuencing cell
behavior. For example, TiO2 surfaces that are rich in Ti–OH
groups are benecial for protein adsorption and cell recruit-
ment.16 Furthermore, variations in TiO2 crystal phases, such as
27460 | RSC Adv., 2025, 15, 27452–27466
rutile and anatase, can lead to differences in bioactivity.51,52 In
this study, the observed enhancement in cellular response can
be attributed to the combined effects of these two factors.
3.3. In vitro osteogenic differentiation of porous TiO2

coating

As shown in Fig. 5A, the ALP activity of MC3T3-E1 cells cultured
on TiO2-coated zirconia was signicantly higher than that on
zirconia substrates aer 4 and 7 days of culture (P < 0.05).
Notably, the porous TiO2 coating (TO2 and TO3 groups)
exhibited further enhanced ALP activity compared to the TO1

group, with the TO3 group demonstrating the highest ALP
activity (P < 0.05).

Furthermore, Alizarin Red S (ARS) staining was performed to
evaluate the osteogenic differentiation of cells seeded on
different samples (Fig. 5B). The TO3 group showed a signi-
cantly greater number of calcium nodules than the other
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) ALP stainingd and quantitative results of MC3T3-E1 cells seeded on different samples for 4 and 7 days. (B) ARS staining and quantitative
results of MC3T3-E1 cells cultured on different specimens for 14 days. (C) The results of RT-qPCR analysis of osteogenic differentiation-related
genes in MC3T3-E1 cells co-cultured with C, TO1, TO2 and TO3 groups for 7 days. *P < 0.05, **P < 0.01, ***P < 0.001.
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groups, indicating enhanced extracellular matrix mineraliza-
tion. Quantitative analysis of ARS staining conrmed that the
porous TiO2-modied zirconia surface signicantly promoted
osteogenic differentiation of MC3T3-E1 cells compared to other
groups (P < 0.05).

Aer 7 days of co-culture, the TO3 group exhibited signi-
cantly upregulated expression of osteogenic-related genes
(Runx2, ALP, COl-1, OCN and OPN) compared to the TO1 and
TO2 groups (P < 0.05). Moreover, all experimental groups
showed signicantly higher expression than the C group
(Fig. 5C). In conclusion, the porous TiO2 coating signicantly
enhances the osteointegration capacity of cells.

ALP is an enzyme secreted during osteoprogenitor cell
differentiation and is recognized as an early biomarker of bone
formation.53 ALP activity directly reects the osteogenic poten-
tial of cells. Alizarin Red can chelate calcium salts deposited by
cells, forming mineralized nodules.54 Late-stage mineralization
of cells cultured on zirconia specimens was evaluated quanti-
tatively through Alizarin Red staining. The osteogenic gene
expression of cells seeded on the surface of zirconia samples
from each group was evaluated through qRT-PCR. ALP serves as
© 2025 The Author(s). Published by the Royal Society of Chemistry
an early-stage osteogenic marker, while OCN and OPN are two
critical proteins involve in late-stage osteost mineralization.
Runx2 is a specic transcription factor in osteogenic differen-
tiation. CoL-I is not only a vital organic component of bone
tissue but also a key marker protein for mature osteogenic
differentiation.55,56

In this study, the titania coating of the TO1 group signi-
cantly enhanced the osteogenic differentiation of surface-
seeded cells compared to the group C. However, the surface
morphology of the TO1 was relatively uniform and lacked
a porous structure, failing to provide sufficient attachment sites
and growth space for cells, thereby limiting their migration,
proliferation, and differentiation capabilities. Moreover, the
coating's bioactivity holds further potential for enhancement. A
porous morphology could increase the specic surface area,
further promoting protein adsorption and in vitro mineraliza-
tion. Consequently, the co-cultured cells in the TO2 and TO3

groups exhibited superior differentiation effects compared to
TO1, with the TO3 group demonstrating the best performance.

The porous structure signicantly increases the specic
surface area of the material, providing favorable space for bone
RSC Adv., 2025, 15, 27452–27466 | 27461
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Fig. 6 (A) Representative 3D micro-CT reconstructions of peri-implant bone at 4 and 8 w. (B) Quantitative analyses of BV/TV, Tb. Th, Tb. Sp and
Tb. N according to themicro-CT scanning. (C) H&E and (D) Masson's Trichrome stating of the new bone formation around the implant at 4 and 8
weeks. *P < 0.05, **P < 0.01, ***P < 0.001.
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ingrowth and osseointegration. Porous materials with inter-
connected and appropriately sized pores not only facilitate cell
adhesion, but also promote nutrient distribution through neo-
vascularization and enhance osteogenic capacity.57–59 Studies
have found that the implantation of porous materials can
upregulate brinogen to form a brin network, which supports
cell attachment and migration, promotes collagen synthesis
and angiogenesis, and reduces the pro-inammatory response
of macrophages, thereby inducing them to promote the osteo-
genic differentiation of mesenchymal stem cells.60,61 In addi-
tion, porous materials canmodulate signaling pathways such as
NF-kB, focal adhesions, cytoskeletal tension, and integrin-FAK-
27462 | RSC Adv., 2025, 15, 27452–27466
ERK1/2, thereby inuencing the activity of key transcription
factors like YAP and RUNX2, and regulating the self-renewal
and osteogenic differentiation of mesenchymal stem cells.62,63

Microarray bioinformatics studies have also shown that the b-
catenin pathway plays a key role in mediating osteogenic
differentiation on porous TiO2 surfaces.64 In summary, porous
TiO2 coatings enhance osseointegration by optimizing the
surface structure and chemical properties of zirconia implants,
thus improving the adhesion, proliferation, and differentiation
of osteogenic cells. Nevertheless, further systematic studies are
needed in the future to elucidate the relevant signaling
networks and their regulatory mechanisms.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4. In vivo osseointegration assessment

The Micro-CT analysis (Fig. 6A) showed that at 4 weeks post-
implantation, group C exhibited larger bone defects around
the implants, while the titania-coated group had smaller defects
with enhanced osteogenesis. The TO3 group showed superior
osteogenic performance to TO1 and TO2 groups. By 8 weeks,
new bone formation was observed in all groups, with TO3

achieving complete defect regeneration through uniform bone
formation.

Fig. 6B presents the statistical results of bone tissue around
the implants in each group at 4 and 8 weeks post-implantation.
The TO3 group exhibited the highest levels of bone volume
fraction (BV/TV), trabecular thickness (Tb. Th), and trabecular
number (Tb. N), along with the smallest trabecular separation
(Tb. Sp) in the newly formed bone around the implants (P <
0.05). Additionally, the TO2 group demonstrated superior bone-
related parameters compared to the TO1 group (P < 0.05), while
group C showed the least favorable outcomes (P < 0.05).

The formation of new bone tissue and implant-bone contact
in the femur with implants were evaluated through H&E and
Masson staining. As shown in Fig. 6C and D, only minimal new
bone formation was observed between the implant and native
bone in group C. In contrast, the titania-coated zirconia
implants demonstrated signicantly enhanced osteogenic
activity. Moreover, the TO3 group exhibited substantial new
bone formation, with the bone defect area at the implant edges
connected to brous connective tissue, indicating successful
osseointegration and continued bone growth.

The formation of osseointegration between implants and
surrounding bone tissue involves complex physiological reac-
tions. In vivo animal experiments were conducted to compre-
hensively evaluate the effect of porous titania-coated zirconia on
osseointegration. Bone volume fraction (BV/TV) is a widely used
parametera for assessing bone mass, directly reecting changes
in bone volume. Trabecular bone is a three-dimensional
network structure, with trabecular thickness (Tb. Th), trabec-
ular number (Tb. N), and trabecular separation (Tb. Sp) serving
as key indicators for evaluating its spatial architecture.65,66

The surface characteristics of implants, including chemical
composition and morphological structure, signicantly inu-
ence their post-implantation repair outcomes. These factors
play a crucial role in determining the osseointegration capa-
bility of implants.67 In this study, a porous titania coating was
applied to the surface of zirconia implants, which not only
increased surface roughness and wettability but also introduced
a porous microstructure, thereby enhancing the osseointegra-
tion capacity of the implants.
4. Conclusion

The porous TiO2 coatings on zirconia implants effectively
optimized surface topography and wettability. These modied
surfaces signicantly enhanced MC3T3-E1 cells proliferation,
spreading, mineralization, and osteogenic gene expression. In
vivo studies further demonstrated superior bone ingrowth and
enhanced trabecular remodeling with the porous TiO2-coated
© 2025 The Author(s). Published by the Royal Society of Chemistry
implants. These ndings highlight the clinical potential of
porous TiO2 surface modication in enhancing osseointegra-
tion and expanding the applications of zirconia implants.
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