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ABSTRACT

Growing evidence suggests that the physical microenvironment can guide cell fate. However, cells sense
cues from the adjacent physical microenvironment over a limited distance. In the present study, murine
mesenchymal stem cells (MSCs) and murine preosteoblastic cells (MC3T3-E1) behaviors are regulated
by the cell-material interface using ordered-micro and disordered-nano patterned structures on Ti im-
plants. The optimal bone formation structure is a stable wave (horizontal direction: ridge, 2.7 um;
grooves, 5.3 um; and vertical direction: distance, 700 um) with the appropriate density of nano-branches
(6.0 per um?). The repeated waves provide cells with directional guidance, and the disordered branches
influence cell geometry by providing different spacing and density nanostructure. And micro-nano pat-
terned structure can provide biophysical cues to direct cell phenotype development, including cell size,
shape, and orientation, to influence cellular processes including survival, growth, and differentiation.
Thus, the overlaid isotropic and anisotropic cues, ordered-micro and disordered-nano patterned struc-
tures, could transfer further and alter cell shape and induce nuclear orientation by activating Wnt/S-
catenin signaling to promote integrin a5, integrin 81, cadherin 2, Runx2, Opn, and Ocn. That canonical
Whnt signaling inhibitor dickkopfl further demonstrates osteogenic differentiation induced by ordered-
micro and disordered-nano patterned structures, which is related to Wnt/B-catenin signaling. Our find-
ings show the role of ordered microstructures and disordered nanostructures in modulating stem cell
differentiation with potential medical applications.
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Statement of significance

It remains a challenge to modify poor osteogenic and osteoconductive properties of titanium alloy bases
on the inherent poverty of titanium. We demonstrate that ordered microtopography and disordered nano
topography pattern structure could lead to osteogenic differentiation in vitro and bone regeneration in
vivo. Furthermore, the pattern structure is created through selective laser melting and alkali heat. And the
structure only takes advantage of titanium itself and does not bring in active film, such as hydroxyapatite.
On the other hand, we find that cell shape and orientation show angle-orientation tendency due to the
polarity, which involves with mechanical signal created via patterned structure. Meanwhile, the Wnt/Ca?+

signaling pathway is activated.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The morphogenesis of biological cells is crucial to most physio-
logical processes [1-4]. It is also essential for osteogenic differenti-
ation and ultimately bone regeneration [5-7]. Cell guidance can be
provided by external cues, such as chemical concentrations, sub-
strate rigidity and substrate topography [8-10]. A major challenge
of guiding live cells at the bone-implant interface is that they
can sense their microenvironment over a limited distance. Relay-
ing chemotactic signals can overcome this limit. However, using
chemical cues to relay chemotactic signals requires intricate or-
chestration and timing of signals [8,11,12]. Surface topography is
another method by which to alter cell orientation over large dis-
tances [13]. Surface nanotopography on implants, including ridges
and grooves [14,15] or aligned collagen fibers [14], could serve
to modulate them. However, the nano-patterns structures exam-
ined in previous studies have merely offered bidirectional guid-
ance, resulting in a tendency for cells to assume an elongated
and round shape, which may induce osteogenic and adipogenic
differentiation. Surface nanotopography alone induces different ef-
fects on single cells via receptors of cell adhesion [16], and this
structure of mature bone is a micro-nano structure [17]. Surface
microtopography is another type of surface topography. Ordered
microstructures are common cues that influence cell morphology
and spreading [18]. However, microtopography can alter entire cell
behaviors. Moreover, several researchers have suggested that mi-
croscale texture alone may inhibit cell adhesion and cell prolifera-
tion [19]. Additionally, ordered-micro structures are often obtained
by soft lithography, electron beam lithography, anodic aluminum
oxide. and block copolymer lithography [9,20-22]. However, these
approaches are more suitable for thin nonmetallic substrates and
involve hazardous reagents, such as hydrogen fluoride [21].

It is well known that the extracellular microenvironment com-
prises nanotopography and microtopography [9,23]. Interestingly,
previous works have demonstrated that surface microtopography
and nanotopography could alter cell shape and improve osseoin-
tegration at the cell-implant interface, which is known as contact
guidance [24]. On the other hand, there are four objects including
commercially pure titanium and three titanium alloys (Ti-6Al1-4V,
Ti-6A1-4V Extra Low Interstitial [low components] and Ti-Al-Nb).
And pure titanium and Ti-6AI-4V are used in biomaterial. Tita-
nium has great corrosion resistance and good biocompatibility due
to oxide layer of nanometer thickness at the surface of titanium.
And oxide on the surface of titanium leads to bioinert poverty,
which caused poor osteointegration [19,25]. Creating nanotopogra-
phy and microtopography that is similar to the extracellular struc-
ture is an effective way to overcome this disadvantage. However,
there is a distinct lack of simple, safe fabrication techniques to cre-
ate ordered-micro and disordered-nano topography on Ti surfaces
to study cell-biomaterial interactions.

Despite a limited role of Ti implants in improving osseointe-
gration, mechanisms altering cell shape through local microen-

vironment have been illustrated [G]. Although several reports
have indicated that cells respond to ordered microtopography and
disordered nanotopography, several studies indicate that differ-
ent substrate rigidities lead to various cell behaviors [17,26-28].
Without systematic research constructing the ordered-micro and
disordered-nano topographies through Ti itself, it is hard to draw
strong conclusions and fundamentally improve the poor osseointe-
gration associated with Ti implants.

In the present study, this challenge is tackled by designing bio-
materials with ordered-micro and disordered-nano topography on
Ti surfaces. The former structure is created by selective laser melt-
ing, and the latter is obtained through alkali-heat treatment. The
two steps could create the ultimate structure. These processes are
safe and simple, and the components are only Ti, O, and K (with
no other osteogenic elements). The ordered microtopography led to
cell anisotropy, and the disordered nanotopography led to isotropic
effects. We find that the physical cues provided by ordered-micro
and disordered-nano topography physically constrain cell shapes,
and then spontaneously translate matrix alignment to a mechani-
cal signal through cellular guidance. Thus, cell nuclear shape and
orientation are key signals for contact guidance. First, cells use
their own integrin a5 and integrin 81 to sense and adhere to pat-
terned Ti. Second, the actin in the cells aligns and cell nuclei be-
gin to align. the MSCs and MC3T3-E1 differentiate into osteoblast.
The Ti-LA-AT, surface can significantly upregulate the expression
of Runt-related transcription factor 2 (Runx2, a pivotal transcrip-
tion factor that can regulate bone formation), Alp (an early marker
of the bone matrix remodeling process), osteocalcin (Ocn, a late-
stage marker gene that has significant function during embryonic
osteogenesis and the bone remodeling process), osteopontin (Opn,
a typical bone-specific extracellular matrix protein) and B-catenin,
thus significantly promoting bone regeneration. The modulation of
signaling pathways of osteogenic differentiation is schematically il-
lustrated in Fig. 1. Furthermore, our findings systematically explain
the difference in response to the contact environment across differ-
ently patterned structures and offer a biophysical enlightenment of
the principles of biomaterial design.

2. Materials and methods
2.1. Materials

Two kinds of commercially pure titanium plates (¢14 x 2.5mm
and ¢22 x 2mm) were purchased from Shanghai Baosteel Co. Ltd,
China. The former was used for general tests, including materials
characterization and cell culture, while the latter was employed
for culturing cells for Western blot (WB) and quantitative real-
time reverse transcription chain reaction (qRT-PCR) analysis. All
laboratory chemical reagents were bought from Aladdin BioChem-
ical (Los Angeles, CA) unless otherwise noted. Tissue culture plas-
tic (12 well plates and 24 well plates) was purchased from Nest.
Cell culture media and 0.05% trypsin-EDTA were purchased from
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Fig. 1. Schematic illustration of patterned Ti for osteogenic differentiation. (i) Activation of integrin «s; heterodimers and regulation of cell morphology. (ii) Stimulation of
MSCs and MC3T3-E1 related gene and S-catenin expressions to promote osteogenic differentiation.

HyClone. Fetal bovine serum was obtained from Gibco. The alka-
line phosphatase assay kit (AKP Microplate test kit) was purchased
from Nanjing JianCheng Bioengineering Institute. BCA Protein As-
say kit goat serum was purchased from Solarbio (Beijing, China).
4, 6-diamidino-2-phenylindole (DAPI), FITC conjugated phalloidin
(actin), SDS-PAGE gels, and B-actin (rabbit, multiclonal) were pur-
chased from Yeasen (Shanghai, China). Osteocalcin (mouse mon-
oclonal anti-OCN, proteintech), osteopontin (mouse monoclonal
anti-OPN, proteintech), and goat antimouse secondary antibod-
ies labeled by TRICT were purchased from Proteintech. The -
Catenin (rabbit, monoclonal) was purchased from Abcam. A To-
tal RNA Kit was purchased from Omega. PrimeScript RT Master
Mix and 2 x SYBR Premix Ex Taq Il were purchased from TaKaRa.
Nitrocellulose membrane was purchased from Millipore. Clarity™
Western ECL Substrate (peroxide solution and luminol/enhancer
solution) was purchased from Bio-rad. RIPA lysis buffer, primary
antibody dilution, and secondary antibody dilution were obtained
from Wuhan Servicebio Technology Co. 5 x blocking buffer and
10 x washing buffer were from ScanLater™,

2.2. Synthesis of Ti-Aty, Ti-La (x), and Ti-La-Atx

Ti plates were polished via SiC paper of 240, 400, 800, and 1200
grids, sequentially. After that, acetone, ethanol, and deionized wa-
ter (ddH,0) were used for ultrasonic cleaning, respectively. After
drying, the Ti plates were immersed in a mixed acid solution (1
HF, 4 HNOs, and 5 DI (volume) for 2 min to clear the surface ox-
ide layer. These were then cleaned and dried as the control group,
which was named Ti. Surface micro-patterning of the Ti plates was
performed on a laser instrument (wavelength 1.06 um, LUMONICS,
JHM-1GY-300B). The patterned structure depended on processing
parameters and fiber laser and rectangular scanning strategy. The
laser current (I) was 70 A, 80 A, and 90 A, respectively. Laser fre-
quency (f) was 20Hz, the laser spot diameter (D) was 600um,
scanning velocity (V) was 0.5mm/s (x-direction), and the transla-
tion step in the y-direction was 700 um. The laser beam scanning
strategy was linear scanning in the x-direction, and that was trans-
lated in the y-direction. The Ti plates were fixed on to the speci-
men stage and a laser beam was moved back and forth quickly
according to the predetermined program. First, the laser-treated
samples were labeled Ti-LA. The Ti-LA obtained with 70 A, 80 A,
and 90 A laser current were named Ti-LA (70 A), Ti-LA (80 A), and
Ti-LA (90 A), respectively. Second, the Ti-LA (80 A) were treated at
120 °C for 120 min for alkali treatment (AT) with 1M, 2M, and 4 M

KOH, respectively, and the corresponding samples were designated
as Ti-LA-AT1, Ti-LA-AT2, and Ti-LA-AT4. Third, the Ti, treated with
1M, 2M, and 4M KOH, respectively, were named Ti-AT;, Ti-AT>,
and Ti-ATy. Fourth, the different samples of Ti-LA (70 A), Ti-LA (80
A), and Ti-LA (90 A) treated with 2M KOH were named as 70 A-
2M, 80 A-2M, and 90 A-2 M, respectively. The laser current was
bigger, and the energy was higher. All the samples were cleaned
and then dried for further use.

2.3. Characterization of Ti-At,, Ti-La (x), and Ti-La-Atx

Scanning electron microscopy (SEM)/energy dispersive X-ray
spectroscopy (EDS) (JSM-6510LV, Japan), and field-emission scan-
ning electron microscopy (FE-SEM)/EDS (Zeiss Sigma 500, Ger-
many) were used to analyze the Ti surface’s morphology and
composition after platinum was sputtered-coated to improve the
electrical conductivity. X-ray diffraction (XRD, Rigaku, Japan) was
used to identify the material phase. The metal target was Cu
(A = 1540598 A). The diffraction angles ranged from 20° to 70°,
and the step size was 0.02°. The elemental chemical states were
analyzed via X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific 250Xi, USA). The roughness was determined using an
Atomic Force Microscope (AFM, Solver Nano, Bruker, Camarillo,
CA). Water contact angles were obtained through a contact angle
instrument (OCA 17340, Filderstadt, Germany) at room tempera-
ture.

2.4. Electrochemical measurement

Potentiodynamic polarization (PDP) was performed to evalu-
ate the corrosion resistance of the different samples at 37°C in
phosphate-buffered saline (PBS), according to a previous study
[29]. A three-electrode system was used in this experiment, includ-
ing the working electrode (specimens), reference electrode (sat-
urated calomel electrode), and counter electrode (platinum elec-
trode).

2.5. Immersion tests

The in vitro degradation of samples was studied by immersion
of samples in NaCl solution (0.9%, 37 °C) for 21 days. Then the im-
mersed products were further examined by XRD to compare the
curves.
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2.6. In vitro apatite formation

The protocol was used to obtain 1.5 times the simulated body
fluid (1.5 x SBF). After the laser or alkali treatment, the samples
were immersed separately in 1.5 x SBF at 37 °C for 3 days to grow
apatite, and the 1.5 x SBF was refreshed every two days. The com-
position of 1.5 x SBF was from protocol. [30] Table S1 shows the
chemical composition of the 1.5 x SBE.

2.7. Cell culture

The osteoprogenitor cells of MC3T3-E1 and the MSCs were
obtained from Tongji Hospital in Wuhan, China. The MC3T3-E1
should be incubated less than 30 generations. For MC3T3-E1, the
cell was cultured in growth medium (89% «-MEM, 1% (10,000
IU/mL penicillin and 10,000 g/mL streptomycin), 10% fetal bovine
serum), using a standard cultivation environment (37 °C, 5% CO,,
humid environment). When the volume of cells had reached 80%
of the volume of the total culture bottle, the cells were passaged
via 0.05% trypsin-EDTA in a cell culture incubator for 45s and then
centrifuged at 140g for 4min (37°C). The growth medium was
renewed every 3 days. For MSCs, the primary growth media in-
clude 89% L-DMEM, 1% (100 U/mL penicillin, and 100 mg/ml strep-
tomycin), and 10% fetal bovine serum. The growth medium was re-
newed every 3 days. Three passage cells were used in the following
cell experiments.

For the osteogenic differentiation experiment, the growth
medium was transferred into the osteogenic differentiation
medium (growth medium, with the addition of 10mM of S-
glycerol phosphate, 10 x 10-°M dexamethasone, and 50 ug/mL of
L-ascorbic acid) after incubating for 24-48 h. Finally, tackling the
plated cells was essential at different incubation time prior to eval-
uation.

2.8. Statistical analysis of cell adhesion

First, the cell suspension (500 pL, 10* cells/mL) was to the var-
ious surfaces and incubated for 48 h. Second, the growth medium
was discarded and then 4% formaldehyde solution added to fix the
cells. Third, the 4% formaldehyde solution was cleaned and FITC-
conjugated phalloidin (actin) was diluted with PBS at the ratio of
1:200. Fourth, PBS was used to remove excessive dye and then 4/,
6-diamidino-2-phenylindole (DAPI) was employed to stain the cell
nuclei. Finally, a laser scanning confocal microscope (Nikon A1 Si,
Japan), using a 10x objective (CFI Plan Apochromat, Nikon; NA 0.45,
W.D. 4.00mm), was used to take photos. Images of 1024 x 1024
pixels were taken at a zoom of 1.0. Images were collected and
saved at 12-bit resolution for quantitative calculation of the cell
nuclei orientation angle. First, the raw imaging data were opened
for viewing in a NIS-Elements Viewer. The -Z view was chosen to
show the images. Meanwhile, the definition of cell nuclear orien-
tation angle was presented in Fig. 5(a). Image ] software was used
to quantify the cell nucleus area and the cell nucleus aspect area.

To further identify the cell adhesion, the cells were culti-
vated for 48 h and then immersed in 2.5% glutaraldehyde solu-
tion for 2h. The next step was to be dehydrated using graded
ethanol/ddH,O0 ratios (10/90, 30/70, 50/50, 70/30, 90/10, and 100/0,
respectively) for 15min. Then, the cells were placed in an oven at
60°C overnight to dry. Afterwards, dried samples were splattered
with platinum film, and used to obtain images at 10kV with FE-
SEM.

2.9. MTT cytotoxicity test

The viability of cells was assessed via a methyl thiazolyl tetra-
zolium (MTT)-based cytotoxicity assay. 10* cells/well were seeded

on each specimen. The cells were then cultured for 1, 3, and
7 days in a growth medium, which was refreshed every 3 days.
At the different incubation time, the growth medium was changed
to 0.5 mg/mL MTT and the cells were incubated in a cell incubator
for 4 h. Next, the MTT solution was discarded and an equal volume
of dimethyl sulfoxide (DMSO) added to dissolve formazan. Finally,
100 uL DMSO of the mixed solution was extracted to measure OD
data on a microplate reader at 570 nm. The experiment involved
three parallel groups. The detailed reduction of viability compared
to the pure Ti was calculated by the following equation:

Viab.% = (100 % ODs7g¢)/ODs7qp * 100% (1)

where ODs7g. represents the mean optical density of the treated
sample and ODsyq, is the mean value of optical density of pure Ti.

2.10. Total intracellular protein and ALP assays

The cells were cultured in a 24-well plate, with 10* cells in each
hole. When the cells had been incubated in growth medium for
24-48 h, the growth medium was changed to an osteogenic differ-
entiation medium and the cells incubated for 3, 7, and 14 days, af-
ter which they were lysed with 0.1% Triton X-100 for 1h at 37°C.
Cell lysis solutions were further used to measure alkaline phos-
phatase content with an ALP assay kit and total protein with a BCA
protein assay kit, using bovine serum albumin (BSA) as a standard.
The OD value from the former were measured on a microplate
reader at 520 nm, and the OD value from the latter on a microplate
reader at 562 nm. The ALP activity was normalized to the protein
amount. The experiment involved three parallel groups.

2.11. qRT-PCR assay

The 10* cells/mL were seeded into every well in a 12-well plate.
After the cells had been incubated in growth medium for 24-48 h,
the growth medium was changed to an osteogenic differentiation
medium. After culturing in the osteogenic differentiation media for
14 days, the cells were extracted from the total RNA using a Total
RNA Kit. And then, cDNA was obtained via reverse-transcription
from 500ng of the extracted cellular RNA using PrimeScript RT
Master Mix. Finally, qRT-PCR was done through 2 x SYBR Premix
Ex Taq II with the CEX Connect™ Real-Time System (first, 10 min
hot start at 95°C; second, 45 cycles of 15s at 95°C; third, 10s at
60°C, and 30s at 72°C.). The expression levels of the mRNAs were
standardized through the expression level of B-actin and Gapdh.
The primer sequences of the MC3T3-E1 cells were shown in Table
S2; Table S3 showed the primer sequences of the MSCs.

2.12. Immunofluorescence staining

10* cells were added into every well in 24-well plate. The
growth medium was changed to an osteogenic differentiation
medium after the cells had been cultured for 24-48h in growth
medium. Different cells were cultured for different times. The
MC3T3-E1 (10 d) and MSCs (3 d, 7 d, and 14 d) in the five dif-
ferent groups were immersed in a 4% formaldehyde solution for
20min after cultivation in osteogenic medium for several days.
In the next step, PBS was used to eliminate excessive formalde-
hyde. And then, the cells were permeated through 0.1% Triton X-
100, after which the cells were cleaned with PBS and cells im-
merged into 10% goat serum solution for 1h at 37 °C. Next, primary
antibodies (mouse monoclonal anti-OCN and mouse monoclonal
anti-OPN) were added at 4 °C for 12h. The mouse monoclonal
anti-OCN and mouse monoclonal anti-OPN were diluted to 1:200
using PBS. Furthmore, the cells were then cleaned through PBS and
goat anti-mouse secondary antibodies labeled by TRICT (1:100 di-
lutions in PBS) added at 37°C for 1h. Finally, the excessive second
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antibody was removed with PBS, and the actin cytoskeleton and
cell nuclei were further stained with actin and DAPL In the last
step, images of immunofluorescence staining were obtained with
an Inverted Fluorescence Microscope (IFM, Olympus, 1X73). Image
] software was used to quantify the ratio of the OPN/OCN area to
the total cell area. In addition, after MSCs had been cultured on
the surface of Ti and Ti-LA-AT, for 7 days, the cells were stained
with cadherin 2 (rabbit polyclonal anti-cadherin 2; 1:200 in PBS),
and the process followed as in the previous step.

2.13. Mineralization assay

10* cells/mL cell suspension was added into different samples
in a 12-well plate. After culturing 24-48h in their own growth
medium, the medium was changed to an osteogenic differentia-
tion medium. MC3T3-E1 and MSCs were cultured for an appropri-
ate time in their own osteogenic differentiation medium. As for
MC3T3-E1, the appropriate culturing time was 10 d, whereas for
MSCs, the appropriate culturing time points are 3 d, 7 d and 21 d.
First, the osteogenic medium was discarded and cleaned with PBS
three times. Second, 4% paraformaldehyde was used to fix the cells
for 15min at room temperature, after which it was discarded and
the cells washed with PBS three times. Finally, these were im-
merged into Alizarin Red Staining (pH 7.4) solution for 10 min.
A digital camera took photos of the dried samples. For further
quantitative analysis, 10% cetylpyridinium chloride (10% w/v 10 mM
sodium phosphate (pH 7.0)) was added for 1h at room tempera-
ture. The results were measured by microplate reader at 562 nm.

2.14. Western blot assay

The 30,000 MSCs were added into a 12-well plate. After cultur-
ing in growth medium, the growth medium was switched to an
osteogenic differentiation medium and the cells cultured in their
own osteogenic medium for 14 days. First, they were harvested
and lysed with RIPA lysis buffer on ice for 10 min. Second, the so-
lution was collected in 1.5mL Eppendorf tubes. Third, Eppendorf
tubes were centrifuged at 9710g for 10min at 4°C. The super-
natants were then harvested. Fourth, a BCA kit was used to obtain
the protein concentration. Fifth, the protein samples were dena-
tured by boiling for 10 min and loaded 20 g on to SDS-PAGE gels.
Sixth, transferring the proteins to the protein nitrocellulose mem-
brane, the membranes were blocked in 1 x blocking buffer at 37 °C
for 1h. Then, the membranes were placed at 4 °C for 12 h with pri-
mary antibodies, with B-Catenin at 1:4000 dilution and B-actin at
1:2000 dilution. And then, the membranes were then cleaned with
the 1 x washing buffer three times. Next, the goat anti-rabbit sec-
ondary antibody, 1:1000 dilution, was added to incubate the mem-
branes for 1h at 37°C. Finally, the cultured membranes were im-
merged into the buffer to rinse off the second antibody, and the
results were assessed by chemiluminescence (ECL system, Amer-
sham Biosciences, Piscataway, NJ). The quantitative analysis was
performed in Image-pro Plus software.

2.15. DKK1 treatment

The 10° MSCs were added into the surface of different sam-
ples in a 12-well plate and cultured for 24h in growth medium,
which was then switched to osteogenic differentiation medium
supplemented with Wnt inhibitor recombinant human dickkopf re-
lated protein-1 (HEK293-expressed) (DKK1; 100 ng/mL; MedChem-
Express; Monmouth Junction, NJ, USA). Mineralization assay and
gRT-PCR assay were performed after culturing for 7 d. The MSCs
were seeded on the surface of different samples without DKK1 as
a control group.

2.16. In vivo rat tibia implantation model

400g-450g male Sprague-Dawley (SD) rats were purchased
from the Wuhan Centers for Disease Prevention & Control to eval-
uate the in vivo bone regeneration ability of the patterned Ti im-
plants. All animal experiments were performed by the animal re-
search committee of Tongji Medical College, Huazhong University
of Science and Technology (Wuhan, China). There were 15 male
rats, and the leg of every rat was examined (n=6 per group).
The bilateral tibias of the rats were all implanted Ti rods. The five
groups were: (1) Ti, (2) Ti-AT,, (3) Ti-LA-AT;, (4) Ti-LA-AT,, and
(5) Ti-LA-ATj,. First, the rats were placed under general anesthesia
via intraperitoneal injection of pentobarbital (30 mg/kg, 1% w/w),
and then the surgical site was sterilized with iodophor disinfec-
tant. Afterward, a hand drill was used to drill a hole with a diam-
eter of 2.0 mm, followed by application of physiological saline to
clean the bone cavities. Finally, the implants were placed into the
prepared holes. The tibia would be obtained after 4 weeks. The rats
had abundant food and water during the tests.

2.17. X-ray and bone micro-CT analysis

X-ray pictures were obtained from the rats after 4 weeks to
confirm the implantation of the Ti implant. The Micro-CT system
(USDA Grand Forks Human Nutrition Research Center, Grand Forks,
ND) was used to perform quantitative analysis of the gross bone
morphology and microarchitecture.

2.18. Histopathological and cross-sectional evaluation

The samples were processed by Safranin-O and Fast Green
staining, Van Gieson’s picro fuchsin staining and immunohisto-
chemical staining by iNOS and TGFp. The first was used to eval-
uate the osteogenic differentiation or chondrogenic differentiation
on implants. Green represented osteogenesis, and red or orange
stood for cartilage. The osteogenesis ratio was defined as the per-
centage of osteogenesis within the whole tissue region (a region
extending 100 um from the implant surface). The second was used
to analyze the mineralized bone tissue (red) around the implant-
bone interface. The bone area ratio was the percentage of min-
eralized bone within the whole tissue region (a region extend-
ing 250pum from the implant surface). The bone-to-implant ratio
was the percentage of adhered bone on the bone-to-implant in-
terface (a region extending 250 um from the implant surface). The
third was used to analyze the inflammation around the implant.
The images were collected by a Pannoramic SCAN digital slide
scanner (3DHISTECH Ltd, Budapest, Hungary). Quantitative anal-
ysis was performed using Image ] software. For cross sectional
analysis, the sections were analyzed using FE-SEM equipped with
EDS.

2.19. Statistical analysis

All the experimental data were analyzed via one-way ANOVA
or two-way ANOVA using GraphPad Prism software. The number
of samples was equal to or more than 3. *p < 0.05 was consid-
ered statistically significant. All data from in vitro and in vivo were
presented with mean =+ standard deviation (SD).

3. Results
3.1. Characteristics of Ti-AT,, Ti-LA (x), and Ti-LA-ATX

Fig. 2(a) shows the fabrication process of Ti-LA (Ti was treated
with an 80 A laser current), Ti-LA-ATy (Ti-LA was treated at
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Fig. 2. Illustration of reaction process and characterization of different samples. (a) Schematic illustration of the fabrication process of Ti-LA-AT, and the principle of wave
formation and selective laser melting. (b) Surface morphology of the Ti-LA. On the left is a vertical cross-section of Ti-LA; on the right is a horizontal cross-section of Ti-LA.
(c-e) Surface morphology of the different samples (Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-ATy4). The overall appearance is shown in the center. The morphology of the ridges is
shown on the left and that of the wave-like structure on the right. (f) XRD patterns of the various Ti surfaces. (g) XPS survey spectra of the different samples in different

areas. (h) Contract angles of five samples.

120 °C for 120min in a hydrothermal synthesis reactor with x
M KOH, x=1, 2, and 4), and the mechanical actions of a se-
lective melting laser. The pulse laser radiates on the surface of
the Ti sheet and causes local overheating, owing to the tran-
siently high temperature, leading to obvious temperature gradi-
ents and varied surface tension as well as Marangoni convection
effects. Formation of the convective streams increase the magni-
tude of the thermocapillary force, and the radially inward flows
lead to the formation of a relatively coarsened wave, which in
turn induces the formation of grooves and ridges. The height of
the grooves and ridges is related to the energy of the selec-
tive laser melting. [31,32] Fig. S1a and b shows the surface mor-

phology of Ti-LA. A wave-like micropatterned topography forms
on the Ti plate. Line-by-line laser exposure forms a parallel line
structure. The laser spot diameter is 600um, which is smaller
than the y-direction translation distance of 700 um. Therefore, the
melted areas do not overlap. The distance between two waves
is approximately 300pum during the y-axis and 200pum during
the x-axis. The width of the wave is approximately 550 um ow-
ing to weak energy at the edge of the laser pulse. The height of
the ridge is approximately 2.7 +1.3304um, and the depth of the
groove is approximately 5.3 40.94113 um (Fig. 2(b)). As shown in
Fig. 2(c)-(e), the patterned micro-waves also possess a nanoscale
surface topography. The surface topography varies between
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grooves and ridges (Fig. 2(c)-(e), left column and right column).
After the alkali and heat treatments, the original wave-like struc-
ture between two adjacent ridges is retained. Meanwhile, Ti-LA-
AT, Ti-LA-AT,, and Ti-LA-AT, obtain new surface topographies
compared to Ti-LA (Fig. S2(a) and (b)). The average densities of
the nanobranch-like features on Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-
ATy are 3.75 +2.55852, 6.03 & 2.94596, and 9.24 + 2.94774 per pum?,
respectively.

As shown in Fig. 2(f), there are several crystalline phases. For
Ti, the characteristic peaks at 35°, 39.8°, and 53° correspond to
the lattice planes of (100), (002), and (102), respectively [33,34].
The peaks of TiO, observed at 38° and 63°correspond to the lattice
planes of (020) and (002), respectively. After the surface treatment,
new peaks emerge. The peaks at 35° and 64° indicate the pres-
ence of K,Ti;04(0OH), [35], resulting from the reaction between Ti
and KOH. For Ti-LA-AT,, Ti-LA-AT,, and Ti-LA-AT,, there are sev-
eral differences compared with Ti and Ti-AT,. The marked peaks
from TiO, at 40° and 53° are enhanced, owing to the selective
laser melting. The peaks of Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT,4 are
larger than those of Ti and Ti-AT,. The relative intensity of TiO,
decreases with increasing concentrations of KOH, thanks to the
positive relationship between the corrosion ability and the con-
centration of KOH. The larger the KOH concentration, the smaller
the TiO, content. The peak at 35°C decreases compared to Ti-ATs,
which is the result of the laser treatment.

The X-ray photoelectron spectroscopy (XPS) survey spectra
demonstrate the existence of Ti, C, O, and K in the laser-treated
samples (Fig. 2(g)). C is a contaminant and Ti, O, [36] and K orig-
inate from the Ti substrate. Ti-LA-AT{_jjqge Stands for the ridge ar-
eas in Ti-LA-ATy, and Ti-LA-AT,_jjgge and Ti-LA-ATy_jqge have sim-
ilar meanings. Ti-LA-ATq_goove represents the area of the groove
structure in the Ti-LA-ATq, and Ti-LA-AT;_grgove and Ti-LA-AT4.grove
have similar meanings. The K 2p signals (~292eV and ~295eV), Ti
2p signals (approximately 457.8/463.4eV and 458.41eV[464.22 eV),
and O 1s (approximately 531.5eV and 532.5eV) are observed from
the survey XPS spectra of all samples. [36] Ti-AT, shows Ti, O, and
K; compared to Ti-ATj, the Ti-LA-ATy_jjgge and Ti-LA-AT1_groove have
more intense peaks of C and O but less of K. This is related to
the selective laser melting, which brings oxides to the surface of
the samples. When the concentration of KOH is small, as in the
case of Ti-LA-ATy_jjgge and Ti-LA-AT1_groove, the Ti-LA-ATq_groove has
a larger level of O, rendering these areas harder to corrode dur-
ing alkali treatment. Ti-LA-AT1_jgge, Ti-LA-AT1_groove, Ti-LA-AT,_rigge,
Ti-LA-AT;_grooves Ti-LA-ATy rigge, and Ti-LA-AT4 groove Show similar
phenomena. When the concentration of KOH is larger, the effects
of the alkali treatment is more pronounced and a small amount of
C disappears from the surface. To obtain more information about
Ti from the ridge and groove areas, the XPS high-resolution spec-
tra of Ti 2p from Ti-ATp Ti-LA-AT,_ jgee and Ti-LA-ATj groove are
acquired (Fig. S3a-c). Ti-LA-AT; Ti-LA-AT, and Ti-LA-AT, show
similar results concerning the ridge and groove structures, ow-
ing to the similar treatment procedure. For Ti-AT, and Ti-LA-
AT,_jigge, the Ti 2p doublets appear at approximately 458.41 eV and
464.22 eV with a skewing 5.9 eV, corresponding to the Ti**. For the
Ti-LA-AT2-groove, the Ti 2p doublets at 458.41eV/464.22 eV and
457.8/463.4eV are related to Ti*" and Ti3*. [37] The XPS high-
resolution spectra of O 1s from Ti-AT;, Ti-LA-AT,_jgee and Ti-LA-
ATy groove (Fig. S4a—c) show O-Ti** (530.28eV), 0-0 (531.91eV),
H-0 (531.52eV), and O-H (532.3 eV) for Ti-AT, and Ti-LA-AT,_jgge-
However, there is only one peak at 532.95eV assigned to O-Ti3+
for Ti-LA-AT,_groove [38]. These results are in line with the high-
resolution spectra of Ti 2p.

The surface hydrophilia has substantial effects on the protein
adsorption, which plays a crucial role in cell proliferation and dif-
ferentiation [39]. To evaluate the effects of the hierarchical struc-
tures on hydrophobicity, the static contact angles (CAs) are mea-

sured. As shown in Fig. 2(h), the CA on the untreated Ti is 70°.
The CA of Ti-AT, shows only the smallest value of 18° The CAs
on Ti-LA-ATy, Ti-LA-AT,, and Ti-LA-AT, are 33°, 32°, and 30°, re-
spectively. Furthermore, the potentiodynamic polarization behav-
ior of different samples in PBS is used to study whether laser- and
alkali-heat treatments influence the corrosion of Ti substrates. As
shown in Fig. S5a, the Nyquist plots of Ti, Ti-AT,, Ti-LA-AT;, Ti-LA-
AT,, and Ti-LA-AT, indicate that different samples have a similar
cathodic polarization branch, which suggest that the corrosion re-
sistance of Ti-AT,, Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT, is similar
to that of Ti. After 15 days’ immerging in NaCl solution, no peak
occurred other than that of NaCl (Fig. S5b).

3.2. In vitro evaluation

The alkali-heat treatment produces -OH on the Ti samples su-
perficially, which favors the formation of HA, [40] and the micro-
nano hierarchy structure bodes well for biomineralization [41].
SBF is a broadly accepted in vitro method of assessing potential
bone regeneration in vivo, via their apatite-forming ability [42].
And 1.5 x SBF is widely used for growing hydroxyapatite at 37 °C.
[30] As shown in Fig. S6a and S6d, a myriad of small precipi-
tates nucleated and grew on the exposed surface of Ti, Ti-AT,, Ti-
LA-AT,, Ti-LA-AT,, and Ti-LA-AT4. The high-magnification images
show sphere-like precipitates (Fig. S6e), and the picture of EDS
shows the existence of Ca and P (Figs. S6f and S6g). The Ca/P pro-
portion is 1.76, which is similar to hydroxyapatite. The results show
that Ti-LA-ATx has the ability to make co-precipitation of calcium
and phosphate ions to form hydroxyapatite, which is the founda-
tion of surface biomineralization [30].

The influence of different laser currents on the depth of
micro-groove and the height of micro-ridge is studied via SEM
(Fig. 3(a)) and AFM (Figs. 3(b) and S7a-c) to obtain quantita-
tive information and qualitative information on Ti, respectively.
In the SEM cross-section image, when Ti is treated with a 70
A laser pulse, the height of the ridge is approximately 1.57 ym,
and the depth of the groove is approximately 3.61um. After
Ti treatment with a 90 A laser, the height of the ridge, as
seen in SEM images, is approximately 4.23pum, and the depth
of the groove is approximately 7.43um. Additionally, AFM was
conducted to support the data in Figs. 3(b) and S7a-c. The
height of Ti-LA (70 A), Ti-LA (80 A), and Ti-LA (90 A) in-
creases with increasing laser current. Furthermore, the shape
of the MSCs is found via FE-SEM (Figs. 3(c) and (d), and 4)
to obtain qualitative information on different micro-topography
and nano-topography surfaces.

As shown in Figs. S8a-8c and 3(c), on ordered micro-waves, the
MSCs on Ti-LA (90 A) have an arbitrary direction. By contrast, cells
alignment on Ti-LA (70 A) are mainly observed at 47.79° 4+ 7.88°.
Furthermore, cells alignment on Ti-LA (80 A) are mainly observed
at 32.56° + 21.62°. Meanwhile, a spreading area of cells on Ti-LA
(90 A) represents about 3 times greater than on Ti-LA (70 A) and
Ti-LA (80 A) (Fig. S8d). The influence of nanotopography alone on
cells are studied further. The density of disordered nano-branches
is enlarged with an increasing concentration of KOH. Similarly, the
density of nano-branches is growing on Ti-ATy, Ti-AT,, and Ti-ATy.
The cells have larger areas and a smaller cell aspect ratio, which
can lead to adipogenic differentiation (Figs. 3(d) and S8e). [5,7,43]
In addition, as reported in a previous study, cells spread well and
exhibit a typical squamous shape on nano-scale topography, and
the spreading area is greater than on sub-microns and microns.
Contact guidance alters cell behavior by cell-to-sense micro topog-
raphy to present different orientations and shapes [44,45].

Furthermore, to survey the interactions between cells and
micro-nano topography, the Ti surface is functionalized by ordered
micro grooves and ridges and disordered nanobranches. As shown
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Scheme 1. Schematic illustration of ordered-micro and disordered-nano patterned Ti for cell behaviors.

in Fig. 4(a), cells protrude and sense the branch across a limited
distance. In other words, the cues that can modulate cells are local
micro/nano topography. When the density and spacing of branches
is smaller, the geometry of the cells is rounder [43]. The height of
the grooves and ridges is related to the cell orientation. The local
micro-nano topography structures translate cues across a certain
distance, which leads to cells moving unidirectionally and in an
elongated shape. In Figs. 4(b)-(d) and S8f, the red arrows denote
the cell-material interface. The more nano-branches, the more the
cell protrudes. As shown in Scheme 1, ordered micro topography
benefits cell orientation, and nano-disordered topography leads to
cell spreading. After selective laser melting and alkaline-heat treat-
ment, the density and spacing of the nanostructure alter, and the
cell orientation changes.

MSCs and MC3T3-E1 attach and spread well on different sam-
ples (Figs. 5(a) and S9a). However, the cells show the relative
orientation on Ti-LA-AT, compared with others. In fact, cellular flu-
orescence is performed in a dark environment and the originally
positioned angles of different samples are random. This is the main
reason for different dominant angles of different substrates. And,
the main angle range is considered as the research object. Com-
pared with Ti and Ti-AT,, the cells can form mature filopodia on
Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT, (Fig. S9b). Cellular filopodia
on Ti, without nanotopography, tend to be smallest and shortest
pseudopodia. In comparison, cells on Ti-AT, have more but shorter
pseudopodia compared with Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-ATj.
Ti-AT, has porous nanotopography, which provides more anchors
to cells. And Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT, have the same
microtopography but different nanotopography. The concentration
of KOH is higher, and the density of branches is larger. Compared
with Ti and Ti-AT,, Ti-LA-AT, Ti-LA-AT,, and Ti-LA-AT, have addi-
tional microtopography. The added microtopography leads to more,
longer filopodia. Quantitative analysis of the cellular nucleus orien-
tation angle is performed to understand the relationship between
the micro-nanotopography cues and MSCs and MC3T3-E1 behav-
iors (Figs. 5(a) and S9c-d). Fig. 5(b) shows the definition of aspect
ratio and orientation angle. The cell shows the preferred orienta-
tion angle in Ti, Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT,4, owing to the
microtopography on the Ti itself. In comparison, there is no signif-

icant difference in orientation angle in Ti-AT,, which indicates the
isotropy of nuclei. Ti-LA-AT, shows the best performance. Further-
more, the effects of patterned structures on cell nuclear spreading
area, aspect ratio, and cell number at different angles are shown in
Figs. 5(c)-(d) and S9(e)-(f). The relationship between cell nuclear
spreading area and aspect ratio showed a negative correlation on
different sample surfaces. The MTT assay was performed to inves-
tigate cell cytotoxic activity. As shown in Figs. 5(e) and S9g, the Ti-
LA-AT,, Ti-LA-AT,, and Ti-LA-AT4 groups showed greater MSC and
MC3T3-E1 viability than both Ti and Ti-AT, at days 1, 3, and 7. As
shown in Fig. S10, laser and hydrothermal treatment have no cyto-
toxicity effect on MSCs compared with Ti.

The alkaline phosphatase (ALP) serves as an index by which to
estimate the early differentiation activity of osteoblasts frequently.
[46] Figs. 6(a) and S11 show the ALP activities of Ti, Ti-AT,, Ti-LA-
AT, Ti-LA-AT,, and Ti-LA-AT4 incubated with MSCs and MC3T3-
E1 after 3, 7, and 14 days. The ALP activities of Ti-LA-AT; and
Ti-LA-AT, increase over time. However, Ti-LA-AT, shows a bad
performance, in part because this structure is favorable for cell
proliferation. When the cell density is relatively high, the density
becomes harmful to cell osteogenic differentiation. In general, pat-
terned Ti is favorable for MSC osteogenic differentiation. The Ti-LA-
AT, shows excellent osteogenic differentiation after culturing for
14 days.

To further discuss the osteogenic activity on varied patterned
surfaces, a cellular mineralization array is performed on the 10th
day using optimal cellular mineralization assays for MC3T3-E1 and
on days 3, 7, and 21 for MSCs. Alizarin Red Staining is carried out
to assess extracellular microenvironment (ECM) mineralization ac-
tivity. Mineralized nodules are usually employed to estimate the
bone integration of MSC cells and MC3T3-E1 cells. The Ti-LA-AT,
shows the highest values of ECM mineralization (Figs. 6(b), S12-
S$14). qRT-PCR is further performed to investigate the bone integra-
tion gene expression levels. Osteogenic gene expression, including
Runx2, Alp, Ocn, and Opn, is further evaluated to investigate os-
teogenic differentiation between MSCs and MC3T3-E1 (Figs. S14,
6(c) and (d)). Ti-LA-AT, has the best performance in three genes
after 3 days, 7 days and 14 days of culture compared with Ti at 3
days, 7 days and 14 days. The expression levels of Runx2 in MSCs
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Fig. 5. Different samples (Ti, Ti-AT,, Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT,) can regulate cell nuclei geometric for MSCs. (a) Fluorescence microscopy images of MSCs after 48 h
in culture on various samples. The green color represents F-actin and the blue color represents cell nuclei and the orientation angle for different samples. The scale bar is
100 um. (b) The definition of aspect ratio for cells’ nucleus and orientation angle. (c) Cell nucleus spreading area in different samples. Mean values and standard deviations
from 50 randomly chosen cells. (d) Cell nucleus aspect ratio of various samples. (e) MSCs viability on different samples. The columns in each group are Ti, Ti-AT,, Ti-LA-AT,
Ti-LA-AT, and Ti-LA-AT,4 in order. Mean values and standard deviations from 50 randomly chosen cells. (a, ¢, d, e) Data are presented as mean =+ standard deviation (SD);
*p < 0.05, **p < 0.01, ***p < 0.001; (a, c, d) One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test. (e) Two-way ANOVA with Tukey’s multiple
comparisons test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

incubated with Ti-AT,, Ti-LA-ATy, Ti-LA-AT,, and Ti-LA-AT, are up-
regulated by 1.97, 1.58, 3.43, and 2.38 times and 1.08, 1.29, 2.12,
and 0.93 times, respectively, compared to Ti. The expression lev-
els of Ocn in MSCs cultured on Ti-AT,, Ti-LA-AT;, Ti-LA-AT,, and
Ti-LA-AT,4 are upregulated by almost 1.55, 2.56, 2.9, and 2.37 times
and 1.14, 1.20, 1.83, and 1.31 times, respectively, compared to Ti.
The expression levels of Opn in MSCs cultured on Ti-AT,, Ti-LA-
ATy, Ti-LA-AT,, and Ti-LA-AT,4 are upregulated by 0.51, 0.77, 1.63,
and 0.52 times and 1.42, 0.97, 2.24, and 1.12 times, respectively,
compared to Ti (Fig. 6(c)). Meanwhile, as for MC3T3-E1 at 7 days,
Ti-LA-AT, has the best performance in three genes after 7 days of
culture. In MC3T3-E1 at 14 days, Runx2 is 0.88, 1.14, 1.97, and 0.62
times greater than Ti; Alp is 2.02, 1.19, 4.59, and 2.61 times greater
than Ti; and Ocn is 1.27, 1.09, 1.91, and 0.45 times greater than Ti
(Fig. 6(d)).

Wnt/B-catenin signaling is a vital pathway that regulates os-
teogenesis [47]. As shown in Fig. 6(e) and (f), the B-catenin ex-
pression of MSCs on Ti-LA-AT, Ti-LA-AT,, and Ti-LA-AT4 is up-
regulated, indicating that the ordered-micro and disordered-nano

structures can activate Wnt/8-catenin signaling. These results in-
dicate that there is a positive correlation between the patterned
surface and osteoblast differentiation, consistent with the ALP ac-
tivity, and that Ti-LA-AT, has excellent performance.

To further identify whether Wnt/S-catenin signaling takes part
in osteogenic differentiation of MSCs on structure loaded overlaid
isotropic and anisotropic cues, integrin «5, integrin 81, and cad-
herin 2 are examined and further DKK1 (Wnt/B-catenin inhibitor)
is used to treat MSCs cultured on Ti-LA-AT,. As shown in Fig. 7(a),
the relative mRNA expression of integrin o5, integrin 81 and cad-
herin 2 upregulate after culturing for 7 days, as compared to Ti at
7 days. Meanwhile, the expression of integrina 5, integrin $1, and
cadherin 2 decrease at day 7 after being treated by DKK1, as com-
pared to Ti-LA-AT, (Fig. 7(b)). Alizarin Red Staining further demon-
strated that DKK1 inhabits the osteogenic differentiation of MSCs
at Ti-LA-AT, (Fig. 7(c)). As shown in Fig. S15, the expression of cad-
herin 2 of Ti-LA-AT, is higher than that of Ti.

As shown in Figs. 8(a)-(b) and S16(a)-(d), immunofluorescence
staining for MSCs (3, 7, and 14 days) and MC3T3-E1(14 days) is
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Fig. 6. Different samples (Ti, Ti-AT,, Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT,4) can influence the ability for osteogenic differentiation. (a) ALP activity of MSCs after culturing
for 3, 7, and 14 days in the osteogenic differentiation medium normalized to total protein concentration. n=3. (b) Alizarin red staining and quantitative analysis of ECM
mineralization of MSCs after culturing for 21 days, scale bar=4 mm, n=3. (c) qRT-PCR analysis of the expression of osteoblast-specific genes for MSCs after culturing for 14
days normalized to Gapdh expression of cells on Ti on that day, n=3, and the columns in each group are Ti, Ti-AT,, Ti-LA-AT,, Ti-LA-AT, and Ti-LA-AT, Dunnett's multiple
comparisons test. (d) qRT-PCR analysis of the expression of osteoblast-specific genes for MC3T3-E1 after culturing for 7 days and 14 days normalized to B-actin expression
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performed to evaluate the expression of the extracellular matrix
proteins OPN and OCN (stained in red fluorescence). Ti-LA-AT, has
the best performance in any time points. Compared with Ti at
3 days, 7 days and 14 days, Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-
AT, have higher OCN protein expression levels after culturing for
3 days, 7 days and 14 days, which is consistent with the genetic
expression levels shown in Fig. 6(c)-(d) and S14 and OPN shows a

similar trend to that of OCN.

3.3. In vivo evaluation

In accordance with the different osteogenic ability of various
samples in vitro, Ti, Ti-AT,, Ti-LA-AT, Ti-LA-AT,, and Ti-LA-AT,4 are
selected for in vivo modeling to evaluate the bone formation ac-
tivity. The Ti-based implants are implanted into the femurs of SD
rat tibias (Fig. S17(a)-(c)). X-ray imaging (Fig. S17d) shows the im-
plant position after 4 weeks in vivo. The new bone produced in
vivo is analyzed by Micro-CT and histopathological evaluation after
4 weeks (Fig. 9(a) and (b)). Three different cylindrical areas ap-
proximately 2.0 mm in diameter and approximately 0.4mm thick

around the implants as the interested section are calculated quan-
tificationally to reduce error [48]. The object volume/tissue vol-
ume are assessed as a way of analyzing bone mass. The results of
Ti, Ti-AT,, Ti-LA-AT,, Ti-LA-AT,, and Ti-LA-AT, show increases of
29.024%, 29.844%, 31.996%, 42.113%, and 31.331%, respectively. Ob-
viously, the Ti-LA-AT, has the largest bone mass (Fig. 9(b)).

To further evaluate the histopathological conditions around the
implants after 4 weeks, Van Gieson’s picro fuchsin staining and
Safranin-O/Fast Green staining are performed (Fig. 9(c)-(f)). As in-
dicated in Fig. 9(c), the red color represents mineralized bone tis-
sue in the Van Gieson’s picro fuchsin staining. Ti-LA-AT, performed
better than Ti. The quantitative results showed that the Ti-LA-AT,
group has great bone implant contact (83.866%) and bone area ra-
tio (4.870%), far higher than the corresponding value for the pure
Ti group (70.967% and 3.862%, respectively; Fig. 9(d) and (e)).

Safranin-O/Fast Green staining is used to assess osteogenic dif-
ferentiation/cartilage differentiation. The green color represents os-
teogenesis, and the red or orange color represents cartilage. As
shown in Fig. 9(f), the Ti-LA-AT, has many osteoblasts in the bone
and no chondrocytes. The other groups have several chondrocytes.
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Fig. 7. (a) qRT-PCR analysis of the expression of genes for MSCs after culturing for 7 days normalized to Gapdh expression of cells on Ti and Ti-LA-AT,, n=3, t tests.
(b) qRT-PCR analysis of the expression of genes for MSCs after culturing for 7 days normalized to Gapdh expression of cells on Ti-LA-AT, and Ti-LA-AT, +DKK1, n=3, t tests.
(c) Alizarin Red S staining of MSCs after culturing for 7 days on Ti-LA-AT, and Ti-LA-AT, +DKK1, n=3, t tests, scale bar = 4 mm.

As shown in Fig. 9(g), the quantitative results indicate that Ti-LA-
AT, has the best osteogenesis, approximately 65.4%, far higher than
the ability of pure Ti (12.3%). Together, these findings reveal that
ordered-micro and disordered-nano patterns can induce bone re-
generation by regulating osteogenic factors in vivo. Immunohisto-
chemical staining of iNOS and TGFB of different samples is used
to assess inflammation around the implants, and iNOS represents
that macrophages around the implant are differentiated into M1,
while TGFB represents that macrophages around implant are dif-
ferentiated into M2. The yellow color indicates positive expression.
As shown in Fig. S18, Ti-LA-AT,, Ti-LA-AT,, and Ti-LA-AT,4 have lit-
tle inflammation compared to Ti and Ti-AT,.

4. Discussion

Ordered micro-waves and disordered nano-branches are ob-
tained by laser and different concentration of KOH in hydrothermal

treatment. The process of KOH hydrothermal treatment is a gen-
eral corrosion process involving the local cathode and anode re-
gions. The hydrogen evolution reaction occurs in a cathode region,
producing absorbed hydrogen in the near surface of the Ti plates.
The absorbed hydrogen diffuses into the bulk of the Ti through the
Gibbs energy gradient caused by a concentration gradient of ab-
sorbed hydrogen. A Ti surface that contains absorbed hydrogen dis-
solves more easily than untreated Ti. This process leads to the for-
mation of a porous structure on Ti and Ti-based alloys [49]. While
the laser-treated areas show large differences, the porous struc-
ture disappears, and a nanobranch-like structure emerges. There
are two main factors influencing the formation of nanostructures
on the Ti surface in an alkaline solution, i.e., a passive surface layer
(Ti oxides and alkali titanate) and an H-containing layer. The pas-
sive layer tends to be more compact, thus forming a vital obsta-
cle to cations and anions [50]. The laser-melted area has a more
passive layer and less H, and the area treated by laser is harder
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Fig. 8. Immunofluorescence staining of osteogenic markers: (a) OCN and OPN of MSCs on Ti, Ti-AT,, Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT, after culturing for 14 days (scale
bars =100 um). (b) OCN and OPN of MC3T3-E1 on Ti, Ti-AT,, Ti-LA-AT;, Ti-LA-AT,, and Ti-LA-AT, after culturing for 14 days (scale bars =100 pum). (c) The MSCs quantitative
analysis of OCN and OPN. n=3. (d) The MC3T3-E1 quantitative analysis of OCN and OPN, and normalized to OPN or OCN expression of cells on Ti on that day, n=3, t tests,
n=3. (¢, d) Data are presented as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001; one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test.

to corrode than the untreated area. Therefore, a porous network
forms on the ridges, whereas a discontinuous nanostructure ap-
pears from the laser-induced wave-like area. In addition, the pore
size of the network structure is quite different for the three kinds
of Ti plates, suggesting that the concentration of potassium hy-
droxide controls the nanostructure. The higher concentration of
KOH leads to a denser distribution of the discontinuous branch-
like nanostructures, as well as larger pore sizes in the network.

In general, the surface wettability could be divided into that on
the flat surface and that on the uneven surface [39]. The former is
rested with the surface free energy, based on the following equa-
tion [37]:

(2)

where 6y is the contact angle, y represents the surface free en-
ergy, and s, 1, and v stand for solid state, liquid state, and gas state,
respectively. The CAs of both Ti and Ti-AT, can be determined from
Eq. (2). There are abundant hydrophilic hydroxyl groups after the
alkali-heat process. The declining y of Ti-AT, compared with the
untreated Ti, and the CAs of Ti-AT, are less than that of Ti, thanks
to the surface roughness. The detailed transformation of CAs and
roughness is calculated by the following equation [39]:

Ysv = Vsl + VivCOSOy

cosb = rcosty

(3)

where r is the surface roughness, 0, is the CAs in Eq. (3), and Oy
is the CAs in Eq. (2). O is the contact angle in the Wenzel model,
and Oy is the contact angle in Young’s model. The CAs on Ti-LA-
AT, Ti-LA-AT,, and Ti-LA-AT, decreases slightly with the increas-
ing concentration of KOH compared to Ti-AT,, owing to the rough
surface after the alkaline treatment [39].

To further analyze the influence of surface topography on MSC
adhesion at an early stage, surface topography composed of or-
dered micro-waves and disordered nanobranches is designed. The

depth of the grooves and the height of ridges is several microns;
contact guidance on ordered microtopography patterns affects cell
alignment and creates anisotropy influence on cells [45]. A spac-
ing of nanobranches is larger, the cells on the surface tend to have
smaller focal adhesion and rounded cells due to the limited inte-
grin units to form cluster and promote cell adhesion [51].
Microtopographies and nanotopographies have a contact guid-
ance effect, which plays a vital role in regulating cell shape
and influences biological activity [52]. Once exposed to serum-
containing medium, albumin, which is 100-1000 times higher than
fibronectin and vitronectin towards content in medium, may ab-
sorb into the surface and form a protein layer before the cells ad-
here to the surface. Thereafter, ECM protein, including fibronectin
and vitronectin, could replace albumin and likewise absorb into
the surface, thereby modifying cell adhesion behavior on the sur-
face [53]. Microtopographies and nanotopographies, together with
increasing surface wettability, could enhance ECM protein adsorp-
tion including fibronectin, which could enhance cell adhesion and
early bone healing [54]. Furthermore, the —OH group, which is cre-
ated in hydrothermal treatment, also can accelerate cell adhesion
on the surface. The cell adhesion, the early response of cells to
the surface, would reflect different cell shapes and orientations,
which can modify proliferation and differentiation [55]. Ordered
microtopography could enhance the anisotropy of the cell nucleus,
whereas disordered nanotopography could strengthen the isotropy
of the cell nucleus [56]. Ti-LA-AT, is more anisotropic than the
others. The interaction between the biomaterial and the cell influ-
ences cell fate [57]. A recent study demonstrated that a change in
nuclear shape would lead to chromatin condensation [58]. Defor-
mation in the nucleus would change the behavior and fate of cells.
Meanwhile, selective laser melting brings ordered microtopog-
raphy to Ti, and the cells on samples can show more anisotropy.
After the Ti is treated with the alkali solution, the disordered nan-
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otopography appears. This structure will weaken the anisotropy.
The spacing between the nanobranch is too long, and the Ti-LA-
AT, has a more obvious orientation than Ti-LA-AT;. The cell nu-
clei on Ti-LA-AT, tend to show isotropy, mainly because of the
4M KOH solution. Cell spreading and orientation are strongly cor-
related to phenotype [39]. Osteoblasts present orientation behav-
iors and have a high level of cytoskeletal tension. The formation
of pseudopodia is related to the spacing of nanotopography [59].
The ordered micro-waves have a vital influence on the cell shape
[60]. Combining anisotropy induced by ordered micro-waves and
isotropic poverty created by disordered nanobranches creates ap-
propriate anisotropy and is beneficial for osteogenic differentiation
[61].

Microtopography reduces cell proliferation, compared with an
unmodified Ti surface. Meanwhile, nanotopography added to mi-

crotopography could enhance cell proliferation, which is compared
to microtopography and the unmodified Ti surface. Furthermore,
surface wettability also benefits cell proliferation. High cell prolif-
eration may produce greater bone mass in vivo and further benefit
bone-implant binding [46].

That MSCs and MC3T3-E1 differentiate into osteoblasts is vital
to implant osseointegration [62]. Microtopography added to nan-
otopography can assist MSCs and MC3T3-E1 to differentiate into
osteoblast [63]. However, the overlaid isotropic and anisotropic
cues are poorly understood in the field. The mRNA expression of
Runx2, Alp, Ocn, and Opn of Ti-LA-AT, is higher than Ti at any point
in time. Immunofluorescence staining of OPN and OCN, mineraliza-
tion assay, and Western blot yield has similar results.

When cells are put on the patterned surface, integrin o5 and
integrin B8; on the cell membrane can sense the cues. DSH bind-



166 J. Fu, X. Liu and L. Tan et al./Acta Biomaterialia 101 (2020) 152-167

ing with FZD results in nonphosphorylated S-catenin to enter
into cytoplasm. This quantity of B-catenin is increased in the cy-
toplasm which is positively relative to osteoblast differentiation.
Large quantities of B-catenin are found in the cytoplasm, and more
B-catenin is translated into the nuclei, where it interacts with
Tcf/Lef to activate the expression of phenotypic osteoblast genes
[64]. To further verify whether Wnt/B-catenin signaling gets in-
volved in osteogenic differentiation on the Ti surface, DKK1 is used
to block the canonical Wnt signaling pathway. The results show
that DKK1 not only inhibits the expression of Wnt/B-catenin sig-
naling genes (integrina5, integrinf1, and cadherin 2) but also that
Whnt/B-catenin signaling is related with the osteogenic differentia-
tion caused by overlaid isotropic and anisotropic cues.

5. Conclusions

In summary, the desired anisotropy and isotropy can modu-
late cell migration through osteoblast differentiation and enhance
osseointegration between the bone and implant. In this work,
the ordered-micro and disordered-nano patterned structures could
form overlaid isotropic and anisotropic cues and induce nuclear
orientation by triggering signaling events involving Wnt/f-catenin
signaling, overcoming the limitation that cells can only sense cues
over a limited distance by relaying cues through nano/micro to-
pography. That canonical Wnt signaling inhibitor dickkopf1l (Dkk1)
is further used to demonstrate osteogenic differentiation induced
by ordered-micro and disordered-nano patterned structures, which
is related with Wnt/B-catenin signaling. Meanwhile, we put for-
ward the means of designing surface topography and analyzing in-
teraction models between cells and materials in vitro and predict
effective bone regeneration in vivo. Furthermore, by combining our
outcomes and understanding with regard to osseointegration, we
have the potential to find new surface structure and highly effi-
cient bone formation materials.
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