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Background: The topography of an implant surface can serve as a powerful signaling cue for 

attached cells and can enhance the quality of osseointegration. A series of improved implant 

surfaces functionalized with nanoscale structures have been fabricated using various methods. 

Methods: In this study, using an H
2
O

2
 process, we fabricated two size-controllable sawtooth-like 

nanostructures with different dimensions on a titanium surface. The effects of the two nano-

sawtooth structures on rat bone marrow mesenchymal stem cells (BMMSCs) were evaluated 

without the addition of osteoinductive chemical factors.

Results: These new surface modifications did not adversely affect cell viability, and rat 

BMMSCs demonstrated a greater increase in proliferation ability on the surfaces of the nano-

sawtooth structures than on a control plate. Furthermore, upregulated expression of osteogenic-

related genes and proteins indicated that the nano-sawtooth structures promote osteoblastic 

differentiation of rat BMMSCs. Importantly, the large nano-sawtooth structure resulted in the 

greatest cell responses, including increased adhesion, proliferation, and differentiation.

Conclusion: The enhanced adhesion, proliferation, and osteogenic differentiation abilities of rat 

BMMSCs on the nano-sawtooth structures suggest the potential to induce improvements in bone-

titanium integration in vivo. Our study reveals the key role played by the nano-sawtooth structures 

on a titanium surface for the fate of rat BMMSCs and provides insights into the study of stem cell-

nanostructure relationships and the related design of improved biomedical implant surfaces.

Keywords: nanotechnology, surface modification, osteogenic differentiation, BMMSCs, 

implants, osseointegration

Introduction
Titanium and its alloys have been extensively used for endosseous implants 

because of their superior biocompatibility and excellent mechanical strength. In the 

osseointegration process, the formation of a direct interface between an endosseous 

implant and new bone produced by bone marrow mesenchymal stem cells (BMMSCs) 

is widely accepted in clinical implant medicine.1,2 Implant osseointegration, the critical 

factor for success of an endosseous implant, can be investigated at both the histological 

and cellular levels. Many studies have concluded that certain characteristics of the 

implant surface play an important role in altering the quality of osseointegration.3,4 At 

the cellular level, the ability of bone marrow mesenchymal stem cells to participate 

in both osteoid formation and the subsequent mineralization processes is intricately 

regulated by the surface features of the implant.5–7 When the implant is installed into 

the bone, stem cells initially adhere to the implant surface, after which it becomes 

important to facilitate differentiation of those cells along the osteoblast line to 
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improve osseointegration.8,9 Because the topography of the 

implant surface can serve as a powerful signaling cue for the 

attached cells, various approaches have been developed for 

fabrication of a series of improved implant surfaces, amongst 

which nanostructure designs have been of great interest, due 

to their favorable biofunctionalization.9,10

Nanostructures located on titanium and its alloys can be 

synthesized by various techniques, such as chemical treatment, 

plasma spraying,11 anodic oxidation,12 physical vapor 

deposition,13 and chemical vapor deposition.14 Chemical 

treatment is a simple and effective approach and has been 

widely used in recent years.15 For example, hydrogen peroxide 

(H
2
O

2
) has been used to treat titanium implants to promote the 

deposition of apatite.16 Additionally, other studies have shown 

that several nanoscale structures can be produced when the 

titanium surface is treated with H
2
O

2
 alone or synergistically 

under different conditions.17–19 In our experiments, we 

prepared two size-controllable sawtooth-like nanostructures 

on titanium surfaces by incubation with H
2
O

2
 for different 

time periods as part of our continuous efforts to fabricate 

such surfaces. These fabricated nano-sawtooth structures 

represent two nanosurfaces with similar appearances but 

different dimensions. Interestingly, although these structures 

have different size ranges, the appearance of both sawtooth-

like structures is analogous to the acid-etched cross-sectional 

layer of the tooth enamel, which is the hardest and most highly 

mineralized substance in the human body.20,21

Just as niches provide complex chemical and topographical 

stimuli for living cells, topographies with different dimensions, 

ranging from the macroscale to the nanoscale, are involved 

in controlling cell behavior and function to mimic the stem 

cell niches.22,23 The fact that microscale topography affects 

the adhesion, migration, proliferation, and differentiation of 

a large range of cell types has been well documented.24 More 

recent research has shown a broad range of cell responses to 

nanotopography.25–27 Nanostructures have recently become 

of particular interest due to their advantageous high surface-

to-volume ratio. These structures have the potential to elicit 

additional gratifying biological effects on stem cells.28

In addition, the nanostructure dimension may play an 

important role in dictating the fate of stem cells. A recent 

study revealed that the adhesion and differentiation abilities 

of BMMSCs on nanotubes can be altered solely by adjusting 

the nanotube dimension.29 BMMSCs can differentiate into 

various cell types, including osteoblasts.30 However, in 

previous research, those differentiated cell lineages could 

also be achieved by applying various chemical differentiation 

factors, including dexamethasone or other growth factors, 

such as bone morphogenetic proteins.31 However, at present, 

it is valuable to know that topography alone can elicit 

such effects with sufficient proof.29 Oh et  al noted that 

the osteoinductive ability of nanotubes on BMMSCs was 

enhanced as the dimension was increased from 30 nm to 

100  nm. However, the adhesion ability was observed to 

decrease following the dimensional changes. From this 

standpoint, there is no agreement that a small dimension 

(15 nm) is a superior length scale for cell differentiation in 

comparison with larger dimensions (70 nm and 100 nm). 

This observation was put forth by von der Mark et al32 and 

leaves room for clarification by successive experiments on 

the possible influence of different nanoscales.

In this work, the attachment, proliferation, and osteo-

differentiation abilities of rat BMMSCs cells on two 

nano-sawtooth structures with different dimensions were 

evaluated without the addition of osteoinductive chemical 

factors. To our knowledge, it is the first report to evaluate the 

biofunctionalization of two sawtooth-like nanostructures on 

modified titanium surfaces. We hope that the results of this 

work will be a useful and significant reference for stem cell-

nanostructure relationship studies and endosseous implant 

surface modification design.

Materials and methods
Preparation of nanotopography  
on a titanium surface
Commercially available pure titanium plates (purity . 99.85%, 

Grade 1, Baoji Shi Shenghua Nonferrous Metal Materials Co, 

Ltd, Baoji City, Shaanxi Province, China) with dimensions 

of 10 × 10 × 1 mm or 23 × 23 × 1 mm (for apoptosis analysis 

and Western blot analysis, respectively) were ultrasonically 

cleaned in ethanol and deionized water, then pickled in a 

5 wt% oxalic acid solution at 100°C for 2 hours.33 Using 

this process, clean homogeneous and rough surfaces were 

obtained, and the pretreated samples were used as the control 

group in this experiment, denoted as the titanium sample in 

this work. The pretreated titanium plates were immersed 

in 5 mL of 30 wt% H
2
O

2
 in a reaction vessel with a Teflon 

liner at 80°C for 6 hours and 24 hours, and denoted as the 

Ti-6 and Ti-24 samples, respectively. Next, the hydrothermal 

products were gently rinsed with deionized water, dried in 

an ambient atmosphere, and calcined at 450°C for one hour 

to obtain the nanostructured titanium samples.

Surface characterization analysis
The surface morphologies and components of the samples 

were characterized by field emission scanning electron 
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microscopy (SEM, JEOL JSM-6700F, Japan) and thin-film 

x-ray diffractometry (Rigaku, D/max2500PC, Japan). An 

acceleration voltage of 10 kV was used in the field emission 

SEM analysis, and a Cu Kα (k = 1.5406 Å) x-ray source was 

used in the thin-film x-ray measurement. The scans were 

performed from 15° to 80° 2θ at 2° min−1 with a scanning 

step of 0.02 and 2° glancing angles of the incident beam 

against the surface of the specimen. The surface elemental 

compositions of the samples were determined by x-ray 

photoelectron spectroscopy using a Physical Electronics 

PHI 5802 system with a monochromatic aluminum x-ray 

source and a 58.7 eV pass energy. The surface roughness 

of the films was quantified using atomic force microscopy 

(SPI3800N, Seiko, Japan). All measurements were collected 

in triplicate at different locations on each sample to ensure 

the validity of the data.

Contact angle measurement
The surface wettability of the samples was measured by 

contact angle measurements (Automatic Contact Angle 

Meter Model SL200B, Solon Information Technology Co, 

Ltd, Shanghai, China) conducted in an ambient environment 

using 2 µL of sessile distilled water droplets.

Surface zeta potential measurements
The surface zeta potentials of the samples were measured 

using a Surpass electrokinetic analyzer (Anton Parr, Graz, 

Austria) equipped with a special cell for membrane samples. 

Samples with a size of 20 mm × 10 mm and a thickness of 

less than 1 mm were fixed on the sample holders with double-

sided adhesive tape. A 0.9% NaCl electrolyte solution was 

used as the medium, and the pH was set to approximately 7.0 

for the measurements. The pH value was adjusted using 

hydrochloric acid and sodium hydroxide. In the streaming 

potential measurements, the electrolyte solution was forced 

(pumped) to flow along the solid surfaces, and the potentials 

resulting from the motion of ions in the diffusion layer 

were measured according to the Helmholtz-Smoluchowski 

equation:34

	
ζ = ×

η
ε ε

×
dU

dP
K,

× 0

where ζ is the zeta potential, dU/dP represents the slope of the 

streaming potential versus pressure, and η, ε
0
, ε, and K denote 

the electrolyte viscosity, vacuum permittivity, dielectric 

constant of the electrolyte, and conductivity, respectively. 

During the measurement process, the measurements for 

the listed parameters were collected by the SurPASS 

control and evaluation software, and the obtained final zeta 

potential value resulted from automatic SurPASS control 

and evaluation software treatment with the appropriate 

parameters (η, ε
0
, ε, and K).

Culture and identification of BMMSCs
Six-week-old male Fisher 344 rats were obtained from the 

Ninth People’s Hospital Animal Center (Shanghai, China). 

The animal process protocols were approved by the animal 

research committee of the Ninth People’s Hospital Affiliated 

with Shanghai Jiao Tong University School of Medicine. 

Rat BMMSCs were isolated and cultured according to our 

previously published procedures.35 Briefly, both ends of rat 

femurs were cut off at the epiphysis, and the marrow was 

quickly rinsed out with Dulbecco’s Modified Eagle’s medium 

(Gibco BRL, Gaithersburg, MD) supplemented with 10% fetal 

bovine serum (Hyclone, Logan UT), 100 U/mL streptomycin, 

100  U/mL penicillin, and 200  U/mL heparin (Sigma, 

St Louis, MO). Primary cells were cultured at 37°C in a 5% 

CO
2
 atmosphere in Dulbecco’s Modified Eagle’s medium 

supplemented with 10% fetal bovine serum, 100  U/mL 

streptomycin, and 100  U/mL of penicillin. Nonadherent 

cells were removed by changing the medium after 24 hours, 

and the culture medium was changed three times each week. 

When 80%–90% confluence was reached, the BMMSCs were 

subcultured into new dishes at a density of 1.0 × 105 cells/mL 

using trypsin-ethylenediamine tetra-acetic acid (EDTA, 

0.25% w/v trypsin, 0.02% EDTA). The following experiments 

were carried out with 2–3 passages of cells.

Rat BMMSCs were identified for cell surface antigens 

CD90, CD105, CD31, and CD34 via flow cytometry assay 

as described previously.36 Cells adhered to the substrate 

were detached with trypsin-EDTA and centrifuged at 

350 g for 5 minutes. The cellular pellets were washed with 

phosphate-buffered saline, and 1.0 × 106 cells were incubated 

in a solution of CD105-PE (eBioscience, San Diego, CA), 

CD90-FITC (Invitrogen, Grand Island, NJ), CD31-PE 

(Becton Dickinson, Franklin Lakes, NJ) and CD34-PE (BD) 

separately for 30 minutes at 37°C in the dark. The samples 

were analyzed using FACS Calibur flow cytometry (Becton 

Dickinson). All of the isotype controls used in this experiment 

were purchased from Becton Dickinson.

Adhesion assay
For the adhesion ability assay, cells were seeded on the 

substrates in 24-well plates at a density of 5.0 × 104 cells 

per mL, and the nonadhered cells were removed by washing 
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three times with phosphate-buffered saline after 4 hours of 

culture. The remaining cells were fixed in 4% paraformalde-

hyde for 30 minutes at 4°C and stained with 4′, 6-diamidino-

2-phenylindole dihydrochloride (DAPI, Invitrogen) for 

5  minutes at room temperature. The cell numbers in five 

random fields of each sample at 200× magnification were 

counted under a confocal laser scanning microscope.37,38

Cell viability assay
The cell viability on three different substrates was assessed 

using cell apoptosis and live/dead assays. For the apoptosis 

assay, 5.0 × 104 cells per mL were seeded on the substrates 

in 24-well plates. After 24 hours and 4 days of incubation, 

the cells on the substrates were washed twice with cold 

phosphate-buffered saline and collected in tubes. The cells 

were then subjected to a flow cytometry assay after staining 

with Annexin V-FITC (fluorescein isothiocyanate) for 

3 minutes and mixing with propidium iodide for an additional 

10  minutes (Annexin V-FITC kit, Becton Dickinson). 

The live/dead numbers were measured using a Live/Dead 

cell-mediated cytotoxicity kit (Invitrogen) according to 

the standard protocols. Briefly, 5.0 × 104 cells per mL were 

seeded on those substrates, and after three days of culture, 

DiOC18  staining solution was added into the complete 

culture medium, and the samples were incubated for another 

24  hours. After rinsing with phosphate-buffered saline, 

a propidium iodide counterstaining solution was used to 

interact with the cells for 5  minutes. The percentage of 

viable cells was counted under the confocal laser scanning 

microscope (Leica, Solms, Germany).39

Cell proliferation assay
For the cell proliferation assay, 2.0 × 104 cells per mL were 

initially plated on each sample in a 24-well plate. After one, 

4, and 7 days of culture, the cells were gently rinsed once 

with phosphate-buffered saline and then fixed with 4% 

paraformaldehyde. Next, the nuclei were stained with DAPI, 

and five random fields of each sample at 200× magnification 

were chosen to count the cell nuclei under the confocal laser 

scanning microscope. All experiments were performed in 

triplicate.

Real-time quantitative PCR analysis
The cells were cultured on the substrates in regular cell 

growth medium, and the total RNA was extracted using 

Trizol reagent (Invitrogen) at days 5 and 10. The RNA was 

dissolved in DEPC water (Sigma) and quantified with a 

Thermo Scientific NanoDrop™ 1000 ultraviolet-visible spec-

trophotometer (NanoDrop Technologies, Wilmington, DE). 

One microgram of RNA was used to generate cDNA in a 

20 µL standard reaction system using the PrimeScript 1st 

Strand cDNA Synthesis kit (TaKaRa, Shiga, Japan). Three 

osteogenesis-related genes, including Runx2, osteopontin 

(OPN), and osteocalcin (OCN), were assayed via real-time 

polymerase chain reaction (PCR) techniques using a real-time 

PCR system (Bio-Rad). The gene expression levels were 

calculated by the ∆∆Ct method, and the results were expressed 

as transcript levels relative to the β-actin housekeeping gene. 

All assays were carried out in triplicate. The PCR primer 

sequences used in this project are listed in Table 1.

Osteopontin and osteocalcin protein 
expression assay
For immunofluorescence analysis, the BMMSCs were fixed 

with 4% paraformaldehyde at 4°C after culturing for 14 days 

in Dulbecco’s Modified Eagle’s medium. The samples were 

permeabilized with 1% Triton X-100 for 30  minutes and 

blocked in 3% bovine serum albumin for one hour. Next, 

specific primary antibodies targeting rat osteocalcin (Abcam, 

Cambridge, MA) or rat osteopontin (Abcam) were added at 

1:200 dilutions to the fixed cells and coincubated overnight 

at 4°C. Phycoerythrin fluorescent-labeled goat antimouse 

secondary antibody (Invitrogen) at 1:100 dilutions in blocking 

buffer was added for 30 minutes at room temperature in the dark. 

Table 1 Primers for real-time polymerase chain reaction

Gene Prime sequence 
(F, forward; R, reverse)

Product size 
(bp)

Accession 
number

β-actin 
 
Runx2 
 
OPN 
 
OCN

F: CACCCGCGAGTACAACCTTC 
R: CCCATACCCACCATCACACC 
F: TCTTCCCAAAGCCAGAGCG 
R: TGCCATTCGAGGTGGTCG 
F: CCAAGCGTGGAAACACACAGCC 
R: GGCTTTGGAACTCGCCTGACTG 
F: GCCCTGACTGCATTCTGCCTCT 
R: TCACCACCTTACTGCCCTCCTG

207 
 
154 
 
165 
 
103

NM_031144.2 
 
NM_053470.1 
 
NM_012881.2 
 
NM_013414.1
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The cytoskeleton was stained with FITC-phalloidin, and the 

cellular nuclei were stained with DAPI. All of the specimens 

were examined using the Leica confocal laser scanning 

microscope. Western blot analysis was performed to detect 

the expression of osteopontin and osteocalcin proteins. Cells 

were seeded on 23 × 23 × 1 mm titanium specimens in 6-well 

plates and collected after 14  days of incubation. The total 

proteins were extracted using a Mammalian Cell Extraction 

Kit according to the manufacturer’s instructions (Biovision, 

Mountain View, CA). Twenty micrograms of proteins 

were separated by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis and transferred to the nitrocellulose 

membranes. Nonspecific binding was blocked in Tris-buffered 

saline containing 5% skimmed milk and 0.05% Tween-20 

for 2 hours at 37°C before the membranes were incubated 

with the primary antibodies at a 1:2000 dilution for β-actin 

(Abcam), 1:1000 dilution for osteopontin, and 1:1000 dilution 

for osteocalcin, all overnight at 4°C. The membranes were 

washed three times with Tris-buffered saline for 10 minutes 

each to remove unbound antibodies and then incubated with 

secondary antibodies diluted at 1:2000 in Tris-buffered saline 

for one hour at room temperature. Finally, the membranes 

were treated with chemiluminescence reagent (Thermo Fisher 

Scientific Inc, Waltham, MA) and exposed to Kodak x-ray 

film. The gray levels of all protein bands were quantified 

using Quantity One software (Bio-Rad, Hercules, CA), and 

the results were normalized to the β-actin levels.

Statistical analysis
The data were analyzed using SPSS version 14 (SPSS Inc, 

Chicago, IL) via one-way analysis of variance followed by 

the Student-Newman-Keuls post hoc test. The statistical 

analysis significance level was set to P , 0.05.

Results
Surface structure and composition 
analysis of samples
Figure  1  shows the surface views of a control sample 

(titanium) and the experimental group samples (Ti-6 and 

Ti-24). The homogeneous microscale rough structure of the 

control sample surface, as shown in Figure 1 (Ti-1), resulted 

from pickling via the oxalic acid solution. However, the 

surface of the titanium sample appears as a flat topography 

under higher magnification (Figure 1, Ti-2). Only the char-

acteristic peaks of titanium were observed in the thin-film 

x-ray pattern of the titanium sample (Figure 2). After 6 hours 

of hydrothermal treatment and subsequent calcination, the 

surface of the titanium (Ti-6  sample) appears as a nano-

scale sawtooth-like structure (Figure  1, Ti-6 h-1). Under 

higher magnification, the nano-sawtooth structures become 

entangled and form an interconnected network (Figure 1, 

Ti-6 h-2). The width of the nano-sawtooth is approximately 

10 nm, with a gap distance between the nano-sawteeth of 

100–200 nm. Figure 2 (Ti-6) shows that peaks corresponding 

to crystalline anatase and rutile are present at approximately 

Figure 1 Scanning electron micrographs of three samples at different magnifications. 
Notes: Upper panel (Ti-1, Ti-6 h-1 and Ti-24 h-1) displays at 10, 000x magnification. Lower panel (Ti-2, Ti-6 h-2 and Ti-24 h-2) displays at 50,000x magnification. 
Abbreviations: Ti, control titanium surface; Ti-6 h, small size nano-sawtooth surface, treated with 30 wt% H2O2 for 6 hours; Ti-24 h, large size nano-sawtooth surface, 
treated with 30 wt% H2O2 for 24 hours.
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25.2°, 48° and 27.5°, respectively, indicating that the nano-

sawtooth structure on the surface of the Ti-6  sample is 

composed of crystalline titanium. Figures 1 (Ti-24 h-1) and 

2 (Ti-24 h-2) indicate that the nano-sawtooth is approxi-

mately 30  nm wide, while the gap distance between the 

nano-sawteeth increased to 200–300 nm after a hydrothermal 

treatment time up to 24 hours. The root mean square values 

for surface roughness and the surface area ratios of the 

titanium, Ti-6, and Ti-24 samples measured using atomic 

force microscopy are summarized in Table 2. The surface 

roughness and surface area ratio of the Ti-24  sample are 

higher than those of the Ti-6 sample. The thin-film x-ray 

pattern shown in Figure 2 suggests that there is no significant 

difference in the constituent composition between these two 

nanoscale structures. Figure 3 shows the x-ray photoelectron 

spectra obtained from the surfaces of the titanium, Ti-6, and 

Ti-24  samples. From the results, it can be observed that 

only titanium and oxygen are detected on the surface of the 

titanium, Ti-6, and Ti-24 samples. The oxygen on the pure 

titanium sample comes from the natural oxide layer on its 

surface. The x-ray photoelectron spectroscopy results also 
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S ratio 1.00394 1.05649 1.86489

Abbreviations: Ti, control titanium surface; Ti-6 h, small size nano-sawtooth 
surface, treated with 30 wt% H2O2 for 6 hours; Ti-24 h, large size nano-sawtooth 
surface, treated with 30 wt% H2O2 for 24 hours.
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Figure 2 X-ray diffraction patterns for three samples. 
Note: Sample titanium shows only the characteristic peaks of titanium, while the  
Ti-6 h and Ti-24 h samples display characteristic peaks of anatase, rutile, and titanium. 
Abbreviations: Ti-6 h, small size nano-sawtooth surface, treated with 30 wt% 
H2O2 for 6 hours; Ti-24 h, large size nano-sawtooth surface, treated with 30 wt% 
H2O2 for 24 hours.

Figure  3 Full x-ray photoelectron spectra of titanium surfaces after H2O2 
hydrothermal treatment for different times, ie, (A) Ti, (B) Ti-6 h, and (C) Ti-24 h. 
Abbreviations: Ti, control titanium surface; Ti-6 h, small size nano-sawtooth 
surface, treated with 30 wt% H2O2 for 6 hours; Ti-24 h, large size nano-sawtooth 
surface, treated with 30 wt% H2O2 for 24 hours.
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indicate that there are no obvious differences in the surface 

chemistry of the Ti-6 and Ti-24 samples.

Surface contact angle analysis
The contact angles of the titanium plate and hydrothermally 

treated samples are shown in Figure 4. It can be observed that 

the hydrothermal-treated samples exhibit superhydrophilicity 

compared with the control sample (titanium). In addition, 

the contact angles of the hydrothermally treated samples 

gradually diminish from 19° to 0° with increasing 

hydrothermal reaction time. This observed behavior can be 

ascribed to such sample surface properties as topography, 

porosity, and roughness.40–42 Similar to the aforementioned 

surface topography discussion (Figure 1), the surfaces of the 

hydrothermally treated samples corresponding to different 

reaction times were covered by a nano-sawtooth layer; 

however, the differences in the nano-sawtooth layers on the 

Ti-6 and Ti-24  samples lie in the gap distance between 

the nano-sawteeth, which plays an important role in changing 

the wettability of the hydrothermally treated samples. As 

shown in Figure 1, the gap distance of 100–200 nm between 

the nano-sawteeth for the Ti-6 sample is smaller than that of 

the Ti-24 (200–300 nm) sample. It can be concluded from this 

result that the porosity of the Ti-6 sample is higher than that 

of the Ti-24 sample, which is beneficial for increasing the 

contact angle of the sample.

Surface zeta potential analysis
The zeta potentials were measured for titanium before and 

after hydrothermal treatment to investigate the surface 

properties. Figure 5 plots the zeta potentials versus pH values 

Figure 4 Contact angle measurement. 
Notes: The contact angles of titanium plate and hydrothermally treated samples 
are displayed. The hydrothermally treated samples exhibit superhydrophilicity 
compared with the control titanium sample.
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Figure 5 Surface zeta potential measurement. 
Notes: The zeta potentials versus pH values for each individual sample are shown. 
All the curves show a descending trend with increasing pH. The zeta potentials 
become more negative in the order of pure Ti, Ti-6 h, and Ti-24 h at the same pH 
value. 
Abbreviations: Ti, control titanium surface; Ti-6 h, small size nano-sawtooth 
surface, treated with 30 wt% H2O2 for 6 hours; Ti-24 h, large size nano-sawtooth 
surface, treated with 30 wt% H2O2 for 24 hours.

for each individual sample, and all of the curves show a 

descending trend with the increase in pH. Additionally, the 

zeta potentials become more negative in the order of pure 

titanium, Ti-6, and Ti-24 at the same pH value, which may 

be attributed to differences in surface topography. As the 

zeta potentials of the materials become more negative, the 

corresponding materials surface becomes more hydrophilic.43 

Further, the contact angles from the hydrothermally treated 

samples (Figure 4) are in agreement with the above result.

Isolation, culture, and identification  
of rat BMMSCs
Clones of rat BMMSCs were observed on the fourth day after 

initial incubation (Figure 6A). Primary cells were subcultured 

at 80%–90% confluence, and the spindle-shaped cells after 

passage are shown in Figure 6B. Surface molecular markers 

of the expanded cells were examined by flow cytometry, and 

high expressions of CD90 (99.42%, Figure 6C) and CD105 

(94.55%, Figure  6D) were observed, with only a small 

number of cells expressing the endothelial marker CD31 

(2.17%, Figure  6E) and the hematopoietic marker CD34 

(0.36%, Figure 6F).

Adhesion ability of BMMSCs on different 
surfaces
Figure 7 shows the cell adhesion ability results for the three 

samples. A greater number of cells remained attached to 
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Figure 6 Rat BMMSC culture and identification. A single cell clone is found on the fourth day of primary cell culture (A) and spindle-shaped cells are found after passage (B). 
Flow cytometry results show that BMMSCs are positive for CD90 and CD105, but negative for CD31 and CD34 (C–F). 
Abbreviation: BMMSCs, bone marrow mesenchymal stem cells.

the large nano-sawtooth surface (Ti-24) after rinsing with 

phosphate-buffered saline, as shown in Figure  7A–C. 

Additionally, the quantitative data measured by counting of 

cellular nuclei demonstrate that there are significantly more 

adhesive cells on the large nano-sawtooth substrate than on 

the small nano-sawtooth specimen (Ti-6, P , 0.05) or the 

control titanium surface (P , 0.01, Figure 7D).

Cell viability and proliferation ability  
on substrates
Annexin V-propidium iodide-based flow cytometry analysis 

indicated that there were no significant differences among 

the percentages of viable cells, early apoptotic cells, late 

apoptotic cells, and necrotic cells after incubation on 

the three substrates for 24  hours and 4  days (Figure  8A 

and B). Those results were further confirmed by the live/

dead assay results, which revealed no obvious differences 

in the percentages of viable cells following culturing on the 

different substrates for 4 days (Figure 8C and D). The cell 

proliferation assay results, as measured by the nuclei counting 

method, are shown in Figure  9. There are no statistically 

significant differences observed among the three samples 

at day 1. However, at days 4 and 7, the cell numbers on the 

nano-sawtooth structures are significantly higher than those 
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Figure 7 Cell adhesion ability assay. Adhesion ability of BMMSCs was analyzed by 
counting stained nuclei with DAPI under a confocal laser scanning microscope after 
4 hours of incubation. The upper panel shows CLSM images of BBMSCs on three 
substrates (A–C). Statistical results for adhesive cell numbers is shown in the lower 
panel (D).
Notes: ##P , 0.01 versus Ti control group; *P , 0.05 versus Ti-6 h group. 
Abbreviations: DAPI, 4′, 6-diamidino-2-phenylindole dihydrochloride; Ti, control 
titanium surface; Ti-6 h, small size nano-sawtooth surface, treated with 30 wt% H2O2 
for 6 hours; BMMSCs, bone marrow mesenchymal stem cells; CLSM, confocal laser 
scanning microscope.

on the control titanium surface. Moreover, the highest cell 

numbers are observed on the large nano-sawtooth structure 

(Ti-24) at both 4 and 7 days.

Osteogenic-related gene expressions
The ALP staining and alizarin red S staining results are shown 

in Figure 10A. According to the upper panel in Figure 10A, 

more pronounced ALP-positive areas are observed on 

the nanoscale structures than on the controls. Calcium 

deposition, as measured using alizarin red S staining, is 

shown in the lower panel. The matrix mineralization on the 

large nano-sawtooth substrate is higher than that on the two 

other structures.

Three selected osteogenic-related genes were analyzed 

using a real-time PCR quantitative technique, and the results 

are shown in Figure  10B–D. On the different samples, 

all four genes were upregulated from days 5 to 10, and 

the levels of expression of those genes are higher on the 

nanoscale substrate than on the control titanium surface at 

both 5 and 10 days. The large nano-sawtooth topography 

displays the highest upregulation for Runx2, OPN, and 

OCN gene expression over the three surfaces at both 5 and 

10 days.

Osteogenic protein expression
To observe the expression of osteogenic-related proteins, rat 

BMMSCs cultured on the three substrates were terminated 

at 14  days, and the cells were stained for osteopontin 

and osteocalcin using an immunofluorescence method. 

As shown in the upper panel of Figure 11A, the expression 

of osteopontin on two nanoscale samples is stronger than 

that on the control sample, and the large nano-sawtooth 

group displays the strongest expression of osteopontin. In 

the lower panel, similar results are seen for osteocalcin. 

Western blot analysis was also performed to verify the 

expression levels of osteopontin and osteocalcin. As 

shown in Figure 11B, both the osteopontin and osteocalcin 

expression levels on the two nanoscale substrates are higher 

than those on the control plate, and cells cultured on the 

large nano-sawtooth topography express the highest level 

of the two proteins. The results shown in Figure 11C are 

normalized to the internal β-actin control and, therefore, 

the higher protein expression levels indicate that osteogenic 

ability of the cell is upregulated. In addition, a greater 

number of cells were observed on the nano-sawtooth 

structure with higher proliferation ability, and both the 

increased cell numbers and the upregulated cell osteogenic 

ability would have then contributed to stronger staining in 

the immunofluorescence results.

Discussion
In the current study, titanium was treated with H

2
O

2
, which 

is a relatively simple approach to prepare nanotopogra-

phies on a titanium surface. Two size-controllable nano-

sawtooth surfaces were fabricated with incubation times of 

6 hours and 24 hours, respectively, and the surfaces were 

observed to share similar nano-sawtooth topographies with 

differences only in the dimension of the nanostructures. 

Moreover, the phase compositions and surface chemistry of 

the two nano-sawtooth structures were nearly identical. Thus, 

we were able to evaluate the effects of the two nano-sawtooth 

structures alone on rat BMMSCs without needing to add any 

osteoinductive factors.

BMMSCs are recognized as ideal seed cells for tissue 

engineering of bone. The proliferation and osteogenic 

differentiation abilities of BMMSCs play a key role in the 

bone regeneration process,44 so adherence of BMMSCs 

on an implant surface represents the initial step for full 

participation in osseointegration.9 In previous studies, 

the adhesion, proliferation, and differentiation abilities 

of BMMSCs could be enhanced when seeded on certain 

nanoscale topographies.45–48
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In this work, BMMSCs displayed higher adhesion activity 

on surfaces functionalized with a nano-sawtooth structure. 

First, sharp ridges in the nanoscale range are known to 

facilitate formation of focal adhesions due to high surface 

energy.29,49,50 Surface energy and roughness are closely related 

to the wettability of the biomaterial surface, which is of 

importance for adhesion activity.51 A hydrophilic titanium 

surface with a high surface energy will thus display a small 

contact angle. Our results show that the large nano-sawtooth 

structure produced a smaller water contact angle compared 

with the small nano-sawtooth structure. Accordingly, the 

large nano-sawtooth was observed to facilitate adhesion 

of BMMSCs. Additionally, the difference in the structures 

also changed the zeta potential of the sample surface, and 

the zeta potential may have controlled the charge interac-

tions on the material surfaces. It has been reported that the 

higher the absolute value of the zeta potential of a surface, 

the higher the adsorption of serum proteins52 on that surface. 

The large nano-sawtooth structure results in a higher absolute 

value for the zeta potential compared with that of the small 
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Figure 8 Cell viability assay. (A) Cellular apoptosis on different substrates were measured by flow cytometry at one and 4 days after culturing. Lower left quadrant 
represents viable cells, lower right quadrant represents cells at an early stage of apoptosis, upper right quadrant represents cells at a late stage of apoptosis, and upper left 
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Abbreviation: CLSM, confocal laser scanning microscope.
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nano-sawtooth structure, which may also promote a higher 

level of serum protein adsorption. Thus, the enhanced adhe-

sion of BMMSCs on the large nano-sawtooth structure may 

be due to its favorable conductivity for the facilitation of 

serum protein absorption when compared with that of the 

small nano-sawtooth.

We also tested the viability of BMMSCs on three 

samples, with no significant differences found among 

them. Nanotopographic modification did not result in a 

negative influence on the viability of cells. However, the 

nanostructures were able to stimulate cell proliferation 

activity. In this work, cells seeded on the large nano-sawtooth 

structure showed the highest proliferation activity. Both the 

initial numbers of attached cells and the adhesion activity of 

adhesive cells may have promoted the observed proliferation 

activity. In addition, cell adhesion activity may be modulated 

by the nanotopography cues, and changes in adhesion activity 

might be linked to changes in cell differentiation.5,29,53 

We compared the osteogenic differentiation ability of rat 

BMMSCs on different samples at both the mRNA and 

protein levels. Three osteogenic markers, Runx2, osteocalcin 

and osteopontin, were selected to analyze differentiation 

activities.35 Runx2 is an important transcription factor 

necessary for osteoblast differentiation and is expressed in 

the early stages of osteogenic differentiation. Osteopontin 

is largely recognized as a mediate marker of osteogenic 

differentiation and is mainly associated with the relatively 

early stages of osteoblast maturation. Osteocalcin directly 

participates in the process of mineralization and is a late 

marker of osteogenic differentiation. Quantitative PCR results 

showed that Runx2, OPN, and OCN were all upregulated 

by modification of the nanoscale structures. The results 

from the protein expression analysis revealed that the nano-

sawtooth structures upregulated the expression of OPN 

and OCN to a larger extent than the control titanium sample, 

and the cells on the large nano-sawtooth exhibited the highest 

expression among the three groups. Moreover, the calcium 

deposition analysis from the alizarin red S staining was in 

agreement with these results. Changes in the cell adhesion 

and differentiation activities remained consistent when 

responding to the nano-sawtooth cues. A likely explanation 

for this finding is that more contact locations between the 

cell and substrate were exposed when the cells were tightly 

adhered. Stimuli from the nanotopography and extracellular 

matrix were transmitted into the nucleus and resulted in 

expression changes in the osteogenic markers at both the 

gene and protein levels.

In this study, titanium pretreated with oxalic acid, the 

precursor used to prepare the two nano-sawtooth structures, 

was used as a control to evaluate the efficiency of the 

nanosurface modification. The bioactivity differences between 

the control group and nano-sawtooth samples are considered 

to be caused mainly by structural changes, although we cannot 

exclude the possibility of minor constituent differences. 

However, the two nano-sawtooth samples share a similar 

constituent, and the different biofunctionalization on these 

surfaces should be caused mainly by the size difference in 

the nanostructures.

Conclusion
Two size-controllable sawtooth-like nanostructures were 

produced on a titanium surface by incubation with H
2
O

2
 

for different time periods. Rat BMMSCs demonstrated 
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Figure 9 Cell proliferation assay. (A) After one, 4, and 7 days of incubation, the 
proliferation ability of rat BMMSCs on different substrates was measured by a nuclei 
counting assay under CLSM. (B) Statistical analysis for nuclei counting assay. 
Notes: ##P , 0.01 versus Ti control group; *P , 0.05 versus Ti-6 h group. 
Abbreviations: Ti, control titanium surface; Ti-6 h, small size nano-sawtooth 
surface, treated with 30 wt% H2O2 for 6 hours; BMMSCs, bone marrow mesenchymal 
stem cells; CLSM, confocal laser scanning microscope.
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Figure 10 Cell differentiation assay. (A) After 14 days of culture on substrates, the cells were stained with ALP and alizarin red S. After 5 and 10 days of incubation on the 
substrates, total mRNA was extracted and expression of Runx2 (B), osteopontin (C), and osteocalcin (D) was measured by real-time polymerase chain reaction. 
Notes: Results are expressed as relative transcript levels to β-actin (n = 3). #P , 0.05; ##P , 0.01 versus Ti control group; *P , 0.05; **P , 0.01 versus Ti-6 h group.
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enhanced proliferation and osteogenic differentiation 

abilities when cultured on the surfaces with the nano-

sawtooth structure compared with the control surface. The 

large nano-sawtooth with a width of approximately 30 nm 

produced the largest cell responses, including adhesion, 

proliferation, and differentiation properties. The enhanced 

adhesion, proliferation, and osteogenic differentiation 

abilities of rat BMMSCs on the nano-sawtooth structures 

suggest the potential for induction of improved bone-titanium 

integration in vivo.
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