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Background: Patients with diabetes mellitus (DM) have a higher failure rate of dental

implant treatments. However, whether titanium (Ti) implants with TiO2 nanotubes (TNT)

surface can retain their biocompatibility and osteogenetic ability under DM conditions has

not been investigated; in addition, their behavior in DM conditions is not well characterized.

Materials and Methods: Pure Ti discs were surface treated into the polishing (mechani-

cally polished, MP), sandblasted and acid-etched (SLA), and TNT groups. Scanning electron

microscopy was used to examine the surface morphology. The cell adhesion and proliferation

ability on different modified Ti surfaces at various glucose concentrations (5.5, 11, 16.5, and

22 mM) was detected by the CCK-8 assay. The osteogenetic ability on different modified Ti

surfaces under high-glucose conditions was evaluated by alkaline phosphatase (ALP),

osteopontin (OPN) immunofluorescence, Western blot, and Alizarin Red staining in vitro.

Detection of cell apoptosis and intracellular reactive oxygen species (ROS) was undertaken

both before and after N-acetylcysteine (NAC) treatment to assess the oxidative stress

associated with different modified Ti surfaces under high-glucose conditions. An in vivo

study was conducted in DM rats with different modified Ti femoral implants. The osteoge-

netic ability of different modified Ti implants in DM rats was assessed using a micro-CT

scan.

Results: High-glucose conditions inhibited cell adhesion, proliferation, and osteogenetic

ability of different modified Ti surfaces. High-glucose conditions induced higher apoptosis

rate and intracellular ROS level on different modified Ti surfaces; these effects were

alleviated by NAC. Compared with the SLA surface, the TNT surface alleviated the

osteogenetic inhibition induced by high-glucose states by reversing the overproduction of

ROS in vitro. In the in vivo experiment, micro-CT scan analysis further confirmed the best

osteogenetic ability of TNT surface in rats with DM.

Conclusion: TNT surface modification alleviates osteogenetic inhibition induced by DM. It

may provide a more favorable Ti implant surface for patients with DM.

Keywords: TiO2 nanotubes, diabetes mellitus, reactive oxygen species, titanium implant,

surface modification

Introduction
In the past two decades, dental implants have become the treatment of choice for

the restoration of missing teeth. The favorable characteristics of titanium (Ti)

implants, such as outstanding mechanical properties, high corrosion resistance,

and favorable osseointegration characteristics, have contributed to the successful

application of these implants.1,2 However, treatment outcomes of Ti implants are

affected by certain pathological conditions, including diabetes mellitus (DM),

aging, cardiovascular disorders, rheumatological diseases, and hepatitis.3–5 DM is
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a highly prevalent chronic disorder and a major threat to

human health. According to the International Diabetes

Federation, an estimated 415 million people in the age

range of 20 to 79 years were living with DM in 2015;

the number is projected to increase to approximately

642 million by 2040.6 The overproduction of reactive

oxygen species (ROS) in diabetic patients increases the

incidence of peri-implantitis and delayed bone healing,

leading to a higher implant failure rate.7–9 Patients with

DM demonstrated a significantly lower Ti-implantation

survival rate, compared with the non-DM population

(89.8% [p < 0.05] and 94.6% [p < 0.05],

respectively).10,11 However, the mechanism underlying

this poorer Ti implant survival in patients with DM has

not been identified. Therefore, modifications of the Ti

implant surface to improve osseointegration and implant

success rate in patients with DM is a key imperative.

Sandblasting and acid etching are the most popular

surface-modification techniques used for commercial Ti

implants. The micro-roughened topography formed by

these techniques increases the surface area and promotes

cell adhesion; however, this also affects the mechanical

properties by creating cracks nucleation and compromises

the proliferation of osteoblasts.12,13 In recent years, TiO2

nanotubes (TNT) prepared by the anodic oxidation techni-

que have attracted much attention because these mimic the

fundamental nanoscale structure of the bone and demon-

strate superior biocompatibility and osseointegration

abilities.1,14 Several studies have shown that TNT-

modified surfaces show improved cell adhesion and pro-

liferation abilities, alkaline phosphatase (ALP) activity,

and bone mineralization.1,13,15,16 In our previous in vitro

and in vivo experiments conducted under normal physical

conditions, we found that the TNT-modified surface had

better hydrophilicity and protein adsorption ability; in

addition, these were found superior to sandblasted and

acid-etched (SLA)-modified surfaces with respect to the

adhesion and proliferation of osteoblasts as well as

osteogenesis.13,17 However, whether this nano-surface

has the same positive effect or how it behaves in patholo-

gical conditions has not been investigated.

In the present study, we evaluated the osteogenetic

effect of TNT in the diabetic states and explored its under-

lying mechanism. We assessed the cell adhesion, prolifera-

tion, osteogenetic ability, and oxidative stress level on the

nanoscale TNT surface against that on the microscale SLA

surface under different glucose levels in vitro; in addition,

we studied the osteogenetic ability in a rat model of DM

in vivo.

Materials and Methods
Fabrication and Surface Characterization

of Different Modified Ti Surfaces
We fabricated Ti discs (dimensions: 10.0 × 10.0 × 0.3 mm3

or 20.0 × 20.0 × 0.3 mm3 for 48- or 12-well plates) from

commercially pure Ti foil (Baoji Titanium Industry,

China). These discs were randomly divided into 3 groups –

mechanically polished (MP group), sandblasted and acid-

etched (SLA group), and anodic oxidized TiO2 nanotubes

(TNT group) – by their treatment methods, as described

previously.13 In brief, MP surfaces were successively

polished with #400 to #1500 SiC sandpaper. SLA surfaces

were prepared by blasting silicon dioxide particles onto

MP surfaces, and then acid-etching using 10% HCl:10%

H2SO4 (1:1, v/v) at 60 °C for 30 min. TNT surfaces were

fabricated by anodic oxidation method which was per-

formed in anodizing solution containing 0.15 M NH4

F and 0.5 M (NH4)2SO4 at 20 V for 30 min. The surface

topography of the Ti specimen was examined under

a scanning electron microscope (LEO 1530VP FESEM,

Zeiss, Germany).

The pure cylinder-shaped pure Ti implants (Foshan

Anchi Biotechnology industry, Foshan, China) with

a diameter and length of 2 and 4 mm, respectively, were

subjected to the same modification method as in our pre-

vious study.13

Cell Culture
A mouse calvarial pre-osteoblastic cell line, MC3T3-E1

(Shanghai Chinese Academy of Science, Shanghai,

China), was cultured in complete medium (DMEM con-

taining 10% fetal bovine serum [FBS; Gibco] and 1%

penicillin and streptomycin) in a humidified atmosphere

of 5% CO2 at 37°C. The medium was changed every 2 or

3 days. Once the cells reached 85% confluence, these were

digested using 0.25% trypsin-EDTA solution (Gibco).

Cell Adhesion and Proliferation Abilities

Detected by CCK-8 Assay
To simulate DM conditions in vitro, we used incremental

glucose concentrations to carry out cell adhesion and pro-

liferation experiments on different modified Ti surfaces.

We used the Cell Counting Kit-8 (CCK-8) assay (Dojindo,

Kumamoto, Japan) to determine the cellular adhesion and
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proliferation abilities on different modified Ti surfaces.

Briefly, cells were cultured in complete medium with the

normal human blood glucose concentration (5.5 mM) or

increasing glucose concentrations (11, 16.5, and 22 mM)

on the 3 types of Ti surfaces. Cells cultured at 1 and 3

hours (adhesion ability) or for days 1, 3, and 5 (prolifera-

tion ability) were subjected to the CCK-8 assay according

to the manufacturer’s instructions.

Evaluation of Osteogenetic Ability on

Different Modified Ti Surfaces in vitro
To evaluate the osteogenetic ability of MC3T3-E1 on

different modified Ti surfaces under high-glucose states,

we conducted immunofluorescent staining assays of ALP

and osteopontin (OPN), as previously described.18 Briefly,

cells were seeded on the substrates and cultured in miner-

alizing medium (complete medium supplemented with 0.1

μM dexamethasone, 50 μg/mL ascorbic acid, and 10 mM

β-glycerophosphate) at glucose concentrations of 5.5 or 22

mM on the different modified Ti surfaces. After culture for

7 (ALP) or 14 (OPN) days, cells were fixed with 4%

paraformaldehyde, treated with 0.1% Triton for 20 min,

and sealed with 5% bovine serum albumin (BSA) for 1

h. Thereafter, the cells were incubated with anti-ALP

(1:100, Abcam, UK) or anti-OPN (1:200, Abcam, UK) at

4°C for 16 h. Then, the cells were incubated with the green

fluorescent second antibody (1:200, Abcam, UK) in the

darkroom for 1 h, and cell nuclei was stained with DAPI in

the darkroom for 15 min. Fluorescence intensity was

observed by confocal scanning laser microscopy

(LSM700, Zeiss, Germany) and analyzed by Image

J (V2.1.4.7, National Institutes of Health, USA).

In addition, Western blot analyses of ALP and OPN

were carried out after osteogenic induction for 7 days.

MC3T3-E1 cells were collected through digestion and

centrifugation. After washing with PBS at 4°C, each

group was added 50 μg RIPA lysis buffer (CWBIO,

China) containing 50 mM Tris, 150 mM NaCl, 1%

Triton X-100, 1% sodium deoxycholate and 0.1% SDS,

reacting on ice for 30 min. The lysate was centrifugated

and the supernatant was collected. Protein extracts were

separated by SDS-PAGE, transferred to PVDF membrane,

and then probed with 1:1000 rabbit anti-ALP and 1:1000

rabbit anti-OPN antibodies (Abcam, UK). After overnight

incubation at 4°C with shaking, 1:10,000 goat anti-rabbit

HRP-conjugated IgG (Emarbio Science &Technology

Company, China) was added for another 1 h incubation.

Finally, proteins were displayed with ECL Plus Detection

Kits (Boster, China).

Moreover, we evaluated the osteogenetic ability of

MC3T3-E1 by Alizarin Red staining. Briefly, after incuba-

tion for 14 and 21 days, cells were fixed with 4% paraf-

ormaldehyde, stained with the Alizarin Red solution

(Cyagens), and images obtained using a digital microscope

(M205A, Leica, Germany). Then, we dissolved the

Alizarin Red stain on the specimens with 10% cetyl pyr-

idinium chloride (Sigma) and measured absorbance at 562

nm for semiquantitative analysis.

Mitochondrial Membrane Potential and

Cell Apoptosis Detection
To evaluate the early apoptosis of MC3T3-E1, we mea-

sured the mitochondrial membrane potential by the JC-1

probe. Briefly, cells cultured for 72 h on different modified

Ti surfaces in vitro in high-glucose environment were

incubated with the JC-1 staining solution (Beyotime,

Shanghai, China) at 37°C for 20 min, and then rinsed

twice with phosphate-buffered saline (PBS). The mito-

chondrial membrane potential was determined according

to the manufacturer’s instructions. The fluorescence inten-

sity was evaluated by flow cytometry (Cytoflex, Beckman,

USA), and CellQuest™ software (CytExpert, USA) was

used to analyze the red/green fluorescence intensity ratio.

To further detect cellular apoptosis on different mod-

ified Ti surfaces subjected to high-glucose conditions, we

used an Annexin V/PI apoptosis kit (Beyotime, Shanghai,

China). After 72-h culture in high-glucose concentration,

MC3T3-E1 cells were harvested and washed with PBS,

and then re-suspended in 195 µL binding buffer.

Thereafter, the cells were incubated with 10 µL PI and 5

µL mixture of Annexin V and fluorescein isothiocyanate

(FITC) for 20 min in the darkroom at 37°C, and then

evaluated by flow cytometry (Cytoflex, Beckman, USA).

Data analysis was conducted using the CellQuest™ soft-

ware (CytExpert, USA).

Intracellular ROS Level and Detection of

Total SOD Activity
To detect intracellular ROS production, we applied the

2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (DCFH-DA)

probe kit (Solarbio, Beijing, China). After 72-h culture,

cells were harvested and incubated with DCFH-DA

(1:1000) for 30 min. Subsequently, the cells were rinsed

twice with PBS, and fluorescence intensity was evaluated
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by flow cytometry (Cytoflex, Beckman, USA).

CellQuest™ software (CytExpert, USA) was used to ana-

lyze the level of intracellular ROS.

The activity of superoxide dismutase (SOD) was mea-

sured using the Superoxide Dismutase Assay Kit (Beyotime,

Shanghai, China) according to the manufacturer’s instruc-

tions. Briefly, we harvested the cells and re-suspended them

in the specimen preparation solution. Then, we added the

specimens, enzyme stock solution, and reactant working

solution at low temperature as indicated by the manufac-

turer’s instructions for the kit. Subsequently, the working

solution was incubated at 37°C for 30 min and the absor-

bance was recorded at 450 nm. The activities of SOD were

defined as the ratio of the total enzyme activity unit divided

by the total protein and were expressed as U/g protein.

Furthermore, to detect the impact of the antioxidant

N-acetylcysteine (NAC; Sigma-Aldrich, USA) on different

modified Ti surfaces under high-glucose conditions, the

pre-osteoblasts were exposed to 1 mM NAC. Post expo-

sure, the cells were evaluated for the mitochondrial mem-

brane potential and intracellular ROS level, and subjected

to cellular apoptosis assay.

Experimental Animals
This study was approved by the Institutional Animal Care

and Use Committee of Sun Yat-sen University (Approval

No. SYSU-IACUC-2019-000261) and was conducted

according to International Guiding Principles for

Biomedical Research Involving Animals of International

Council for Laboratory Animal Science (ICLAS).19

Twenty-four male Sprague–Dawley (SD) rats (200–250 g)

were purchased from the Guangdong Medical Laboratory

Animal Center (Foshan, China). Four rats each were housed

in a cage with controlled temperature, humidity, and light

exposure and ad libitum access to water and food.

At the end of the 1-week quarantine period, rats were

randomly divided into 2 groups (n=12 per group): healthy

rats and DM rats. The DM rats received intraperitoneal

(i.p.) injections of streptozotocin (52 mg/kg; MP

Biomedicals, USA), whereas healthy rats received an

equal volume of citrate buffer (pH=4.2–4.4; Zhongnan

Chemical Reagent, Guangzhou, China) via i.p. injections.

Random blood glucose (RBS) levels were measured in

blood samples obtained from the animal’s tail vein using

a glucometer (Johnson & Johnson, USA) on the 5th day

after the injection. During this period, the animals were

closely monitored daily. Eventually, 12 animals with RBS

higher than 300 mg/dL were selected for the DM model.

Surgical Procedures
Rats were anesthetized with intraperitoneal injection of

sodium pentothal. Subsequently, the distal end of the femur

was surgically exposed and an implant was placed in each

femur. Different modified surfaces of Ti implant were

implanted until their complete embedment in the cortical

bone. Post implantation, the muscles and skin were sewn

carefully in layers. Intramuscular injections of penicillin

(80,000 U/day) were administered postoperatively for 3

days. After healing for 4 and 8 weeks, 12 rats were eutha-

nized by CO2 overdose and the femurs with different mod-

ified surfaces of the Ti implants were harvested and stored in

4% paraformaldehyde for further evaluation.

Micro-CT Scan
To evaluate osteogenesis on different modified surfaces of

Ti implant in the DM conditions, we undertook a micro-

CT scan of the femur with the implant. Samples were

detected by a micro-CT scanner (X-TEK XTV 160H,

Nikon, Japan) under the conditions of 120 kV and 83 μA
integration time. The bone volume over total volume (BV/

TV) was evaluated in VG studio Max 3.0.2 (Volume

Graphics Company, Germany).

Statistical Analysis
Statistical analysis was conducted using SPSS 23.0 (IBM,

USA). Continuous variables were expressed as mean ±

standard deviation. After the normal distribution test,

between-group differences were assessed using One-way

ANOVA followed by LSD test. P values < 0.05 were

considered indicative of statistical significance.

Results
Cell Adhesion and Proliferation Abilities

on Different Modified Ti Surfaces
In Figure 1A–C, at a lower magnification of 2000×, the

MP and TNT groups appeared to have relatively smooth

surfaces, whereas the SLA group showed a rough surface.

At a high magnification of 50,000×, parallel shallow

scratches were observed in the MP group, and the SLA

group presented a pit-like structure of different sizes. The

TNT group was composed of well-ordered nanotubes with

a uniform diameter of approximately 80 nm.

The adhesion ability of MC3T3-E1 on the different mod-

ified Ti surfaces under normal and high-glucose conditions is

shown in Figure 1D and E. Compared with the normal

glucose (5.5 mM group) conditions, there was significant
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impairment of the adhesion ability of pre-osteoblasts on all 3

Ti surfaces under high-glucose levels on 1-h and 3-h culture.

We detected no differences among the high-glucose groups

with respect to adhesion on different modified Ti surfaces,

with the exception of the SLA group. After culture for 1 h, we

found that the 22-mM glucose medium significantly inhibited

the adhesion ability of the SLA group. Compared with the

SLA group, the TNT group showed significantly higher cell

adhesion ability on culture in 5.5 mM (p < 0.05) glucose

medium, but without any differences in the high-glucose

culture. There was a time-dependent adhesion pattern on

different modified Ti surfaces under all glucose conditions.

As shown in Figure 2A–C, the cell proliferation ability on

different modified Ti surfaces was significantly inhibited in

a concentration-dependent pattern. The SLA group showed

higher inhibition of proliferation than the other groups under

different glucose concentrations and time periods. Compared

with the SLA group, cell proliferation in the TNT group was

significantly higher under all glucose concentrations after 3

and 5 days of culture. Moreover, as shown in Figure 2D–G,

there was a time-dependent proliferation pattern on different

modified Ti surfaces under all glucose conditions. The pro-

liferation ability of pre-osteoblasts in the SLA group was

significantly lower than that of the TNT group under all

glucose concentrations on days 3 and 5. These results indi-

cate that high glucose concentrations inhibited cell adhesion

and proliferation on different modified Ti surfaces.

Osteogenetic Ability on Different

Modified Ti Surfaces in vitro
ALP – an early marker of osteoblasts differentiation – was

measured by immunofluorescence staining and Western blot

analysis. As shown in Figures 3 and 5, compared with the

results under normal glucose level (5.5 mM), the expression

of ALP on all 3 different modified Ti surfaces appeared to be

lower under the high-glucose level (22 mM); this finding

indicated that high glucose levels inhibited ALP expression

on different modified Ti surfaces. Furthermore, compared

with the SLA group, the expression of ALP in TNT group

was significantly higher under both normal and high-glucose

conditions. This suggested that the TNT surface, compared

with the SLA surface, could alleviate the inhibition of ALP

expression under high-glucose conditions.

The expression of OPN, a mid-termmarker of osteoblasts

differentiation, is shown in Figures 4 and 5. The expression

of OPN on different modified Ti surfaces was significantly

decreased under high-glucose conditions. Furthermore, com-

pared with the SLA group, the expression of OPN in TNT
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Figure 1 High-glucose conditions inhibited cell adhesion on different modified Ti surfaces. (A–C) The surface topography of different modified titanium (Ti) surfaces by

scanning electron microscope: (A) mechanical polishing surface (MP), (B) sandblasted and acid-etched surface (SLA), and (C) TiO2 nanotubes surface (TNT). (D, E) Cell
adhesion assay on different modified Ti surfaces under different glucose concentrations after 1 and 3 h of incubation. High glucose inhibited cell adhesion on the SLA or TNT

surfaces. *p < 0.05, **p < 0.01.
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group was higher under both normal-glucose and high-

glucose conditions. Thus, under high-glucose conditions,

the TNT surface attenuated the inhibition of OPN expression

compared with the SLA surface.

On Alizarin Red staining, compared with normal-

glucose conditions, we found less calcific nodules on

different Ti-modified surfaces under high-glucose condi-

tions on both 14 days and 21 days (Figure S1A,

Figure 6A). Semi-quantitative analysis showed that the

absorbance value of high-glucose samples was lower

than that of normal-glucose samples; this indicated that

high glucose inhibited the mineralization level on dif-

ferent modified Ti surfaces. Furthermore, compared with

the SLA group, more calcific nodules were found on the

TNT surface under both normal- and high-glucose con-

ditions; in addition, the absorbance value of the TNT

Figure 3 High-glucose conditions inhibited ALP expression on different modified Ti surfaces. (A) The immunofluorescence staining of ALP observed by confocal scanning

laser microscopy after osteogenic induction for 7 days. (B) Semi-quantitative analysis of the ALP immunofluorescence staining by Image J. High glucose levels inhibited ALP

expression on different modified Ti surfaces, and TNT surface could alleviate the inhibition of ALP expression under high-glucose conditions. **p < 0.01, ***p < 0.001. Scale

bar = 50 µm.
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Figure 2 High-glucose conditions inhibited cell proliferation on different modified Ti surfaces. (A–G) The cell proliferation on different modified Ti surfaces under different

glucose concentrations after 1, 3, and 5 days’ culture. High-glucose levels inhibited cell proliferation on different modified Ti surfaces. There was a concentration- and time-

dependent proliferation pattern on different modified Ti surfaces. *p < 0.05, **p < 0.01, ***p < 0.001.
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group was significantly higher than that of the SLA

group on both 14 days and 21 days (Figure S1B,

Figure 6B); this indicated the TNT surface weakened

the inhibition of mineralization when compared with the

SLA surface under high-glucose conditions. Moreover,

there was a time-dependent mineralization pattern in the

MP and TNT group under normal glucose conditions

(p < 0.05).

Figure 4 High-glucose levels inhibited OPN expression on different modified Ti surfaces. (A) The immunofluorescence staining of OPN observed under confocal scanning laser

microscopy after osteogenic induction for 14 days. (B) Semi-quantitative analysis of the OPN immunofluorescence staining by Image J. High-glucose conditions inhibited OPN

expression on different modified Ti surfaces, and TNT surface could attenuate the inhibition of OPN expression under high-glucose conditions. *p < 0.05. Scale bar = 50 µm.
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Figure 5 Western blot analysis of the expressions of ALP and OPN on different modified Ti surfaces. (A) Results of Western blot analysis showing the expressions of ALP

and OPN after osteogenic induction for 7 days. (B) Quantitative analysis of ALP/β-actin. (C) Quantitative analysis of OPN/β-actin. *p < 0.05, **p < 0.01. There was no

significant difference between the two groups under normal or high-glucose conditions without *.

Figure 6 High-glucose conditions inhibited osteogenesis on different modified Ti surfaces. (A) The Alizarin Red staining on different modified Ti surfaces after osteogenic

induction for 21 days under high-glucose conditions. (B) Semi-quantitative analysis of the Alizarin Red staining for 21 days. High-glucose conditions inhibited the

mineralization level on different modified Ti surfaces. The TNT surface could alleviate the inhibition of mineralization when compared with the SLA surface under high-

glucose conditions. The Alizarin Red staining for 14 days on different modified Ti surfaces is shown in Figure S1. **p < 0.01, ***p < 0.001.
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Mitochondrial Membrane Potential and

Cell Apoptosis on Different Modified Ti

Surfaces
The mitochondrial membrane potential on different

modified Ti surfaces was detected using the JC-1

probe. As shown in Figure 7A, high-glucose states

significantly reduced the mitochondrial membrane

potential of MC3T3-E1 on different modified Ti sur-

faces. This indicated that high glucose promoted early

apoptosis of pre-osteoblasts. Furthermore, compared

with the SLA group, the mitochondrial membrane

potential of the TNT group was higher under both

normal- and high-glucose conditions; this indicated

that the TNT surface can alleviate early apoptosis of

pre-osteoblasts when compared with the SLA surface

under high-glucose conditions.

The proportion of apoptotic cells detected by the

Annexin V/PI apoptosis kit is shown in Figure 7B

and C. Compared with the normal-glucose samples, the

apoptosis rate was significantly increased (p < 0.05) on

different modified Ti surfaces in the high-glucose group,

indicating that high glucose levels increased the apoptosis

of MC3T3-E1 on different modified Ti surfaces.

Moreover, the apoptosis rate of the TNT group was sig-

nificantly lower than that of the SLA group under both

normal- and high-glucose conditions (Figure 7C); this

indicated that the TNT surface reduced the apoptosis rate

of pre-osteoblasts when compared with the SLA surface

under high-glucose conditions.
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Figure 7 High-glucose conditions decreased mitochondrial membrane potential, led to cell apoptosis, and induced excess intracellular ROS on different modified Ti

surfaces. (A) The mitochondrial membrane potential determined by the red/green fluorescence intensity ratio in JC-1 staining. (B) Cell apoptosis detected with Annexin V–

FITC/PI double-staining using flow cytometry. (C) Statistical analysis of the apoptosis rate on different modified Ti surfaces. Results showed that high-glucose conditions

promoted cell apoptosis on different modified Ti surfaces. (D) Detection of intracellular ROS level on different modified Ti surfaces with the relative DCF fluorescence

intensity as measured by flow cytometry. The average value of ROS in the MP-5.5-mM group is 1. Results showed that high-glucose conditions induced excess intracellular

ROS level on different modified Ti surfaces, and the TNT surface could produce less oxidative stress than the SLA surface. *p < 0.05, **p < 0.01, ***p < 0.001. There was no

significant difference between the two groups under normal or high-glucose conditions without *.
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Intracellular ROS Level and Activity of

Total SOD on Different Modified Ti

Surfaces
The intracellular ROS expression of MC3T3-E1 is shown

in Figure 7D. Compared with the normal-glucose condi-

tions, the mean fluorescence intensity of ROS on different

modified Ti surfaces was higher under high-glucose con-

ditions. Furthermore, compared with the TNT group,

a two-fold increase of fluorescence intensity was observed

in pre-osteoblasts of the SLA group under both normal-

glucose and high-glucose conditions (p < 0.001); this

implies that the TNT surface induced lesser oxidative

stress on the surface as compared to the SLA surface.

The total SOD activity was analyzed to determine the

intracellular antioxidant capacity in each group. As shown in

Figure S2, compared with the normal-glucose samples, the

total SOD activity of the high-glucose samples increased in

the TNT group (p < 0.001) whereas it decreased in the SLA

group (p< 0.01).Moreover, comparedwith the SLAgroup, the

total SOD activity in the TNT group was lower under normal-

glucose and higher under high-glucose conditions; this indi-

cated the TNT surface has potential antioxidant capacity.

Antioxidant NAC Alleviated Cell

Apoptosis Rate and Intracellular ROS

Level Induced by High Glucose on

Different Modified Ti Surfaces
The mitochondrial membrane potential on different mod-

ified Ti surfaces following NAC treatment is shown in

Figure 8A. Compared with the high-glucose conditions,
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Figure 8 NAC treatment alleviated the inhibition of high-glucose conditions on different modified Ti surfaces. (A) The mitochondrial membrane potential after NAC

treatment determined by the red/green fluorescence intensity ratio in JC-1 staining. (B) Cell apoptosis after NAC treatment detected with Annexin V-FITC/PI double-

staining using flow cytometric analysis. (C) Statistical analysis of the apoptosis rate after NAC treatment of different modified Ti surfaces. (D) Detection of intracellular ROS

level after NAC treatment of different modified Ti surfaces, with the relative DCF fluorescence intensity measured by flow cytometry. The average value of ROS in the MP-

22 mM group is 1. The results showed that the higher apoptosis rate and intracellular ROS level induced by high glucose on different modified Ti surfaces reduced after NAC

treatment. *p < 0.05, **p < 0.01, ***p < 0.001.
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after NAC treatment, the mitochondrial membrane poten-

tial on different modified Ti surfaces was significantly

increased; this indicated that NAC treatment attenuated

the early apoptosis on different modified Ti surfaces

under high-glucose conditions. In addition, the mitochon-

drial membrane potential of the TNT surface was higher

than that of the SLA surface under both high-glucose

conditions and after NAC treatment.

Post NAC treatment, the proportion of apoptotic cells

was detected by the Annexin V/PI apoptosis kit.

Compared with the high-glucose groups, the apoptosis

rate of the NAC treatment groups on different modified

Ti surfaces was significantly decreased (Figure 8B and C);

this indicated that NAC treatment reduced the apoptosis

rate on different modified Ti surfaces under high-glucose

conditions. Moreover, compared with the SLA surface, the

apoptosis rate of the TNT surface was lower after NAC

treatment (p < 0.05; Figure 8C).

The intracellular ROS production of pre-osteoblasts

after NAC treatment, as measured by DCFH-DA fluores-

cence, is shown in Figure 8D. Compared with the high-

glucose groups, the mean fluorescence intensity of ROS on

different modified Ti surfaces was lower after NAC treat-

ment; this indicated that NAC treatment reversed ROS

production on different modified Ti surfaces under high-

glucose conditions. Compared with the SLA surface, the

ROS production on the TNT surface was significantly

lower under both high-glucose conditions and after NAC

treatment (p < 0.001).

In vivo Osteogenetic Ability of Ti

Implants with Different Modified Surfaces
To evaluate the osteogenetic ability of Ti implants with the

different modified surfaces in rats with DM, we undertook

micro-CT scanning and analysis of the harvested femurs.

As shown in Figure 9A, the cortical bone thickness around

the implants in the DM group was thinner than that in the

control group after 4 and 8 weeks of implantation. Areas

with low bone mineral density were found around the

implants with the MP and SLA surfaces. Uniform and

dense new bone was observed surrounding the implants

that had a TNT surface. Figure 9B represents the peri-

implant bone volume ratio; the DM group had a lower

BV/TV% than the control group in the same period. The

group of implants with the TNT surface presented the

highest BV/TV% when compared with the groups of

implants with the SLA and MP surfaces. Moreover, the

BV/TV% of all groups at 8 weeks was higher than that at 4

weeks, indicating a time-dependent variation.

Discussion
DM is a metabolic disease characterized by hyperglycemia

due to insulin insensitivity or deficiency. Because of the

much slower osseointegration and lower survival rate of
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Figure 9 Osteogenetic ability of Ti implants with different modified surfaces in-vivo. (A) Scanning images of micro-CT after implantation in the DM rat model for 4 and 8

weeks. The white part on the left is the Ti implant, the gray part on the right is the bone tissue, and the black part between the two is the low-density shadow. (B) The BV/

TV% of micro-CT after implantation in the DM rat model for 4 and 8 weeks. Results showed that the thickness of the cortical bone around the implants of the DM group

was thinner than that in the control group after 4 and 8 weeks of implantation. More dense new bone was observed surrounding the implants with the TNT surface. *p <
0.05, **p < 0.01, ***p < 0.001.
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dental implants in patients with DM, Ti implants are con-

traindicated in patients with DM. The reported implant

survival rate for patients with type 1 and 2 DM was 80%

and 90.5%, respectively.11 Chambrone and Palma indi-

cated that patients with poorly controlled type 2 DM

were more likely to suffer from peri-implantitis and mar-

ginal bone loss.20 Furthermore, marginal bone loss, prob-

ing-induced bleeding, and peri-implant pocket depth

increased in relation with higher levels of glycated hemo-

globin (HbA1c).21

Ti, with its favorable biocompatibility, mechanical prop-

erties, and corrosion resistance, has been widely used in the

field of biomedicine implants such as dental implants. As the

binding strength is closely related with the surface properties

of the implant, several surface modification techniques have

been developed to improve the biocompatibility of dental

implants; these include, discrete crystalline deposition, SLA,

micro-arc oxidation, and anodization.22–25 Some studies

have investigated the osteogenesis induced by the use of

these different modified Ti surfaces under the DM condi-

tions. Zhou et al reported that, compared with mechanically

polished Ti implants, implants with hydroxyapatite coating

and SLA surface modification may increase bone integration

in rats with type 2 DM;26 however, other researchers have

found that implants with an SLA surface had a lower bone-

implant contact rate than those with SLA active surfaces

under DM conditions.27 Feng et al fabricated a honeycomb-

like Ti6AL4V implant designed by CAD software; they

demonstrated that the osteoblasts on porous Ti surface were

suppressed under DM conditions.28 Chen et al and Li et al

evaluated the osseointegration of the chitosan-coated porous

Ti alloy implant; they found that the chitosan coating mark-

edly improved the diabetes-induced impaired bioperfor-

mance of Ti.29,30 There are other methods for modification

of the dental implant surface to improve osseointegration

under high-glucose conditions, including ultraviolet light

pretreatment31 and NAC loading.32 However, many of the

studies have yielded contradictory findings or involved

comparisons only on micro-scale surface. Besides, these

modification methods were reported to be time- and labor--

consuming; moreover, these showed weak coating-substrate

binding strength.

Recently, considerable attention has been devoted to the

generation of TNT through electrochemical anodization.14

In one of our previous studies, we found that the roughness

and water contact angle of the SLA surface were signifi-

cantly higher than that of the TNT surface. Compared with

the SLA surface, the TNT surface had a larger surface area

as well as better hydrophilicity and protein adsorption capa-

city; this enhanced the cell adhesion, proliferation, and

osseointegration abilities.13 The reported zeta potential of

three Ti surfaces (MP, acid-etched, TNT) at PH 7.4 was

−10–-15mV,33,34 −20–-24 mV,35 and −30–-35mV,36 respec-

tively. In addition, there was no difference in the zeta

potential of nanotubes with different diameters.36 Amani

et al showed that surface charge played an important role

in cell survival.37 Li et al reported enhanced bioactivity on

the TiO2 surface with more negative zeta potential.38

Referring to the zeta potential of the different modified Ti

surfaces reported in the above articles in conjunction with

the results of the present study, we found that the lower the

zeta potential of the surface, the stronger the osseointegra-

tion ability. Moreover, the inner diameter of nanotubes in

our study was 80 nm, which is the same as that in

a previous study.13 Several studies have demonstrated the

critical impact of the diameter of the nanotubes on cell

proliferation and differentiation.14,39 Nanotubes with small

diameter were found beneficial for adhesion and prolifera-

tion of osteoblasts, while nanotubes with large diameter

were found to greatly increase osteogenic differentiation.40

Ajami et al demonstrated that the osteogenetic ability under

hyperglycemic conditions could be abrogated by the

addition of nano-topographical features to an underlying

micro-topographically complex implant surface.9 Yu et al

demonstrated that, compared with the small-diameter TNT

specimen, the cellular behavior of large-diameter TNT spe-

cimens was better under high oxidative stress.40,41

Similarly, in this study, under high-glucose conditions, the

TNT surface with a diameter of approximately 80 nm

provided good biocompatibility and osteogenetic ability

compared with the SLA surface.

Subsequent studies on the mechanism of osteogenetic

inhibition in DM have reported a direct association between

the duration of diabetes and poor bone healing.42–46 Ajami

et al provided evidence of delayed bone healing – both

formation and remodeling of reparative trabecular bone –

under hyperglycemic conditions.9 Moreover, the mineraliza-

tion process of osteoblasts was altered under high-glucose

conditions. García-Hernández et al showed that the miner-

alization level in high-glucose conditions was lower than that

in the normal glucose conditions, and was in an immature

state.47 The pathogenetic mechanism for this may be that DM

increases the rate of apoptosis of osteoblasts, reduces osteo-

blast differentiation, and enhances bone resorption by ROS

overproduction.48–50 ROS plays an important role as an

inflammatory mediator by inducing oxidative stress, thus
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leading to the development of many pathological conditions.

The excessive production of ROS can disrupt the balance

between intracellular oxidative stress and antioxidant stress,

leading to cell dysfunction and apoptosis.51 Several studies

have shown that the overproduction of ROS accounts for the

inhibition of bone healing on the different modified surfaces

under high-glucose conditions.44,52,53 Moreover, it has been

reported that the degradation byproducts of implanted mate-

rials produced oxidative stress by stimulating inflammatory

reactions, which could lead to excessive, persistent oxidative

stress and, ultimately, chronic inflammation. Therefore, suc-

cessful biomaterials require a precise balancing of both oxi-

dative stress and antioxidant defense.54

A previous study found that the roughness of the TNT

surface was significantly less than that of the SLA surface

and slightly higher than that of the MP surface.13 Studies

have demonstrated that a rough surface is more likely to

produce degradation byproducts when it comes in contact

with the surrounding tissue, thereby attracting inflammatory

cells and producing ROS.55 Boyan et al demonstrated that

the number of living cells on the surface of the material is

inversely proportional to the surface roughness.56 In this

study, the cell proliferation of the TNT surface was higher

than that of the SLA surface but similar to that of the MP

surface. The latter may be attributable to the lack of any

significant difference in the mitochondrial membrane poten-

tial and intracellular ROS level between MP surface and

TNT surface, resulting in a similar apoptosis rate between

the two groups, as shown in Figure 7. In the later cell

differentiation process, in addition to surface roughness

and intracellular ROS level, other surface properties (such

as surface hydrophilicity and surface morphology) may

have a synchronous effect on the cell biological behavior.

Although the amount of living cells on MP surface and

TNT surface were similar, the results of osteogenesis test

showed that the osteogenesis ability of the TNT group was

significantly higher than that of the MP group. The reason

may be that the nano-morphology and the nano-scale rough-

ness of the TNT surface are similar to the size of the signal

particles of the extracellular matrix, to provide

a morphological signal for cell recognition of the surround-

ing biological microenvironment and biomaterials.15

The results of the present work showed that high-

glucose states led to excess production of ROS, which

inhibited cell adhesion and proliferation, decreased mito-

chondrial membrane potential, and induced cell apoptosis.

Compared with the SLA surface, the TNT surface demon-

strated favorable biocompatibility and osteogenesis

in vitro and in vivo by producing less ROS under DM

conditions. Furthermore, the TNT surface conferred

a better antioxidant ability through production of

a higher total SOD level to balance the expression of

ROS, and ultimately alleviated the inhibition of osteogen-

esis in high-glucose states. Therefore, the TNT surface can

potentially be applied in patients with DM for favorable

osseointegration.

Conclusion
High glucose levels inhibited cell adhesion and prolif-

eration, decreased mitochondrial membrane potential,

and led to cell apoptosis on different modified Ti sur-

faces. Compared with the SLA surface, the TNT surface

alleviated the inhibition of osteogenesis under DM con-

ditions through lesser production of ROS and potential

antioxidant effect. The TNT surface provides a more

suitable therapeutic strategy for improving osteogenesis

and reducing implant failure in patients with DM.
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