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ABSTRACT: Zirconia as a promising dental implant material has
attracted much attention in recent years. Improving the bone
binding ability of zirconia is critical for clinical applications. Here,
we established a distinct micro-/nano-structured porous zirconia
through dry-pressing with addition of pore-forming agents followed
by hydrofluoric acid etching (POROHF). Porous zirconia without
hydrofluoric acid treatment (PORO), sandblasting plus acid-
etching zirconia, and sintering zirconia surface were applied as
controls. After human bone marrow mesenchymal stem cells
(hBMSCs) were seeded on these four groups of zirconia
specimens, we observed the highest cell affinity and extension on
POROHF. In addition, the POROHF surface displayed an
improved osteogenic phenotype in contrast to the other groups.
Moreover, the POROHF surface facilitated angiogenesis of hBMSCs, as confirmed by optimal stimulation of vascular endothelial
growth factor B and angiopoietin 1 (ANGPT1) expression. Most importantly, the POROHF group demonstrated the most obvious
bone matrix development in vivo. To investigate further the underlying mechanism, RNA sequencing was employed and critical
target genes modulated by POROHF were identified. Taken together, this study established an innovative micro-/nano-structured
porous zirconia surface that significantly promoted osteogenesis and investigated the potential underlying mechanism. Our present
work will improve the osseointegration of zirconia implants and help further clinical applications.
KEYWORDS: dental implant, micro-/nano-structured porous zirconia, hBMSCs, osteogenesis, angiogenesis, RNA sequencing

■ INTRODUCTION
Zirconia material, especially 3 mol % yttrium oxide stabilized
polycrystalline tetragonal phase zirconia (3Y-TZP), has
become widely used in dentistry in recent years. Y-TZP
shows good biocompatibility, high chemical resistance and
fracture toughness, reliable flexural strength, and decreased
bacterial intraoral biofilm formation compared with tita-
nium.1,2 In addition, it is aesthetically pleasing, especially fit
in the anterior teeth area.1,2 With continuous development of
the properties of zirconia material and the digital processing
technique, zirconia has become a suitable choice for dental
implant materials. Despite this, a systematic review3 reported
an overall failure rate of 7.21% for the included 1704 zirconia
implants; 83.7% of the failures were due to a lack or loss of
osseointegration. Another systematic review of preclinical
studies4 revealed significantly decreased removal torque values
and slower initial osseointegration for roughened surface
zirconia compared to titanium. Therefore, improving the bone-
bonding ability of zirconia will aid in its clinical use.
Surface microtopography has been demonstrated to

predominantly influence implant osseointegration. Recent
studies have explored ways to modify zirconia implant surfaces

for better osseointegration, including acid etching,5 sand-
blasting,6 laser treatment,7 ultraviolet light,8 and coatings.1,9−11

Although sandblasting and acid etching is the most common
zirconia surface treatment,12,13 it is difficult to obtain a
multiscale gradient porous surface similar to the well-
established sandblasted, large-grit, acid-etched surfaces of
titanium implants. Additionally, compared to bone tissue,
zirconia has a much higher elastic modulus. A stress shielding
effect around the dental implant-bone interface can lead to
detrimental resorptive bone remodeling and even loss of
osseointegration.14,15

The above issues led to the concept of functional graded
zirconia with a porous surface, which can be obtained by sol−
gel chemistry,16 coating,17 three-dimensional (3D) printing,18
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or dry-pressing with addition of pore-forming agents.19 In a
previous study, 3D printed porous zirconia scaffolds with Zn-
HA/glass composite coating exhibited superior cell adhesion,
distribution, and osteogenic differentiation ability.18 We
previously generated zirconia with a porous surface structure,
with an average pore size of 300 μm.20 However, it exhibited
an inhibitory effect on osteogenesis, presumably because the
pore size was too large and, more critically, the porous surface
lacked a micro−nano structure. Recent research has revealed
that combined nano- and micro-scale topographies can
significantly modulate the cell response and promote adhesion,
proliferation, and differentiation.7 Therefore, we hypothesize
that combining a pore-forming technique and acid etching to
produce a multi-scale zirconia surface structure will improve
the bone-bonding ability of zirconia.
The previous study of the interaction between the micro-/

nano-structured zirconia surface and stem cells is rare, and the
specific mechanism of action is unclear. The aim of this study
was to construct a zirconia surface with micro-scale pores
combining nano-scale rough structures, investigate its effects
on osteogenesis and angiogenesis, and explore the underlying
mechanism. The results demonstrated that micro-/nano-
structured porous zirconia had good biocompatibility,
facilitated angiogenesis, and promoted osteogenesis in vitro
and in vivo. Mechanistically, the critical target genes FGFR3,
LEPTIN (LEP), and PRDM1 were identified. Overall, we
provide valuable clues for the potential use of micro-/nano-
structured porous surface as an effective modification for
zirconia implants.

■ MATERIALS AND METHODS
Specimens. Zirconia specimens were divided into four groups

according to different surface treatments as follows:
Control Group. No surface treatment after sintering.
Sandblasting and Hydrofluoric Acid Etching Group. Sandblasted

with 110 μm Al2O3 particles at 0.45 MPa (Ovaljet HiBlaster,
SHOFU) and then etched in 40% hydrofluoric acid solution at room
temperature (RT) for 60 min.1,5,13

Porous Group. The starting material was 3Y-TZP powder (400
nm, ZrO2 94.5 wt %; Y2O3 5.15 wt %; impurities SiO2 + Fe2O3 +
Na2O ≤ 0.07 wt %, Zhong Xin Tang Guo Ye Medical Technology
Co., Ltd., China). The mixtures of raw materials were wet-milled at a
rotating rate of 300 rpm in a planetary ball mill for 3 h using absolute
ethyl alcohol as the dispersant. The mixtures were pressed in steel die
molds to obtain disc-like green bodies. Polymethyl methacrylate pore
formers with an average diameter of 200 μm were added to the
mixtures at 3% (w/w) and removed from the green body by burning
in an air furnace at 300 °C for 3 h to create the expected porous
structures. The porous zirconia specimens were obtained after
sintering in ambient atmosphere at 1520 °C with an isothermal
exposure time of 2 h and then cooling down to RT naturally.20

Porous Plus Hydrofluoric Acid Group. To increase the surface
nanostructure, secondary surface treatment of porous zirconia
specimens was carried out by acid etching with 40% hydrofluoric
acid, followed by cleaning the surface with running water and high-
pressure air and ultrasonically cleaning with deionized water (dH2O)
three times for 20 min each.
All specimens were immersed in acetone, absolute alcohol, and

dH2O (Milli-Q Ultra-Pure, Millipore, Billerica, MA, USA) sequen-
tially and washed in an ultrasonic cleaner for 20 min each and then
sterilized in an autoclave at 120 °C for 30 min before in vitro and in
vivo experiments after drying for 24 h.
Surface Characterization. Field emission scanning electron

microscopy (FESEM; S4800, Hitachi, Japan) was used to observe
surface morphology. The surface element distribution was examined
using FESEM with its own energy dispersive spectrometer (EDS).

The average pore size and porosity of the porous materials were
examined by mercury intrusion porosimetry using a high-performance
fully automated mercury-pressure instrument (AutoPore IV 9500,
Micromeritics, Norcross, GA, USA). The surface roughness of the
control group (CTRL) and sandblasting and hydrofluoric acid etching
(SBHF) groups and the flat area between the pores of the two porous
groups were measured by a 3D laser microscope (VK-X200, Keyence,
Japan). Ten 50 × 50 μm surface areas with no obvious processing
defects were selected for laser scanning and analysis. The static
contact angle of water was measured by a contact angle meter
(OCA50, Dataphysics, Germany).
X-ray Diffraction Measurements. X-ray diffraction (XRD)

analysis was conducted on an X-ray diffractometer (D/max 2500,
Rigaku, Japan) with a Cu Kα source over a diffraction angle (2θ)
ranging from 25−35°, with a step interval of 1 s and step size of 0.02°.
The monoclinic peak intensity ratio and monoclinic phase content
were calculated according to formulas in literature.21,22

Flexural Strength Measurements. Zirconia bars (20 mm × 4
mm × 1.4 mm) with the porous surface and solid base were
fabricated. A three-point bending test with 15 specimens for each
group was performed following the ISO 6872:2015 standard. Loading
was performed using a universal testing machine (AGS-X,
SHIMADZU, Kyoto, Japan) with a crosshead speed of 1 millimeter
per minute and a loading span of 16 mm until failure occurred.
hBMSC Culture and Osteogenic Induction. hBMSCs from

three healthy adult donors were obtained from ScienCell Company
(San Diego, CA, USA). Cells were cultured in α-minimum essential
medium (α-MEM; Gibco, Grand Island, NY, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/
streptomycin (Pen/Strep) (all from Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) at 37 °C in an incubator with 95% air and 5%
CO2 and 100% relative humidity. Cells were subcultured at 90%
confluency. P3−P4 hBMSCs were used in subsequent tests. All in
vitro experiments were repeated three times unless otherwise stated.
α-MEM with 10% (v/v) FBS and 1% (v/v) Pen/Strep was employed
as the proliferation medium (PM). α-MEM with 10% (v/v) FBS, 1%
(v/v) Pen/Strep, 10 nM dexamethasone, 10 mM β-glycerophosphate,
and 50 mg/mL L-ascorbic acid was employed as the osteogenic
medium (OM).
Biocompatibility Assessment In Vitro. Cell Morphology and

Adhesion. The four groups of zirconia specimens (Φ10 × 1.5 mm)
were placed in 48-well plates, and hBMSCs were incubated on the
material surface at a density of 7000 cells/well for 4 h, 24 h, and 7
days. The original medium was discarded, and cells from each
timepoint were fixed with 4% paraformaldehyde for 30 min followed
by three gentle washes with phosphate-buffered saline (PBS), gradient
ethanol dehydration, drying in a critical point desiccator (Micro
Modul YO-230, Thermo Fisher Scientific), and observed under
FESEM after surface sputtering with gold plating.
Cell adhesion was observed by laser scanning confocal microscopy

(LSCM; LSM 710; Zeiss). Briefly, hBMSCs were incubated on each
of the four groups of zirconia (Φ10 × 1.5 mm) for 24 h and rinsed
three times with PBS. Cells were then fixed with 4% paraformalde-
hyde for 30 min at RT, followed by 7 min of permeabilization with
0.1% Triton X-100 in PBS. After washing with PBS, cells were stained
with 5 g/mL FITC-conjugated phalloidin for 40 min and DAPI
(Sigma, St. Louis, MO, USA) for 5 min before visualization by LSCM
at wavelengths of 488 nm (green, FITC-labeled phalloidin) and 405
nm (blue, DAPI).
Live/Dead Cell Staining. Zirconia specimens (Φ10 × 1.5 mm)

were placed in 48-well plates, and hBMSCs were cultured at a density
of 8000 cells/well on the surface. Afterward, cells were washed three
times with PBS and incubated for 30 min at RT with 2 μM calcein-
AM and 8 μM propidium iodide (Live/Dead Viability/Cytotoxicity
Assay for Animal Cells; KeyGen Biotech Corp., Ltd., Nanjing, China).
A fluorescent microscope (BX43, Olympus, Japan) was used to
observe the cells after three washes with PBS.
Cell Proliferation. hBMSCs were incubated in 48-well plates at a

density of 1.5 × 104 cells/well on zirconia specimens. Cell Counting
Kit-8 (CCK8; Dojindo Laboratories, Kumamoto, Japan) was used to
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measure the number of cells adhering to sample surfaces after
incubation for 1, 3, and 5 days. At each time point, the medium was
replaced with the counting reagent and cells were incubated for 2 h
according to the manufacturer’s instructions. A microplate reader
(ELx808; Biotek, Winooski, VT, USA) was used to measure
spectrophotometric absorbance at 450 nm for each well. Each
group was tested in triplicate.
Protein Adsorption Assay. After adding 100 mg/mL FITC-

labeled bovine serum albumin (BSA) to the surface, specimens were
incubated at 37 °C for 1 h. Three washes with PBS were performed to
remove unabsorbed protein before scanning at 488 nm using a
fluorescent microscope (BX43, Olympus, Japan).
Osteogenic and Angiogenic Effects In Vitro. hBMSCs were

seeded in 24-well plates on specimens (Φ15 × 1.5 mm) at a density of
5 × 104 cells/well and divided into six groups: CTRL, SBHF, porous
group (PORO), porous plus hydrofluoric acid group (POROHF),
OM, and PM. At 70−80% confluency, OM was added to all groups
except PM. The medium was changed every 2 days and osteogenic
and angiogenic effects were evaluated.
Alkaline Phosphatase Staining and Quantification. Alkaline

phosphatase (ALP) staining was performed according to the
manufacturer’s instructions using the ALP staining kit (Biyuntian,
Shanghai, China) after culturing for 7 or 14 days. ALP activity was
quantified at the same time. An ALP activity kit (Jiancheng Co.,
China) was used according to the manufacturer’s instructions. Cells
were lysed with 1% Triton X-100. A bicinchoninic acid (BCA) protein
assay kit (Pierce Thermo Scientific, Waltham, MA, USA) was used to
determine total protein content. Protein samples were then incubated
with the substrate solution for 15 min at 37 °C, and the color
development reagent was added to each well. Absorbance was
measured at 520 nm, and ALP activity was calculated.
Alizarin Red S Staining and Quantification. hBMSCs were

fixed in 4% paraformaldehyde for 30 min at RT on days 14 and 21 of
osteogenic induction. Cells were then rinsed three times with distilled
water before treatment with alizarin red S (ARS) solution (2%, pH
4.2, Sigma-Aldrich). To quantify matrix calcification, 10% (w/v)
cetylpyridinium chloride (Sigma-Aldrich) was added to dissolve the
ARS stain. The solution was collected, and the absorbance was
detected at 562 nm.
RNA Extraction and Real-Time Quantitative PCR. Total

cellular RNA was extracted on day 14 after osteoinduction using the
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse-
transcribed to first strand cDNA using the Prime Script RT Reagent
Kit (Takara, Tokyo, Japan) according to the manufacturer’s
instructions. Real-time quantitative PCR (RT-qPCR) was performed
using an ABI Prism 7500 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) and Power SYBR Green PCR
Master Mix (Roche Applied Science, Mannheim, Germany). Primer
sequences for human GAPDH, RUNX2, ALP, VEGFB, ANGPT1
(ANG-1), FGFR3, PRDM1, and LEP are listed in Table 1.
In Vivo Ectopic Osteogenesis. This study was approved by the

Experimental Animal Welfare Ethics Subcommittee of the Biomedical
Ethics Committee of Peking University (LA2021524). P3 hBMSCs
were seeded at a density of 5 × 104 cells/mL on the surfaces of 6 × 5
× 1 mm rectangular zirconia specimens in the following groups:
CTRL, SBHF, PORO, and POROHF. At 70−80% confluency, OM
was added to all the groups, and 7 days after osteogenesis induction, 8
week-old male BALB/c homozygous nude (nu/nu) mice were
anesthetized with 1% (mass fraction) sodium pentobarbital, and an
incision of approximately 10 mm was made in the midline of the
dorsal skin. After blunt separation using hemostatic forceps, the cell−
material complex was carefully implanted (Figure S3A). The implants
and their surrounding tissues were harvested at 8 weeks following
surgery; each group included 10 specimens. The tissues were
formalin-fixed and resin-infiltrated, and hard tissue slices were
examined under a light microscope (BX43, Olympus, Japan)
following hematoxylin and eosin (HE) and toluidine blue staining.
RNA Sequencing. hBMSCs were seeded at a density of 5 × 104

cells/mL on specimens (Φ15 × 1.5 mm). Total cellular RNA was
extracted on day 14 after induction. Raw reads with low quality were

discarded, and adaptors were removed. Reads were mapped to the
human genome (GRCh38) using Tophat2 software23 (http://ccb.jhu.
edu/software/tophat), and FPKM (fragments per kilobase of exon
model per million mapped fragments) were calculated with Cufflinks
software24 (http://cufflinks.cbcb.umd.edu/). Cuffdiff, part of the
Cufflinks package, was used to identify differentially expressed genes
(DEGs). Genes with FPKM < 0.1 in both the control and
experimental group were ignored in the subsequent analysis. Gene
ontology (GO) and gene set enrichment analysis (GSEA) were
performed by R package cluster Profiler. R package ggplot2 and
pheatmap were used to draw pictures. RT-qPCR was performed to
confirm the expression levels of representative DEGs.
Statistical Analysis. All experiments were performed in triplicate

unless otherwise stated. All results are presented as the mean ±
standard deviation. Student’s t-tests were conducted to compare
differences between two groups; comparisons between more than two
groups were analyzed by one-way ANOVA followed by a Tukey’s
post-hoc test using SPSS 21.0 software (SPSS Inc., Chicago, IL,
USA). p < 0.05 indicated statistical significance (*p < 0.05; **p <
0.01; ***p < 0.001).

■ RESULTS AND DISCUSSION
Surface Characterization of the Micro-/Nano-struc-

tured Porous Zirconia. In this study, a porous zirconia
surface with nanostructure was successfully fabricated by dry-
pressing with pore formers and acid etching with hydrofluoric
acid. As shown in Figure 1A, pore structures were evenly
distributed on surfaces of the PORO and POROHF groups.
The average pore diameter was 211.75 μm (Figure 1B), and
the porosity was 24.40%. The POROHF group presented
nanometric granular textures sized 50−500 nm inside the
pores (Figure 1A). Hydrofluoric acid etching significantly
increased the surface roughness inside and between the pores
in the POROHF group (Figure 1E,G). Ding et al.13 revealed
that zirconia implants with micro- and nano-roughened
surfaces demonstrated better osseointegration than sintered
implants. The hydrophilicity of the POROHF group was also
improved significantly (12.78 ± 2.2°, hyper-hydrophilic)
(Figure 1F,H). Biologically, materials with lower contact
angles are more hydrophilic, which means they are more
desirable for protein adsorption, osteoblast proliferation, and
osseointegration.25 Surface characteristics, roughness, and
hydrophilicity of the CTRL and SBHF groups were consistent
with previous studies.26,27

Table 1. Primer Sequences for RT-qPCR

gene primer 5′−3′ sequence
GAPDH forward GCCCCCTCTGCTGATGCCC

reverse GGGTGGCAGTGATGGCATGGA
RUNX2 forward CCGCCATGCACCACCACCT

reverse CTGGGCCACTGCTGAGGAATTT
ALP forward ATGGGATGGGTGTCTCCACA

reverse CCACGAAGGGGAACTTGTC
VEGFB forward GCTTAGAGCTCAACCCAGACACC

reverse CAAGTCACCCTGCTGAGTCTGAA
ANGPT1 forward TCGTGAGAGTACGACAGACCA

reverse TCTCCGACTTCATGTTTTCCAC
FGFR3 forward TGCGTCGTGGAGAACAAGTTT

reverse GCACGGTAACGTAGGGTGTG
PRDM1 forward TAAAGCAACCGAGCACTGAGA

reverse ACGGTAGAGGTCCTTTCCTTTG
LEP forward TGCCTTCCAGAAACGTGATCC

reverse CTCTGTGGAGTAGCCTGAAGC
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Several techniques were used to process porous ceramics.
Porous zirconia layers have been generated on dense substrates
by slip casting using coarse treated particles of 40, 70, and 100
μm.17 Besides, porous zirconia scaffolds with dimensions of

300−450 μm have been fabricated by 3D printing.18 However,
these porous surfaces lack nano-scale structures. Various
micro−nano-structures on titanium implant surfaces by
femtosecond laser,28 plasma spraying,29 and micro-milling

Figure 1. Surface characterization of zirconia specimens from four groups. (A) FESEM observation (top view) at 50×, 500×, and 20,000×
magnification. (B) MIP detection of pore size distribution. (C) EDS analysis of surface composition of element. (D) XRD spectra showing a
monoclinic-phase peak (m). (E,G) 3D laser microscope investigation of surface morphology and roughness. (F,H) Contact angle meter evaluation
of hydrophilicity. Data are presented as mean ± SD. n = 9. *p < 0.05, **p < 0.01, ***p < 0.001.
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with chemical treatment have previously been constructed.30

However, for zirconia implants, methods are relatively limited.
Rezaei et al.31 created hierarchical roughened morphology with
meso-scale (50 μm) grooves, micro-scale (1−10 μm) valleys,
and nano-scale (10−400 nm) nodules on Y-TZP with a
femtosecond laser. The nano-scale nodules fabricated by laser
had a similar size to the nanometric granular textures in our
study. Most laser-treated material surfaces show groove-like
structures. Our study is the first to combine pore-forming
techniques with acid etching to obtain porous zirconia with
micro-/nano-structures. Only Zr and O peaks were detected by
EDS on this distinct zirconia, indicating there was no impurity
contamination (Figure 1C).
Phase Composition. The XRD results (Figure 1D)

exhibited no obvious monoclinic phase peak in the CTRL
group, and the content of the monoclinic phase was 1.07%. An
obvious monoclinic phase peak was detected in the SBHF
group, with the monoclinic phase content increasing to
15.80%. This trend was similar to those reported in the
literature.32 The XRD patterns exhibited no obvious
monoclinic phase peak for PORO and POROHF groups,
and the calculated surface monoclinic phase content was 2.61
and 3.04%, respectively. Hadjicharalambous et al. fabricated a
porous zirconia with a total porosity of 50% using pore former
particles, and XRD patterns showed a one-phase, highly
crystalline tetragonal ZrO2,

33 which was similar to our results.
Flexural Strength. The results are presented in Table 2.

The difference in the flexural strength was not significant

between CTRL and SBHF (p = 0.950) and PORO and
POROHF (p = 0.652). As specimens with porous surface and
solid base, PORO and POROHF exhibited high flexural
strength that was statistically similar to CTRL and SBHF
groups (p > 0.05).
Studies have shown that any inherent defect created during

the manufacturing process of the material can be considered as
detrimental defects, which can act as stress concentrators
during crack nucleation, then the cracks propagated, finally
triggering catastrophic failure.34,35 The porous surface
structure can be regarded as a macroscopic surface defect in
materials, which may impact the mechanical strength of
zirconia.36 Thus, we fabricated and tested zirconia specimens
with the micro-/nano-structured porous surface and solid base.
The results showed that the flexural strengths of PORO and
POROHF groups were significantly similar to those of CTRL
and SBHF groups. Therefore, flexural strength of the zirconia
material with porous surface and dense base can meet the
clinical requirements. When applied to implants, the micro-/
nano-structured porous surface in this study will be designed to
minimize its impact on the strength of implant. Based on the
previous study19 and our results, the zirconia implant should

be designed with a porous surface and dense core, and the
porous structure should be located from at least 3 mm below
the implant platform to reduce the stress concentration around
the implant neck.37 Further, the zirconia implant with the
micro-/nano-structured porous surface and a dense core will
be fabricated, and the fracture and fatigue strength of the
implant will be detected.
Micro-/Nano-structured Porous Zirconia Promoted

hBMSC Adhesion and Proliferation. FESEM (Figure 2A)
revealed that after only 4 h, cells formed obvious filopodia on
POROHF surfaces (Figure 2A, first line, red arrow), which
became more and longer after 24 h (Figure 2A, second line,
red arrow), while flat lamellipodia (Figure 2A, blue arrow)
formed in the PORO group. After 7 days of culture, all surfaces
were covered by numerous cells (Figure S1). In the POROHF
group, cells with polygonal shape and multiple long filopodia
attached to the pores. On the PORO surface, cells were
spindle-shaped with fewer cells inside the pores. On the SBHF
surface, short pseudopodia were observed, while cells on the
CTRL surface remained flattened with no pseudopodia (Figure
2A). LSCM images were consistent with FESEM images, in
which the POROHF group exhibited polygonal cells in contact
with the pores and stretched filamentous pseudopods (Figure
2E). The nanoscale features inside pores had a similar size to
filopodia, the actin-driven membrane protrusions (tips of 50−
100 nm in diameter) that cells use to probe surfaces.7 As a
result, micro-/nano-structured porous surfaces can alter
cellular morphology and attachment and lead to cytoskeletal
rearrangement.
The FITC-BSA adsorption assay demonstrated that the

POROHF surface exhibited the largest population of protein
aggregates, followed by the PORO surface. A small amount of
BSA bonded to the conspicuous portion of the SBHF surface,
while fluorescence was scarcely visible in the CTRL group
(Figure 2B). The biological process after implantation begins
with protein adsorption. The proteins bind to receptors on the
cell membrane, leading to adhesion, spreading, and prolifer-
ation.7,38−40 The increased surface area and high hydrophilicity
contribute to protein absorption;41 the POROHF surface
resulted in greater protein adsorption, which may lead to faster
cell adhesion. Additionally, dense proteins can extend
pseudopodia to a larger area, promoting cell extension.
Cell viability was also quantitatively determined by CCK8

assay. On days 1 and 3, cell viability appeared comparable on
the four materials. After 5 days of culture, there were more
adherent hBMSCs in the two porous groups, compared with
SBHF (p < 0.05) and CTRL (p < 0.001) (Figure 2C),
demonstrating that porous structures expand the surface area
available for cell adhesion and exhibit perfusion ability to
support proliferation into the pores.42 Live/dead analysis
revealed only a few dead hBMSCs on all surfaces (Figure 2D).
Overall, the above data demonstrated that micro-/nano-
structured porous zirconia exhibited good biocompatibility
and promoted hBMSC adhesion and proliferation compared to
other groups.
Micro-/Nano-structured Porous Zirconia Promoted

hBMSC Osteogenic Differentiation and Angiogenesis.
To investigate further the osteogenic differentiation potential
of hBMSCs on different zirconia surfaces, ALP activity analysis
was first performed. As shown in Figure 3A,B, after 14 days of
osteogenic induction, the POROHF group demonstrated the
greatest osteogenic differentiation, as determined by ALP
staining and quantification. ALP activity at 7 days of osteogenic

Table 2. Flexural Strength of Porous and Micro-/Nano-
Structured Porous Specimensa

group flexural strength (MPa) (σc) (mean ± SD)

CTRL 1271.90 ± 261.74
SBHF 1251.52 ± 182.60
PORO 1271.42 ± 143.92
POROHF 1251.49 ± 158.85

aCTRL: control group; SBHF: sandblasting and hydrofluoric acid
etching group; PORO: porous group; POROHF: porous plus
hydrofluoric acid group.
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induction showed a consistent trend (Figures 3E and S2D).
The POROHF group also showed the highest extracellular
matrix mineralization as determined by ARS staining and
quantification at 2 weeks after osteogenic induction (Figures
S2E and 3F). Microscopy (40× and 100×) showed numerous
calcium deposit nodules on the surfaces of the PORO and
POROHF groups, with the latter showing more nodules and
deeper staining (Figure S2E). Additionally, more distinct
trends were presented after 21 days of induction (p < 0.001)
(Figure 3C,D).
Relative mRNA expression of RUNX2 and ALP was also

detected to evaluate the effect of different surface morphol-
ogies on the osteogenic differentiation of hBMSCs. After 14
days of induction, the POROHF group resulted in the best
stimulation of RUNX2 and ALP mRNA expression among all

groups (p < 0.001). The PORO group showed greater RUNX2
and ALP expression than the CTRL and SBHF (p < 0.001)
(Figure 3G), but its ALP expression was slightly lower than the
POROHF group, with no significant difference between them
(Figure 3H). Angiogenic factors were also detected by qPCR.
The POROHF group showed the highest VEGFB expression
(p < 0.001). The PORO group also promoted the VEGFB
expression compared with the CTRL (p < 0.001) and SBHF (p
< 0.05) (Figure 3I). The POROHF and PORO groups
exhibited a significantly higher ANG-1 expression compared to
SBHF and CTRL (p < 0.001) (Figure 3J). These data strongly
indicated the excellent osteoconductive properties of micro-/
nano-structured porous zirconia.
Pores are beneficial for bone tissue formation as they allow

cell migration and proliferation.43 Moreover, porous surface

Figure 2. Adhesion and proliferation of hBMSCs on POROHF, PORO, SBHF, and CTRL zirconia specimens. (A) FESEM observation of
hBMSCs morphology on 4 different surfaces after 4 h, 24 h, and 7 d of culture at 1000× magnification. Pseudopodia extending on the POROHF
surface were observed at 2000× magnification. (B) FITC-BSA adsorption on 4 different surfaces after 1 h incubation at 40× and 100×
magnification. (C) CCK8 assay of adhering hBMSCs on 4 different surfaces after 1, 3, and 5 d of culture. (D) Live/dead cell staining at 100×
magnification. The green represents live cells, while the red represents dead cells. (E) LSCM micrographs of cellular morphology on 4 different
surfaces. Cytoskeleton is stained green and nuclei are stained blue. Data are presented as mean ± SD. n = 5. *, **, *** indicate significant
differences compared to the CTRL. *p < 0.05, **p < 0.01, ***p < 0.001. #, ##, ### indicate significant differences compared to the SBHF. #p <
0.05, ##p < 0.01, ###p < 0.001.
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implants can reduce bone resorption induced by stress
shielding.14,15 According to the literature, porous titanium
surfaces with diameters of 100−400 μm can facilitate early cell
migration and blood vessel formation, as well as osteoblast
adhesion, proliferation, and differentiation.42,44,45 As for pore
morphology, cylindrical or spherical porous structures showed

better osteogenic properties.46,47 Previous studies regarding
porous zirconia focused on scaffolds16,18 and coatings.17

However, scaffolds are mainly used for bone regeneration,
while coatings can undergo delamination and fracture.1

Hadjicharalambous et al.33 constructed porous zirconia
specimens using pore forming agents and investigated their

Figure 3. Osteogenic and angiogenic differentiation of hBMSCs in CTRL, SBHF, PORO, POROHF, OM, and PM groups in vitro. (A,B) ALP
staining and activity of hBMSCs cultured in 6 different groups after 14 days of osteogenic induction. (C,D) Alizarin Red staining and mineralization
assay of hBMSCs cultured in 6 different groups after 21 days of osteogenic induction. (E) ALP activity of hBMSCs cultured in 6 different groups
after 7 days of osteogenic induction. (F) Mineralization assay of hBMSCs cultured in 6 different groups after 14 days of osteogenic induction.
(G,H) Expression of RUNX2 and ALP in hBMSCs cultured in 6 different groups after 14 days of osteogenic induction. (I,J) Expression of VEGFB
and ANGPT1 in hBMSCs cultured in POROHF, PORO, SBHF, and CTRL groups after 14 days. Data are presented as mean ± SD. n = 3. *p <
0.05, **p < 0.01, ***p < 0.001.
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biological effects on MC3T3-E1 cells. Results showed that
porous zirconia with 50% porosity and a mean pore size of 167
μm promoted the greatest adhesion, proliferation, and
differentiation among all porous groups. Nonetheless, when
compared with a control group (polystyrene), porous zirconia
exhibited an inhibitory effect on osteogenesis. A similar
inhibitory effect of porous zirconia on osteogenesis was also
observed in our previous experiments.20

The concept of a “micro−nano-porous zirconia structure”
was innovatively introduced in our work, i.e., the production of
nanoscale granular structures combined with microscale
porous structures. The micro-/nano-structured porous group
showed superior osteogenic effects to SBHF and PORO; this
was supported by a number of osteogenic indicators including
the early osteogenic transcription factor RUNX2, the middle-
period osteogenesis-related enzyme ALP, and the late period
osteogenesis assay ARS. Recent studies have shown that
combining nano- and micro-scale surface morphology may
exert a physical containment effect of contact guidance on
cells, modulating cellular responses, inducing changes in cell
adhesion and gene expression, and thus controlling cell
fate.48−52 Elena Sima et al.7 showed that the microgroove
arrays combined with nanoroughened sidewalls on the surface
of zirconia specimens treated with a femtosecond laser

facilitated osteogenic differentiation of hMSCs. The micro-
or nano-structure may affect cell differentiation through
mechanotransduction. The mechanical signals are converted
into biochemical signals via biomolecules and/or pathways
such as integrins, FAK, MAPK, and Hedgehog, or via direct
impact through the cytoskeleton on the nucleus, resulting in
cytoskeletal rearrangement and changes in cell morphology
and osteogenic gene expression.53−55

Angiogenesis of the implant material is fundamental and can
determine the amount of new bone formation.56 Pores
encourage vascularization in bone tissue formation.43 Our
results revealed that a porous zirconia surface can enhance
expression of VEGF and ANG-1 of hBMSCs, while the micro-/
nano-structured porous group achieved the best stimulatory
effect. VEGF is a crucial angiogenic factor that has the greatest
and most important biological action in neovascularization,57,58

while ANG-1 is important in the late stages of blood vessel
development, which include endothelial sprout stability and
interaction with pericytes.59 The increased production of
VEGF and ANG-1 might have paracrine effects on host
angiogenic cells, thus promoting angiogenesis in vivo.58

Micro-/Nano-structured Porous Zirconia Stimulated
Ectopic Bone Formation In Vivo. Porous implants have
been shown to promote osteogenesis in vivo. A preclinical

Figure 4. Ectopic bone matrix formation on the hard tissue slices of POROHF, PORO, SBHF, and CTRL groups 8 weeks after implantation. (A)
HE staining; (B) Toluidine blue staining.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c22736
ACS Appl. Mater. Interfaces 2023, 15, 14019−14032

14026

https://pubs.acs.org/doi/10.1021/acsami.2c22736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c22736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c22736?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c22736?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c22736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


meta-analysis of relevant animal studies indicated that porous-
surface titanium or tantalum implants promoted bone
formation, while their use had no significant effect on bone-
implant contact rate (BIC %).60 Although Sanon et al.19

fabricated porous zirconia implants with surface pore sizes of
10−50 μm, they only explored the mechanical properties. In
vivo studies with porous zirconia implants are still lacking.

Subcutaneous ectopic osteogenesis in nude mice can exclude
the recipient’s own osteogenic factors; the cellular origin of
new bone can be easily explained. In in vitro experiments, seed
cells were inoculated on the surface of the material to clarify
the promoting effect of POROHF on osteogenic differ-
entiation of hBMSCs. To confirm further the in vitro results,
we employed nude mice transplantation to investigate the
differentiation potential of the POROHF group in vivo (Figure

Figure 5. Gene expression analysis of hBMSCs on POROHF, PORO, SBHF, and CTRL zirconia specimens. (A,B) Volcano plot of significantly up-
regulated (PORO vs CTRL > 2/POROHF vs CTRL > 2, Q value < 0.05) and down-regulated (CTRL vs PORO >2/CTRL vs POROHF > 2, Q
value < 0.05) genes. Three genes associated with bone development or blood vessel development are highlighted. Green dots: significantly down-
regulated genes. Red dots: significantly up-regulated genes; Gray dots: not significantly up- or down-regulated genes. (C,D) GSEA shows the
enrichment of angiogenesis (C) and bone morphogenesis (D) gene sets in the PORO group. (E) Heatmap shows the z-score of gene expression
among the 4 samples. Significantly differential expressed genes enriched in the GO term associated with bone development and blood vessel
development were displayed. Three critical target genes associated with bone or blood vessel development is framed in red. (F−H) Verification of
representative DEGs by RT-qPCR. Data are presented as mean ± SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
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S3A). After 8 weeks of implantation, acidophilic tissue under
HE staining and blue tissue under toluidine blue staining could
be found clinging to the surface of the materials. As shown in
Figure 4, POROHF surfaces demonstrated the most significant
ectopic bone matrix formation and the thickest neo-bone layer.
The PORO group demonstrated a relatively high level of bone
matrix formation as well. These findings supported in vitro
experiments and demonstrated the efficiency of micro-/nano-
structured porous zirconia in promoting new bone formation.
HE stained sections of the heart, liver, spleen, lung, and kidney
showed normal tissue morphology with no obvious inflamma-
tory cell infiltration (Figure S3B).
Within the limitations of our experiments, the potential of

porous zirconia in promoting bone formation was confirmed
by ectopic bone formation; further, porous surfaces with nano-
structures exhibited greater potential. Rezaei et al. created
hierarchical roughened groove-like morphology with meso-,
micro-, and nano-scale defined structures on zirconia and
observed increased capability for osseointegration compared to
machined zirconia.31 Further in situ bone generation experi-
ments are needed to verify the osseointegration of micro-/
nano-structured porous zirconia implants.
Based on the above in vitro and in vivo results, the surface

modification approach combining nano-scale structures and
micro-scale pores proposed in this study shows promise in its
ability to enhance osseointegration of zirconia implants, thus
reducing the implants’ failure rate and expanding their clinical
application.
Gene Expression Profiling by RNA Sequencing. To

gain insight into the potential mechanisms governing the
osteogenic process of POROHF and PORO zirconia, gene
expression profiles of hBMSCs cultured on the different
surfaces were analyzed by RNA sequencing. Differences in
gene expression between POROHF and CTRL, and between
PORO and CTRL, were analyzed by comparing their
expression profiles. For the POROHF versus CTRL compar-
ison, the volcano plot showed 34 genes were significantly
upregulated (log 2 fold change > 2, Q value < 0.05) and 31
genes were significantly downregulated (log 2 fold change >2,
Q value <0.05) in hBMSCs. Three genes associated with bone
or blood vessel development are highlighted (Figure 5B). For
the PORO versus CTRL comparison, 55 genes were
significantly upregulated (log 2 fold change > 2, Q value <
0.05) and 19 genes were significantly downregulated (log 2
fold change >2, Q value <0.05) in hBMSCs. Three genes
associated with bone or blood vessel development are
highlighted (Figure 5A). GO analysis indicated significantly
regulated genes (POROHF vs CTRL > 2/CTRL vs POROHF
> 2/PORO vs CTRL > 2/CTRL vs PORO > 2, Q value <
0.05) were enriched in the term related to bone and blood
vessel development (Figure S4A,B). GSEA showed enrichment
of angiogenesis (Figure 5C) and bone morphogenesis (Figure
5D) gene sets in the PORO group. GSEA needs to be analyzed
with all genes in the bone morphogenesis or angiogenesis gene
set. However, in the POROHF group, mainly genes with
significant differences were associated with osteogenesis and
angiogenesis. Therefore, analyzing all genes yielded no results.
A heatmap with the z-score of gene expression among the four
samples is shown. DEGs enriched in the GO term associated
with bone development and blood vessel development are
shown (Figure 5E). Further, RT-qPCR was performed to
confirm the expression levels of representative DEGs. Both the
POROHF and PORO group showed significant reductions in

fibroblast growth factor receptor 3 (FGFR3) expression (p <
0.05) (Figure 5F). PRDM1 and LEP were significantly
upregulated in the POROHF group (p < 0.001) (Figure
5G,H).
FGFR3 has been reported to inhibit osteogenesis in

endochondral ossification.61 In vivo analysis showed a
significant increase in osteoid formation in the long bones of
4 month-old FGFR3−/− mice; staining of osteogenesis-related
markers was also increased.62 Moreover, BMSCs of FGFR3
knockout mice expressed more ALP in vitro.62 FGFR3 is a
negative regulator of hedgehog signaling.63 Several studies have
indicated the potential role of the hedgehog pathway in
mediating the response of osteoblasts to biomaterial top-
ographies. Lin et al.55 showed that the micro-/nano-textured
surface topography activated hedgehog signaling compared to
smooth and micro-structured titanium surfaces. Moreover,
stimulation of the hedgehog pathway in MSCs increased the
expression of osteogenic genes (e.g., RUNX2 and BMPs).64 We
speculate that micro-/nano-structured porous zirconia inhibits
expression of FGFR3 promotes activation of hedgehog
signaling and finally upregulates osteogenic gene expression
in hBMSCs.
PRDM1 (PR/SET domain 1) is a candidate in heart

development. Mutation of PRDM1 in second heart fields leads
to arterial pole defects.65 LEP, widely recognized as a
proangiogenic chemical, is a physiological regulator of the
capillary network in skeletal muscle and stimulates VEGFA
production by skeletal myocytes.66 The high expression of
PRDM1 and LEP implied they may play important roles in the
stimulation of angiogenesis by micro-/nano-structured porous
zirconia. During the osseointegration process of biomaterials,
angiogenesis serves as a starting point for progenitor cell
migration and is crucial for matrix deposition by supplying
nutrients required for bone formation.53 The promotion of
new bone formation in vivo by micro-/nano-structured porous
surfaces in this study is likely to be related to upregulated
expression of angiogenic factors. Altogether, our study detected
critical target genes and identified for the first time the
molecular mechanisms triggered by micro-/nano-structured
porous zirconia on hBMSC osteogenesis and angiogenesis.
Further gene overexpression and knockdown experiments are
needed to validate the above conjectures.
This study demonstrated the effects of micro-/nano-

structured porous zirconia on the adhesion, proliferation,
osteogenesis, and angiogenesis of hBMSCs, and the underlying
mechanisms were preliminarily explored. Further studies are
needed to investigate the in situ osteogenesis effect and
mechanical strength of micro-/nano-structured porous zirco-
nia. In addition, the particular pathways underlying the effects
on osteogenesis and angiogenesis will require further
exploration.

■ CONCLUSIONS
This study established a micro-/nano-structured porous
zirconia surface possessing micro-scale pores and nano-scale
secondary structure that can promote osteogenic differ-
entiation and angiogenesis of hBMSCs, as compared with
the PORO group, and perform better than SBHF both in vitro
and in vivo. It has no significant impact on the flexural strength
of zirconia and can potentially become an effective surface
modification modality for improved osseointegration of
zirconia implants, which will be crucial for future clinical
applications. It is speculated that micro-/nano-structured
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porous zirconia surfaces can promote osteogenic differ-
entiation of hBMSCs by inhibiting the FGFR3 expression
and promote angiogenesis by upregulating PRDM1 and LEP.
Additional experiments are needed to investigate further the
underlying mechanisms.
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FBS, fetal bovine serum
α-MEM, α-minimum essential medium
Pen/Strep, penicillin/streptomycin
PM, proliferation medium
OM, osteogenic medium
PBS, phosphate-buffered saline
LSCM, laser scanning confocal microscopy
CCK8, cell counting kit-8
BSA, bovine serum albumin
ALP, alkaline phosphatase
BCA, bicinchoninic acid
ARS, alizarin red S
RT-qPCR, real-time quantitative PCR
ANG-1, ANGPT1
HE, hematoxylin and eosin
FPKM, fragments per kilobase of exon model per million
mapped fragments
DEGs, differentially expressed genes
GO, gene ontology
GSEA, gene set enrichment analysis
BIC, bone-implant contact
FGFR3, fibroblast growth factor receptor 3
PRDM1, PR/SET domain 1
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