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Surface topography dictates important aspects of cell biological behaviors. In our
study, hierarchical micro-nano topography (SLM-AHT) with micro-scale grooves and
nano-scale pores was fabricated and compared with smooth topography (S) and
irregular micro-scale topography (SLA) surfaces to investigate mechanism involved in
cell-surface interactions. Integrin a2 had a higher expression level on SLM-AHT surface
compared with S and SLA surfaces, and the expression levels of osteogenic markers
icluding Runx2, Col1a1, and Ocn were concomitantly upregulated on SLM-AHT surface.
Moreover, formation of mature focal adhesions were significantly enhanced in SLM-AHT
group. Noticablely, silencing integrin a2 could wipe out the difference of osteogenic
gene expression among surfaces with different topography, indicating a crucial role
of integrin a2 in topography induced osteogenic differentiation. In addition, PISK-AKT
signaling was proved to be regulated by integrin a2 and consequently participate in
this process. Taken together, our findings illustrated that integrin a2-PISK-AKT signaling
axis plays a key role in hierarchical micro-nano topography promoting cell adhesion and
osteogenic differentiation.

Keywords: topography, adhesion, osteogenic differentiation, integrin «2, PIBK-AKT

INTRODUCTION

Surface topography is a key determinant of the cellular response to foreign materials (Chen et al.,
2014; Dalby et al., 2014; Gautrot et al., 2014; Denchai et al., 2018), which is extremely important
for intraosseous implants to achieve osseointegration. In the past few years, there has been growing
interest in the effects of different surface features at various scales on cell adhesion, proliferation,
and osteogenic differentiation (Anselme et al., 2010; Chen et al., 2014; Li et al., 2016; Skoog
et al,, 2018; Zhang et al., 2019). It is well recognized that micro-scale structures ensure the initial
stability of the implant and promote the bone locking (Saruta et al., 2019), while nano-scale
structures have more significant effects on the adhesion and differentiation of cells (Kim et al.,
2013; Gorelik and Gautreau, 2014; Cimmino et al., 2018). Furthermore, it has been illustrated
that the regulatory effect of nano-scale structures is precisely based on the mechanical retention
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provided by the micro-scale structures, i.e., the initial stability
of intraosseous implants (Deng et al, 2019). Accordingly,
hierarchical micro-nano topography is a better choice for
intraosseous implants in mediating cell-surface interactions
compared to single-scale topography. It is noteworthy that
natural bone is a loose porous multi-ordered structure composed
of nano-scale collagen and hydroxyapatite and micro-scale
bone plates and pores (Robling et al., 2006; Karsenty et al.,
2009; Zhu et al.,, 2020). To mimic this environment, it is also
of great significance to manufacture intraosseous implants with
hierarchical micro-nano surface topography (Shah et al., 2018;
Cui et al,, 2019; Zhang et al., 2019). In our previous work, we
fabricated titanium surfaces with hierarchical microprotrusion-
nanonotch topography using direct metal laser sintering
technique together with acid etching treatment, which could
promote osteogenic differentiation of stem cells (Zheng
et al, 2018). To enable further performance improvements,
hierarchical microgroove-nanopore topography was fabricated
by selective laser melting (SLM) technique combined with
alkali heat treatment (AHT) because of higher fabricating
efficiency and less consumption of raw materials. And our
preliminary results indicated that this topography could
better promote cell adhesion and osteogenic differentiation.
However, the mechanisms implicated in the cell-surface
interactions remain unclear.

In the early stages of the cell-surface interactions, cells
sense the environment through lamellipodia and filopodia
composed of integrins (Mattila and Lappalainen, 2008; You
et al, 2014; Sun et al, 2016; Michael and Parsons, 2020).
During spreading on the surface, cells initially form nascent
adhesions (NAs) at their periphery (Bachir et al., 2014). Some
of NAs mature into focal complexes (FCs) (Sun et al., 2014).
Both NAs and FCs are not stable. They either disappear in
minutes or transform into focal adhesions (FAs) (Valdembri
and Serini, 2012), which consist of several proteins including
integrin, vinculin, talin, paxillin, tensin, zyxin, focal adhesion
kinase (FAK), and a-actinin (Wozniak et al., 2004), and anchor
cells to the substrate (Li et al, 2017). It was reported that
by simply controlling the topography of surfaces, one can
modulate the formation of FAs, and consequently alter cell-
surface interactions (Geiger et al., 2009; Nasrollahi et al,
2016; Lou et al, 2019; Janssen et al., 2020). Integrin, one of
the indispensable component of FAs, is likely to be involved
in this process (Ginsberg, 2014; De Franceschi et al.,, 2015;
Karimi et al., 2018). Various integrins consisting of different «
and B subunits are recruited on different surface topography
(De Franceschi et al., 2015). Among them, integrin a2 is
considered playing an important role in regulating cell adhesion
and osteogenic differentiation (Olivares-Navarrete et al., 2015).
Knockdown of a2 integrin subunits inhibited the formation
of osteogenic microenvironment (Raines et al., 2019). And it
was also reported that integrin a2 is required for activation of
Runx2, the following expression of Ocn, and ECM mineralization
procedure (Siebers et al, 2005; Hui-Min, Hu et al, 2013).
Accordingly, we hypothesize that integrin a2 expression could
be regulated by surface structures and subsequently influence
osteoblast differentiation.

The osteogenic promoting effect of integrin a2 is possibly
related to PI3K-AKT signaling which is involved in multiple cell
behaviors including proliferation, apoptosis, glucose metabolism,
differentiation and migration (Gu et al., 2013; Edlind and Hsieh,
2014; Feng et al., 2018). PI3Ks are composed of a regulatory
subunit (p85) and a catalytic subunit (p110), and can be activated
via tyrosine kinase and cytosolic tyrosine kinases (Xu et al., 2015;
Arienti et al., 2019). Recent study showed that integrin a2 could
active PI3K by enhancing phosphorylation of FAK (p397 FAK)
(Yoon et al.,, 2017), and upregulation of PIP2 would result in
loss of FAs (Izard and Brown, 2016). In addition, PI3K-AKT
signaling and Runx2 were demonstrated mutually dependent on
each other in the regulation of cell differentiation (Chuang et al.,
2013; Choi et al.,, 2014). Taken all aspects above, we suppose
that hierarchical micro-nano topography upregulates integrin
a2 expression, which in turn activates PI3K-AKT signaling and
thereby promotes osteogenic differentiation.

This study aims to investigate the role of integrin o2-
PI3K-AKT signaling axis in hierarchical micro-nano topography
induced cell adhesion and osteogenic differentiation. SLM-AHT
titanium surfaces were fabricated and characterized, machined
(S) and conventional sand-blasted, large grit and acid etching
(SLA) titanium surfaces were used as control. To understand
the effect of micro-nano topography on FAs, we stained the
cells for vinculin, performed image analysis, and measured the
numbers and size of the FAs on three surfaces. Meanwhile,
in order to elucidate the role of integrin a2, we knockdown
and overexpress integrin a2 in MC3T3-E1 cell line. Our results
indicate that hierarchical micro-nano topography could promote
cell adhesion by enhancing assembling of mature FAs through
increased expression of integrin a2. Furthermore, PI3K-AKT
signaling is also influenced by the expression of integrin
a2 while consequently regulates osteogenic differentiation,
therefore, integrin a2-PI3K-AKT signaling axis plays a key role
in hierarchical micro-nano topography promoting cell adhesion
and osteogenic differentiation.

MATERIALS AND METHODS

Specimen Preparation

Three groups of titanium specimens (disk-shaped, 6-mm in
diameter and 2-mm in thickness, Ti-6Al-4V; Institute of
Aeronautical Materials, Beijing, China) were prepared, including
SLM-AHT group, SLA group and smooth titanium (S) group.
SLM-AHT disks were fabricated in an argon atmosphere with Yb
fiber laser system (EOS M280, EOS GmbH, Krailling, Germany)
using a wave length of 1054 nm, continuous power of 200 W,
scanning speed of 7 m-s and a laser spot size of 0.1 mm. The
resultant disks were then etched with 1.5% HF for 30 min.
After that, titanium specimens were treated in 5 mol/L NaOH
at 100°C for 2 h and then heated in Muffle furnace (200°C for
20 min, 400°C for 20 min, 600°C for 20 min) to generate surfaces
with hierarchical microgroove-nanopore topography. The SLA
disks were prepared by sandblasting and acid-etching technology.
Smooth Ti disks were polished with silicon carbide sandpaper of
No. 240, 360, 400, 600, 800, 1000, and 2000 grits in series. All the
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specimens were washed with acetone, absolute alcohol and MilliQ
water sequentially. Finally, specimens were cleaned with double-
distilled water (ddH2O) in an ultrasonic cleaner for 30 min, dried
at room temperature for 1 h and sterilized in an autoclave at
120°C for 20 min before use.

Surface Topography Observation

Surface topography of S, SLA, and SLM-AHT surfaces were
observed by scanning electron microscopy (SEM, Carl Zeiss
SMT Ltd., Cambridge, United Kingdom). High-magnification
images were used to qualitatively evaluate the surface nano-scale
features. In addition, the average pore diameter was calculated by
Image]J software.

Cell Culture

Mouse calvaria-derived osteogenic cells MC3T3-E1 from
American Type Culture Collection (ATCC) were cultured in
fresh DMEM (HyClone, Logan, UT, United States) with 10%
FBS (Gibco, New York, NY, United States) and 1% penicillin-
streptomycin at 37°C in a humidified atmosphere with 5%
CO,. Cells were seeded at a density of 1 x 10* cells-well and
incubated on specimens. Culture medium was replaced the next
day with osteo-induction (OI) medium containing 10% FBS,
1% penicillin-streptomycin, 50 Lg-mL ascorbic acid, 10 nmol-L
dexamethasone and 5 mmol-L B-glycerophosphate. The medium
was changed every 2 days. Samples were cultured for desired
times in the following experiments.

Cell Morphology and Cell Spreading
Assay

For cell morphological and spreading analysis, cells were fixed
for 30 min at 4°C in 4% paraformaldehyde, subsequently
permeabilized with 0.05% Triton X-100 (Sigma-Aldrich) for
10 min. After rinsed with PBS three times, cells were dehydrated
through an ethanol series (30%, 50%, 70%, 90%, 95%, and two
times 100%), followed by drying in a Critical Point Drier (Balzers
CPD 030, Hudson, NH, United States). Characterization of the
cell morphology on S, SLA, and SLM-AHT surfaces were carried
out by SEM and confocal laser scanning microscope (CLSM,
Olympus, Japan).

Cell Proliferation Assay

For cell proliferation assay, cells were seeded on S, SLA, and SLM-
AHT surfaces in culture medium with DAPI (0.5 mg-mL) at a
density of 1 x 10* cells-well. After culturing for 6 and 24 h, entire
substrates were surveyed photographically at 10x magnification
and the DAPI stained nucleus were automatically detected and
counted using Image]J software.

Scratch Assay

Scratch assay was performed as a model for wounding on §,
SLA, and SLM-AHT surfaces. In a confluent monolayer of cells
that had been serum-starved in DMEM for 8 h, a scratch was
made with a cell scraper. The width of the scratch was measured
at the beginning and after 6 or 24 h of culturing in DMEM
with 0.5% serum. Cells at the edge of the wound were observed

by DAPI staining for cell visualization. Relative closure was
calculated by dividing the different group wound closures by that
of the blank group.

Immunofluorescence Staining

MC3T3-E1 were seeded on titanium specimens in 12-well plates
at a density of 2 x 10* cells-well. After 3 days of culture,
the samples were fixed in 4% paraformaldehyde for 10 min
before being permeabilized with 0.05% Triton X-100 (Sigma-
Aldrich) for 5 min. The samples were blocked in BSA (5 mg/mL)
solution for 1 h. The primary antibody was rabbit anti-Runx2
antibody (1:1000 dilution, Cell Signaling Technology), and cells
were incubated overnight at 4°C with it. After incubation,
the secondary antibody, a fluorescein isothiocyanate (FITC)-
conjugated anti-rabbit antibody (1:2000 dilution, Invitrogen)
was applied for 1 h at room temperature. After removing
the secondary antibody solution, a FITC-conjugated anti-F-
actin antibody (1:200 dilution, Solarbio) was used to stained
cytoskeleton for 2 h and then the nucleus were stained with DAPI
(5 mg-mL) for 5 min and stored in 1X PBS at 4°C until visualizing
with CLSM. All steps of the incubations were performed in
a humidified environment at room temperature in the dark.
Between each incubation step, the samples were rinsed three
times (3 min each) in PBS.

Immunofluorescence Visualization of FAs
To visualize the FAs, two samples of cells grown on S, SLA,
and SLM-AHT surfaces were stained with rabbit anti-Vinculin
antibody (1:1000 dilution, Sigma), FITC-conjugated anti-F-actin
antibody (1:200 dilution, Solarbio) and DAPI according to
manufacture protocols as above described. The samples were
analyzed with a Zeiss Axio Imager M2 Optical Microscope (Carl
Zeiss, Jena, Germany). High-magnification immunofluorescence
imaging was used to study the FAs of the cells.

Image Analysis

To estimate the number and size of the FAs, the area occupied
by vinculin staining was measured and quantified. For each
substrate, three individual cells were evaluated after 6 and 24 h
from two independent experiments. Immunofluorescence images
were taken at 60X to obtain an optimal quality for processing.
The captured color images were separated into single-channel
greyscale images using the Image] split-channel command. To
quantify the distribution and size of FAs throughout the cells,
punctate vinculin sites were manually traced and the size of each
FA was obtained using the Analyze Particle tool in Image]. And
the FA whose area is larger than 3.14 pm? was defined as mature
FA (Parsons et al., 2010; Hanein and Horwitz, 2012). The Shape
Descriptors tool in Image] was used to measure cell area.

Western Blot Analysis

The proteins of 6 h, 24 h, 3 days, and 7 days cultured cells on S,
SLA, and SLM-AHT surfaces were collected, sonicated and then
centrifuged. The proteins in the supernatant were transferred to
polyvinylidene difluoride (PVDF) membranes with a semidry
transfer apparatus (Bio-Rad, Hercules, CA, United States).
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The membranes were blocked with 5% dehydrated milk for
2 h and then incubated with following primary antibodies
overnight at 4°C. Integrin a2 (Abclonal), Vinculin (Sigma),
FAK (Cell Signaling Technology), P-FAK (Cell Signaling
Technology), Runx2 (Cell Signaling Technology), Collal
(Solarbio), Ocn (Solarbio), PI3K (Cell Signaling Technology),
PIP2 (Abcam), PIP3 (Novus), AKT (Cell Signaling Technology),
P-AKT (Cell Signaling Technology), and housekeeping protein,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
used. Membranes were then incubated with a secondary
antibody (1:1000 dilution) for 1 h at room temperature, and
the antibody-bound proteins were detected using an ECL
Western Blotting Analysis System (CWBIO, Beijing, China).
The integrated optical density (IOD) was quantified using
Image]J software.

qRT-PCR Analysis

Quantitative real-time PCR was carried out at 6 h, 24 h, on 3 days
and 7 days after cell seeding to evaluate the gene expression levels
in cells grown on three titanium surfaces. The oligonucleotide
primers for the adhesion and osteogenic related genes integrin
a2, Vinculin, Runx2, Collal, and Ocn are listed in Table 1.
RPO was used as the reference gene. Following incubation, the
samples were washed in PBS, and the total RNA was extracted
using Trizol reagent (Invitrogen-Life Technologies), according
to the manufacturer’s protocols. The amount of total RNA from
each sample was quantified using a BioDrop DUO micro-volume
spectrophotometer (Montreal Biotech Inc., Canada). qRT-PCR
reactions were performed in 10 pl of PCR mixture containing
1 pg of each cDNA sample and specific primers using the
QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany).
The following conditions were used: 50°C for 10 min, followed
by 95°C for 2 min, then 60 cycles of 95°C for 5 s, and
60°C for 10 min.

Construction of Integrin «2 Knockdown

Plasmid
To knockdown the integrin a2 (ITGA2) gene, we designed three
short hairpin RNAs (shRNA) from https://portals.broadinstitute.

TABLE 1 | Primer sequences used for gRT-PCR analysis of gene expression.

Gene Primer sequence
Integrin a2 F AAGTGCCCTGTGGACCTACCCA
R TGGTGAGGGTCAATCCCAGGCT
Vinculin F ACCTGCAGACCAAAACCAAC
R CTTACCGACTCCACGGTCAT
Runx2 F ATCACTGACGTGCCCAGGCGTA
R AGGGCCCAGTTCTGAAGCACCT
Collat F CTCCTGACGCATGGCCAAGAA
R TCAAGCATACCTCGGGTTTCCA
Ocn F AGTCTGACAAAGCCTTCA
R AAGCAGGGTTAAGCTCACA
RPO F TTCATTGTGGGAGCAGAC
R CAGCAGTTTCTCCAGAGC

org/gpp/public/. The forward and reverse oligonucleotides were
synthesized corresponding to the selected shRNA. The shRNA
oligonucleotides sequences are listed in Table 2. Mix 1 pl of
10 uM of forward and reverse oligonucleotides in 10 pl of 1X
T4 ligase buffer. Incubate at 95°C for 5 min and then ramp
down to 25°C at 5°C/min. Prepare a 10 1 ligation reaction mix
by adding 50 ng of pLKO.1 digestion product, 1 pl annealed
shRNA oligonucleotides, 0.5 1 T4 ligase, 1 pl of 10X T4 ligase
buffer. Incubate for 16°C overnight. Transform the ligation
product into DH5a cells for 30 min on ice. Heat shock at
42°C for 90 s and return to the ice for 2 min. Add 500 pl
of LB medium and incubate at 37°C with shaking for 1 h.
Plate the transformation mixture on LB agar plates containing
100 pg-mL ampicillin. Incubate the plates overnight at 37°C in
a microbiological incubator. After incubation, pick 3-5 colonies
to identify a correct clone for proper insert identification by
Sanger sequencing.

Construction of Integrin o2

Overexpression Plasmid

To overexpress integrin a2, we divided ITGA2 into A and
B two segments and designed 4 clone primers: ITGA2-A-
F, ITGA2-A-R, ITGA2-B-E, ITGA2-B-R (Table 3) because of
the long sequence. Mix 1 pl of 10 pM forward and reverse
oligonucleotides with 1 pl template (MC3T3-E1 cDNA as the
template) in 50 pl 1X DNA Polymerase mix. PCR Program are as
follows: stepl: 95°C Pre-denaturation 3 min; step2: Denaturation
95°C 30 s; step3: Annealing 58°C 30 s; step4: Extension 72°C
90 s; step5: Cycle step2 to step4 35 cycles; step6: Final Extension
72°C 5 min. ITGA2-A and ITGA2-B were amplified. Then the
homologous recombination primers oligonucleotides (ITGA2-
OE-A-E ITGA2-OE-B-R) were designed (Table 3). The forward
and reverse oligonucleotides were added in the 5 of ITGA2-A
and 3’ of ITGA2-B using the same PCR program, respectively.
ITGA2-OE-A and ITGA2-OE-B were amplified. Digest 1 g

TABLE 2 | Oligonucleotides sequence used for integrin a2 knockdown.

Primer Oligonucleotides sequence

shITGA2 1 F CCGGTCGCAAGAGACT
ACGCTTATTCTCGAGAATAAGCGT

AGTCTCTTGCGATTTTTG
R AATTCAAAAATCGCAAGAGACTA
CGCTTATTCTCGAGAATAAGC
GTAGTCTCTTGCGA
CCGGATAGCAGT
TCTTGGGTATTTACTCGAGTAAAT
ACCCAAGAACTGCTA G
R AATTCAAAAAATAGCAGTTC
TTGGGTATTTACTCGAGTAAATACC
CAAGAACTGCTAT
CCGGGACTGGCTAGTCC
AGCGTTTACTCGAGTAAAC
GCTGGACTAGCCAGTC G
R AATTCAAAAAGACTGGCTAGT
CCAGCGTTTACTCGAGTAAACGCT
GGACTAGCCAGTC

shITGA2 2 F

shITGA2 3 F

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

May 2020 | Volume 8 | Article 463


https://portals.broadinstitute.org/gpp/public/
https://portals.broadinstitute.org/gpp/public/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zheng et al.

Micro-Nano Topography Promotes Osteogenic Differentiation

TABLE 3 | Oligonucleotides sequence used for integrin a2 overexpression.

Primer Oligonucleotides sequence
[TGA2-A F ATGGGACCGGGACAGGCAGG
R ACCATAGCCATCCAGGGACCTTC
[TGA2-B F ACCATAGCCATCCAGGGACCTTC
R TTAGCTGTTGAGTTCTGTGGTCTC
[TGA2-OE-A F GATGACGATGACAAGGAATTCATGGGA
CCGGGACAGGCAGG
[TGA2-OE-B R GATCCTTCGCGGCCGCGGATCCTTAGC
TGTTGAGTTCTGTGGTCTC

pCDH plasmid backbone with 1 pl of EcoRI and 1 pl of BamHI
in a final volume of 20 w1 of 1 FastDigest Green Buffer. Vazyme
Clon Express MultiS One Step Cloning Kit was recombined these
3 fragments. Transformation and identification steps are the same
as shRNA cloning.

Virus Infection

To produce recombinant lentivirus, HEK293-T packaging cells
were prepared in 10 cm dishes at a density of 70-80%. Then the
cells were transfected with the packaging plasmids pVSVG and
psPAXS encoding lentiviral proteins (Gag, Pol, and Env) and the
transfer pLKO.1-shRNA or pCDH-ITGA2 plasmid. The medium
was changed after 8-12 h. After 24 h, viral supernatants were
harvested, and the new medium was added. Viral supernatants
were collected the next day. Virus of scramble was a kind
of gift from Wu lab. MC3T3-E1 cells with a density of 70%
were infected with viral supernatants in the presence of a
serum-inactivated medium supplemented. The viral-containing
medium was removed after 24 h and cells were grown in
serum-containing medium for another day. Cells were then
treated with puromycin (2 pg-ml) for selection. The knockdown

and overexpression efficiency were confirmed by qRT-PCR
and western blot.

Statistical Analysis

All experiments were repeated at least 3 times to ensure the
validity of observations, and all values are expressed as the
mean =+ standard deviation (SD). The data were tested for
homogeneity and then assessed using one-way ANOVA. Error
bars represent SD (n = 3). P < 0.05 was considered significant
(*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001).

RESULTS

Topography of S, SLA, and SLM-AHT
Titanium Surfaces

Topographies of S, SLA and SLM-AHT titanium disks were
shown in Figure 1A. As observed by SEM, there exhibited a
hierarchical topography combining micro-scale grooves (30-
40 um in width) and nano-scale pores (10-100 nm in diameter)
on SLM-AHT surface. And irregular micro-scale features with
seldom-scattered nano-scale defects could be seen on SLA
surface. By contrast, S titanjium has a smooth surface without
recognizable topographical features. In addition, as shown in
Figure 1B, the nanopores on SLM-AHT titanium surface
distributed uniformly, most of which were about 40 nm in
diameter (Figure 1C).

Hierarchical Micro-Nano Topography
Promoted Cell Adhesion, Proliferation,

and Migration
To observe cell behaviors on different topography, we seeded
MC3T3-El cells on S, SLA and SLM-AHT titanium disks,

SLA

100 pm:

SLM-AHT

100 o %

FIGURE 1 | Surface observation of S, SLA and SLM-AHT titanium disks. (A) SEM images of the S, SLA and SLM-AHT titanium surfaces. (B) SEM images of the
hierarchical micro-nano topography titanium surface and the size distribution (C) of the nanopores on it.

500 nm

g
o
o

diameter (nm)
N
mAnAISARASLS
.-llllll“‘

ore
aa
BN
oo

0.00 0.05 0.10 0.15 0.20 0.25
Frequency

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

May 2020 | Volume 8 | Article 463


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zheng et al.

Micro-Nano Topography Promotes Osteogenic Differentiation

SLA

SLM-AHT

SLA

SLM-AHT

FIGURE 2 | Surface topography influences cell adhesion, proliferation and migration. (A) SEM observation of pseudopodia of cell extending on S, SLA, and
SLM-AHT titanium surfaces after 6 h of seeding. (B,C) Immunofluorescence images of cell (red, F-actin; blue, DAPI) on S, SLA and SLM-AHT titanium surfaces after
6 and 24 h of seeding. (D) Cell count on S, SLA and SLM-AHT titanium surfaces for 6, 24, and 72 h. (E) Scratch assay of cell on different groups culturing for 0, 6,
and 24 h visualized via DAPI (blue) staining. (F) Relative closure determined by measuring wound widths from images (E) in the upper panel.
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and observed morphology and cell numbers by SEM and
CLSM at 6 and 24 h after seeding. As shown in Figure 2A,
longer pseudopodia were observed on the SLM-AHT surface
(hierarchical micro-nano topography) than S (smooth
topography) and SLA (irregular micro-scale topography)
surfaces. Immunofluorescence imaging revealed that cells
appeared with a round shape and barely any polarity on S
surface, while cells exhibited multipolarity on SLA and SLM-
AHT surfaces, especially the latter (Figures 2B,C). Significantly
increased cell numbers were observed on the hierarchical
micro-nano topography compared with the other two surfaces.
As shown in Figure 2D, cell numbers on three different surfaces
were comparable at 6 and 24 h, but progressive increase in
cell number was observed on SLM-AHT surface at 72 h. In

the wound healing assay, all the scratches became narrowed
somewhat 6 h after scratching, but few cells migrated across
the edges of scratches, and there was no obvious difference
among the three groups. However, 24 h later, the scratches
in SLM-AHT group were completely healed, while those in S
and SLA groups were still not (Figures 2E,F), suggesting that
SLM-AHT surface could promote cell migration. The rapid
migration can establish a cohesive layer of cells on SLM-AHT
surface, which is indispensable for cell adhesion and subsequent
osteogenic differentiation.

To further understand the impact of hierarchical micro-nano
topography on cell adhesion, vinculin staining was performed,
cells were round on S surface, while appeared polygon in shape
on SLA and SLM-AHT surfaces (Figures 3A,B). The size and
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FIGURE 4 | Surface topography influences cell adhesion. (A,B) The relative mRNA levels of integrin a2 and vinculin in cell cultured on different titanium surfaces for 6
and 24 h. Statistical significance was determined by one-way ANOVA. Error bars represent SD (n = 3). *P < 0.05. **P < 0.01. ***P < 0.005. (C,D) Western blot
analysis of integrin a2, vinculin, FAK and p-FAK in cell cultured on different titanium surfaces for 6 (C) and 24 h (D). Cells were cultured on different materials as
indicated above.

number of FAs in cells on three surfaces were measured. On
average, cells formed more FAs on smooth surface (Figure 3C).
However, more mature FAs were found on hierarchical micro-
nano topography (Figure 3D), and the percentage of mature FAs
on SLM-AHT surface was much higher compared with S and SLA
surfaces (Figure 3E). Interestingly, since the quantitative analysis
of images revealed that the average cell area on S surface was
larger than that of SLA and SLM-AHT surfaces (Figure 3F), while
no statistical difference was detected among total FA areas of the

3 groups (Figure 3G), there was a significantly higher proportion
of mature FA areas on SLM-AHT surface (Figure 3H).

Next, we examined the effect of hierarchical micro-nano
topography on cell adhesion at molecular level. The expression
levels of integrin a2 and vinculin were examined by qRT-PCR
and western blot (WB) analysis (Figure 4 and Supplementary
Figure 1). Compared with the other two surfaces, SLM-AHT
group exhibited a significantly higher mRNA and protein
expression level of integrin a2 and vinculin at both 6 and
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24 h. Phosphorylated and total FAK protein levels were also
evaluated by WB assay (Supplementary Figure 1). Although
no significant difference in the total FAK protein expression
among three groups was revealed, substantially upregulated
FAK phosphorylation level was observed on SLM-AHT surface,
suggesting that hierarchical micro-nano topography could
promote integrin a2 expression and FAK activation.

Hierarchical Micro-Nano Topography

Promoted Osteogenic Differentiation

As shown in Figures 5A,B and Supplementary Figure 2A, the
expression levels of Runx2, Collal, and Ocn in cells cultured
on SLM-AHT surface were significantly higher than those of
S and SLA groups on both day 3 and day 7. In addition,
immunofluorescence staining further confirmed that Runx2
expression levels were significantly increased in cells cultured on
SLM-AHT surface (Figure 5C), indicating an obvious osteogenic
promoting effect of the hierarchical micro-nano topography.
Furthermore, the expression levels of integrin a2 in cells cultured
on SLM-AHT surface were also found significantly upregulated
compared to S and SLA groups, while there was no significant
difference between the latter two groups (Figure 5D and
Supplementary Figure 2B), suggesting integrin a2 was involved
in hierarchical micro-nano topography regulating osteogenic
differentiation.

The Role of o2 -PIBK-AKT Signaling Axis

To further investigate the role of integrin a2 and its relationship
with PI3K-AKT signaling, we designed three shRNAs. Two of
them (shITGA2 2 and shITGA2 3) were proved effective and with
no adverse effect on cell morphology as well as cell proliferation
(Figures 6A-C and Supplementary Figure 3). Accordingly,
scramble, shITGA2 2 and shITGA2 3 cells were seeded on both

cell-culture dishes and three titanium specimens to study the
role of integrin a2 in osteogenic differentiation. qRT-PCR and
WB analysis revealed that knockdown of integrin a2 dramatically
decreased expression of osteogenic markers including Runx2,
Collal and Ocn (Figures 7A,B and Supplementary Figure 4).
And the significantly downregulated expression of Runx2 was
further confirmed by immunofluorescence staining (Figure 7C).
Noticeably, scramble cells cultured on SLM-AHT surface
exhibited significantly increased expression of Runx2, Collal and
Ocn compared to S and SLA surface, while integrin a2 silenced
cells showed no difference of osteogenic gene expression on three
surfaces (Figure 7D), indicating that integrin a2 played a key
role in hierarchical micro-nano topography directing osteogenic
differentiation.

The activity of PI3K-AKT signaling was then investigated
on different surfaces. The related factors including PI3K, PIP2,
PIP3, total AKT and phosphorylated AKT (P-AKT) were detected
by WB. As shown in Figure 8 and Supplementary Figure 5,
the protein expression of PI3K and PIP3 was higher on SLM-
AHT surface than S and SLA surfaces on both day 3 and
7, while PIP2 had a lower expression on SLM-AHT surface
compared to the other two groups. Interestingly, although no
marked alteration in total AKT expression on all three surfaces
was found, significantly increased AKT phosphorylation level
was revealed on SLM-AHT surface, confirming the activation of
PI3K-AKT signaling on the hierarchical micro-nano topography.
We then examined the interaction of integrin a2 and PI3K-AKT
signaling. Integrin a2 was stably overexpressed in MC3T3-El
cells (ITGA2-OE) (Figures 9A,B and Supplementary Figure
6A). WB analysis showed that integrin a2 overexpression
significantly promoted expression levels of PI3K and PIP3,
while strongly decreased PIP2 expression (Figure 9C and
Supplementary Figure 6B). Furthermore, while total AKT
expression did not change significantly, increased P-AKT was
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FIGURE 7 | Integrin a2 influences cell osteogenic differentiation. (A) The relative mRNA levels of Runx2, Col1at, and Ocn in scramble and integrin a2 silenced cell.
(B) Western blot analysis of Runx2, Coltal, and Ocn proteins in scramble and integrin a2 silenced cell. (C) Immunofluorescence staining showing integrin a2
dependent diverse expression of Runx2 (red, F-actin; blue, DAPI: green, Runx2). (D) The relative mRNA levels of Runx2, Col1a1, and Ocn in scramble and integrin
a2 silenced cell culturing on S, SLA, and SLM-AHT surfaces for 3 days. Statistical significance was determined by one-way ANOVA. Error bars represent SD (n = 3).

observed after integrin a2 overexpression. The above results
suggested that PI3K-AKT signaling was highly influenced by
integrin a2. That was to say, there exists an integrin o2-
PI3K-AKT signaling axis which was possibly involved in the
regulation of cell behaviors including osteogenic differentiation.
In addition, scramble and forced integrin a2 cells were seeded
on both cell-culture dishes and three titanium specimens.
And it was found that the mRNA and protein expression
levels of osteogenic markers were increased after integrin a2
overexpression (Figures 10A,B and Supplementary Figure 7).
Furthermore, the significantly upregulated expression of Runx2
was observed by immunofluorescence staining after integrin
a2 overexpression (Figure 10C). Noticeably, both integrin a2
overexpressed cells and scramble cells cultured on SLM-AHT
surface exhibited significantly increased mRNA expression of
Runx2, Collal and Ocn compared to S and SLA groups

(Figure 10D), once again proving the key role of integrin a2 in
surface topography regulating cell fate.

DISCUSSION

In the human body, cells are exposed to complex
microenvironments consisting of varying micro-scale and nano-
scale structural features which convey different topographical
cues to regulate cell behaviors (Fu et al., 2020). It is believed
that the development of appropriate hierarchical micro-nano
topographies mimicking the structure of natural bone helps to
improve the osseointegration ability of intraosseous implants
(Gongadze et al., 2011; Khang et al, 2012; Xu et al., 2016;
Shah et al, 2018). And recent studies revealed that surface
with nano-scale features was effective at improving osteoblasts
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adhesion and differentiation (Gautrot et al., 2014; Rosa et al,,
2014; Huang et al, 2016; Guadarrama Bello et al, 2017;
Lopes et al., 2019). However, the mechanism by which surface
topography manipulates cell fate remains controversial. In this
study, hierarchical micro-nano topography (SLM-AHT) with
micro-scale grooves and nano-scale pores was fabricated and
compared with smooth topography (S) as well as irregular micro-
scale topography (SLA) surfaces to investigate the mechanism
involved in cell-surface interactions.

Topography-induced changes in cell morphology could be
conveniently observed at the initial stage of cell-surface contact
(Dupont, 2016) and would greatly influence subsequent cell
behaviors (Nasrollahi et al., 2016). In this study, cells showed
multipolarity on SLM-AHT surface while showed round on the

other surfaces, which could be attributed to the large amount of
sharp convex or spikes of hierarchical micro-nano topography.
These features have the highest negative surface charge density
(Gongadze et al, 2011), and could, therefore, recruit more
positively charged anchor proteins to improve cell adhesion
(Smeets et al., 2009), as observed in the following FA visualization
and detection of integrin a2, vinculin and p-FAK expression.
Focal adhesions were intensively studied because they are
regarded as important transducers of mechanical cues including
topography (You et al., 2014). In this study, more FAs were
found in cells cultured on S surface. However, most of them
are dot-like nascent adhesions (NAs) or premature round focal
complexes (FCs), which are not stable and usually disappear
within several minutes (Valdembri and Serini, 2012). Since total
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FIGURE 10 | Integrin a2 overexpression enhances cell osteogenic differentiation. (A) The relative mRNA levels of Runx2, Col1al, and Ocn in scramble and integrin
a2 overexpressed cell for 3 days. (B) Western blot analysis of Runx2, Col1al, and Ocn proteins in scramble and integrin a2 overexpressed cell for 3 days.
(C) Immunofluorescence staining showing integrin a2 dependent diverse expression of Runx2 (red, F-actin; blue, DAPI: green, Runx2). (D) The relative mRNA levels
of Runx2, Col1al, and Ocn in scramble and integrin a2 overexpressed cell cultured on S, SLA and SLM-AHT surfaces for 3 days. Statistical significance was
determined by one-way ANOVA. Error bars represent SD (n = 3). *P < 0.05, **P < 0.01.

FAs cannot present the real adhesion status of cells, mature
FAs were measured. And cells cultured on SLM-AHT surface
exhibited much more mature FAs, indicating hierarchical micro-
nano topography may contribute to cell adhesion via enhancing
the maturation of FAs. The possible reason may be that FAs
are favorably constructed with an average integrin interspacing
of about 45 nm (Dalby et al., 2014), while the diameter of
nanopores on SLM-AHT surface is about 40 nm. The evenly
distributed nano-scale features on the surface substantially match
the preferable interspacing of integrins to form mature FAs, and
therefore improve cell adhesion (Cavalcanti-Adam et al., 2007).
In consistence with previous studies, our results showed
that the titanium surface with hierarchical microgroove-
nanopore topography would favor osteogenic differentiation.
More importantly, the role of integrin a2, an important
component of FAs, in the observed topography induced

osteogenic differentiation was thoroughly investigated in this
study. Compared to S and SLA surfaces, protein expression
level of integrin a2 was found significantly increased at early
stage of cell cultured on SLM-AHT surface, and concomitantly,
cells on SLM-AHT surface also exhibited an early increase in
mRNA expression levels of osteogenic markers. Moreover, we
established the causal-effect relationship through gain and loss of
function of integrin a2 in cells cultured on SLM-AHT. Although
the osteogenic marker expression was higher on SLA surface
than on the S surface on day 7, the protein expression level of
integrin a2 showed no significant difference between the two
groups, indicating that less prominent osteogenic promoting
effect of irregular micro-scale topography was not integrin a2
dependent (Huang et al., 2019). Therefore, integrin a2 mediated
osteogenic differentiation could be considered topography
specific, and in the existing three surfaces, only hierarchical
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micro-nano topography (SLM-AHT) could activate this process.
And our finding helps to endorse the recently proposed possible
function of integrin a2 in bone formation (Leem et al., 20165
Raines et al., 2019).

Moreover, the downstream signaling of integrin o2 in
promoting osteogenic differentiation was further investigated
in this study. Our outcomes showed that PI3K-AKT signaling
pathway was activated on SLM-AHT surface, combing with
high expression of integrin a2. Since PI3K-AKT signaling had
been proved involved in multiple cell functions including cell
proliferation, apoptosis, growth, glucose metabolism, migration
and differentiation (Gu et al., 2013; Choi et al., 2014; Xu et al.,
2015; Fan et al,, 2018), we supposed that there might be cross-
talk between integrin a2 and PI3K-AKT signaling pathway,
and hierarchical micro-nano topography by itself could affect
this integrin a2-PI3K-AKT signaling axis. However, whether
integrin a2 could activate PI3K-AKT signaling pathway was still
unknown. Thus, we stably upregulated endogenous integrin a2
expression to investigate the effect of integrin a2 on PI3K-AKT
signaling pathway. To our delight, the high expression level
of integrin a2 was indeed accompanied by an activated PI3K-
AKT signaling. Furthermore, following by PI3K-AKT signaling
pathway activation, osteogenic markers were also upregulated
in integrin o2 overexpressed cells. Altogether, it could be
inferred that forced expression of integrin a2 could activate
PI3K-AKT signaling pathway and thereby promote osteogenic
differentiation.

To our knowledge, this is the very first report illustrating
that osteogenic differentiation induced by hierarchical micro-
nano topography is mediated by activation of integrin a2-PI3K-
AKT signaling axis, as well as is the first study demonstrating
overexpression of integrin a2 is sufficient to activate PI3K-
AKT signaling pathway on titanium surfaces. Our research
contributes to surface modification targeting the enhancement of
osteogenic capacity. And for cells with compromised osteogenic
capacity, it provides a possibility of overexpressing integrin o2
to promote the osteogenic differentiation. However, integrin o2
is also involved in metabolism of tumor cells (Adorno-Cruz
and Liu, 2019). Thus, the safety of long-time high expression
of integrin a2 is worrisome which needs rigorous evaluation.
Despite a helpful step in uncovering a novel signaling axis
involved in cell-surface interactions, our understanding of it
remains incomplete and there are some shortcomings in this
study. Whether the same mechanism can play its role in vivo,
and whether integrin a2 can activate other signaling pathways
to promote osteogenic differentiation of cell cultured on surface
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