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Abstract: Improvement of poor implant osseointegration
under diabetes is always a poser in clinics. The purpose of this
study was to investigate the effect of TiO2 nanotubes (TNTs)
and self-assembled minTBP-1-IGF-1 on implant osseointegra-
tion in type 2 diabetes mellitus (T2DM) rats. There were four
groups, the control group, the TNTs group, the minTBP-1-IGF-1
group, and the minTBP-1-IGF-1-TNTs group. The atomic force
microscopy and scanning electron microscope (SEM) results
showed that 500 nm nanotubes were formed by anodic oxida-
tion and minTBP-1-IGF-1 could self-assemble into almost all
nanotubes. ELISA assay confirmed that more protein was
adsorbed on TNTs surface. The contact angle of the minTBP-
1-IGF-1-TNTs group was the lowest, confirmed that the hydro-
philicity was the highest. The double fluorescence staining
was used to evaluate the mineral apposition rate (MAR) at

early stage and the MAR of the minTBP-1-IGF-1-TNTs group
was the highest. Micro-CT images displayed that bone formed
around the minTBP-1-IGF-1-TNTs implant was the most homo-
geneous and dense, and the quantitative analysis of these
images at 12 weeks also confirmed these results. The cross-
section SEM results showed that the connection between bone
and minTBP-1-IGF-1-TNTs implant was the tightest. All results
demonstrated that minTBP-1-IGF-1-TNTs can significantly
improve low implant osseointegration under T2DM condition.

Keywords: nanotube, osseointegration, implant, T2DM, pep-
tide aptamer

1 Introduction

Implants have been used to replacemissing teeth by achieving
stability through close contact with bone (osseointegration),
therefore bone quality and quantity around implant are par-
ticularly important [1,2]. However, in some pathological con-
ditions, such as diabetic patients, the osseointegration may be
impaired because of the poor bone quality and quantity [3].
Diabetes mellitus (DM) is characterized by high concentration
of blood glucose, and type 2 diabetes mellitus (T2DM) accounts
for about 90–95% of all diagnosed cases of DM [4]. T2DM is
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currently one of the most common systemic diseases affecting
implant therapy [3]. T2DM individuals may have reduction in
differentiation and proliferation of osteoblasts, which in turn
can weaken the expression of bone-matrix genes and cripple
production of new bone [5–8].

The latest progress in surface modification of implants
is believed to improve bone integration in patients with
metabolic disorders, which can impair bone healing [9].
The surface modification can increase bone formation
around implant [10]. In recent years, TiO2 nanotubes
(TNTs) prepared through anodic oxidation have attracted
much attention as they simulate the basic nanoscale
structure of bone and exhibit excellent biocompatibility
and osseointegration ability [11]. Several studies have
confirmed that Ti specimens modified by TNTs exhibit
improved cell adhesion and proliferation ability, alkaline
phosphatase activity, and bone mineralization [12]. Mean-
while, recent studies have attempted to use TNTs for drug
delivery and local administration. Drugs along with TNTs
represent an emerging new trend in implantable thera-
peutics [13].

TNTs have been extensively explored owing to their
fainter in vivo immunogenicity, easy preparation, highly
controllable topography, mechanical stiffness, chemical
resistivity, high loading capability, and eminent surface-
to-volume ratio [14–16]. To date, a lot of studies have con-
centrated on loading hollow TNTs with various therapeutic
drugs such as, bone morphogenetic protein 2, metformin,
paclitaxel, and vancomycin [17–19]. Insulin-like growth fac-
tors 1 (IGF-1), which is considered to participate in the
regulation of blood glucose and play a central role in
bone remodeling, is produced and reserved in bone matrix
[12]. Furthermore, IGF-1 can adjust bone formation and
remodeling by influencing the survival and proliferation
of osteoblasts [20–22]. In this study, we use protein recom-
bination technology to integrate TiO2 aptamer minTBP-1
with IGF-1, which not only can self-assemble into TNTs
but also possess the therapeutic effect of improving bone
quality. MinTBP-1 (RKLPDA), a novel peptide aptamer, has
been affirmed to possess the high affinity with TiO2, which
can connect with TiO2 like a “glue” to introduce bioactive
molecules [23–25]. In order to effectively carry the macro-
molecular protein IGF-1, we connected three minTBP-1 to
the N-terminal of IGF-1 [26], which can automatically self-
assemble into TNTs.

In this study, TNTs arrays were formed on dental
implant surface by anodic oxidation, and these TNTs
provided empty spaces for self-assembled minTBP-1-
IGF-1 loading. The effects of TNTs and minTBP-1-IGF-1
on bone-implant osseointegration were investigated in
T2DM rats.

2 Materials and methods

2.1 Materials processing and surface
characterization

Cylindrical screwed Ti implants (1.5mm2 × 3.5mm, Zhong
Bang Corporation, Xi’an, China) were divided into four groups:
the control group (machined surface), the TNTs group, the
minTBP-1-IGF-1 group, and the minTBP-1-IGF-1-TNTs group.
All samples were ultrasonically washed with acetone, ethyl
alcohol, and deionized water for 30min sequentially. For
TNTs array, Ti implants were anodized at 10 V for 60min in
an electrolyte solution consisting of HF:H2O at a ratio of 1:99wt
%. Then these samples were washed with deionized water
followed by a gentle ultrasonication and sterilized under
ethylene oxide. For minTBP-1-IGF-1 self-assembling, machined
implants or anodized implants were completely covered by
the minTBP-1-IGF-1 solution with a concentration of 1 μg/mL
for 6 h at room temperature [15]. Morphological features were
characterized by an atomic force microscopy (AFM, Vecco
Instrument Dimension, Icon) and field emission scanning elec-
tron microscope (FE-SEM, JEOL JSM-6460).

2.2 Water contact angle test

The surface hydrophilicity was measured by contact angle
measurements employing Automatic Contact Angle Meter
Model SL200B (Solon, Shanghai, China) at room tempera-
ture. The test was conducted on a flat surface of the upper
part of the implant. Droplet volume is 1 μL.

2.3 Assaying adsorbed modified IGF-1s

The adsorbed amount ofminTBP-1-IGF-1 was quantified applying
a Human IGF-1 ELISA development kit (PeproTech, Rocky Hill,
NJ). To measure the amount of adsorbed protein, specimens
were submerged into protein solution for 30min, 1, 6, and
24 h at room temperature. Then the specimens were intro-
duced into 5M urea, 0.2M HCl, and 0.1% Tween-20 for
30min. This eluate was deliquated 1:20 in PBS containing
0.1% BSA before implementing ELISAs.

2.4 Animal model of type 2 diabetes,
intraperitoneal glucose tolerance test
(IPGTT), and insulin tolerance test (ITT)

The design and implementation of the experiment were
consented by the Animal Ethics Committee of Air Force
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Medical University (052/2019) and reported according to
the ARRIVE guidelines with respect to relevant items [27].
The male Sprague-Dawley (SD) rats (260–300 g, 9 weeks
old) were purchased from the animal holding center of
the university. As per previous research, a high-carbohy-
drate–high-fat diet (comprising 48% carbohydrate, 20%
protein, and 22% fat, with total calories of 44.3 kJ/kg) and
low-level (30 mg/kg) streptozotocin intraperitoneal injec-
tion were implemented into 24 SD rats to elicit T2DM [28].

During the experiment, the weight of rats was mea-
sured and the weight changes of normal rats and T2DM
rats were compared.

For IPGTT, rats were fasted overnight for 15 h, and
were administered with glucose load (1.5 g/kg) through IP
injection. Blood was collected from the tail vein for glucose
measurements at 0, 10, 20, 30, 60, 90, and 120 min after
glucose injection and calculated the area under the curve
(AUC) [29].

For ITT, rats were fasted overnight for 15 h. The same
cohort of rats were injected with insulin at a dose of 2.5 U/kg
bw i.p. and then blood was drawn from the tail vein for
glycemia measurements at 0, 15, 30, 60, and 120min after
insulin administration and calculated the AUC.

The body weight, IPGTT, and ITT of six normal rats
were measured for comparison with the T2DM rats.

2.5 In vivo implantation

Each rat was anaesthetized with diazepam and pentobar-
bitalnatrium. Four kinds of implants were implanted into
T2DM rat distal femurs at random (Figure 1). After sur-
gery, penicillin was injected daily at a dose of 4WU/kg for
5 days.

2.6 Measurement of mineral apposition
rate (MAR)

T2DM rats were subcutaneously injected with tetracycline
(15 mg/kg, Sigma, USA) and calcein (10 mg/kg, Sigma) at 4
and 8 weeks after implantation. After execution, samples
were cleaned of soft tissue and fixed in 70% ethanol, then
dehydrated and embedded with acrylic resin. The hard
tissue embedded block was properly trimmed and sec-
tioned with a slicer (Leica 2500e, Leica Company). Three
slices were obtained for each sample. There were six slices
per group. Then, 10 µm thick hard tissue sections were
observed under an E-800 fluorescent microscope (Nikon).
The ImagePro Plus analysis system was applied to measure
the distance between the two labeled fluorescence lines. A
grid of crosses was laid over the image and where a grid
point met one of the fluorescent bands, the distance was
measured from that point to the nearest point on the next
band. A minimum of ten measurements were recorded for
each slice, and the final value was an average of these
measurements. The MAR was calculated by dividing the
distance between the two labels by the interlabeling period
in days [5].

2.7 Longitudinal, in vivo micro-CT evaluation

Micro-CT (Inveon, Siemens, Germany; 80 kV, 500 μA, 900ms
integration time) scanning at a resolution of 21 μm was per-
formed after anesthesia in T2DM rats at 4, 8, and 12 weeks
after implantation. The scanning area included bone within
a radius of 1.5 mmwith the implant midline as the axis. Bone
volume/total volume (BV/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), bone surface/bone volume (BS/
BV), and trabecular separation (Tb.Sp) were determined.

Figure 1: Procedure of implantation surgery.
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2.8 SEM/energy dispersive spectrometer
(EDS) analysis of cross-sections

Few specimens of each group were embedded in acrylic
resin, and then intersected intermediately. The cross-sec-
tion surfaces were characterized by SEM/EDS. The EDS
analysis results were only used for qualitative analysis.

2.9 Statistical analysis

The data were expressed as mean ± standard deviation and
subjected to normality testing. The statistical significance
of differences was determined by one-way analysis of var-
iance and Tukey’s multiple comparison tests using SPSS
16.0 statistical software. Probabilities of less than 0.05
were accepted as significant.

3 Results and discussion

3.1 Surface characterization

To study the surface topography, the interface was ana-
lyzed by AFM and SEM. The control group exhibited a
coarse surface, many gullies (Figure 2(a), (b), and (i)). After
protein adsorption, Ti surface was almost covered by pro-
tein, but the adsorbed protein on Ti was uneven (Figure
2(e), (f), and (j)). The AFM images (Figure 2(c) and (d)) of the
TNTs samples presented uniformly distributed nano-pro-
trusions; the SEM images (Figure 2(k)) revealed that the
highly ordered TNTs were achieved and the nanotubes’ dia-
meter was about 500 nm. The nanotube windowswere clean
and open. When minTBP-1-IGF-1 was loaded, it can be seen
from Figure 2(l) that the fusion protein self-assembled into
almost every nanotube. And it demonstrated that the nano-

Figure 2: Surface characterization of the modified implant surface: (a) and (b) AFM images of the machined surface, (c) and (d) AFM images of the
TNTs surface, (e) and (f) AFM images of the minTBP-IGF-1 surface, (g) and (h) AFM images of the minTBP-1-IGF-1-TNTs surface, (i)–(l) SEM images of the
machined, minTBP-1-IGF-1, TNTs, and minTBP-1-IGF-1-TNTs surface (scale bars: 500 nm), and (m) and (n) SEM images of TNTs and minTBP-1-IGF-1-TNTs
(scale bars: 5 μm).
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morphology was still visible even after protein adsorption.
At low magnification, well-aligned and clean nanotubes can
be seen on Ti surface after anodized oxidation (Figure 2(m));
moreover, the nanotubes have been completely covered by
protein evenly after protein adsorption (Figure 2(n)). The
roughness of the four groups revealing Ra (nm) values
from Table 1 was 15.03 (control group), 62.83 (TNTs group),
6.37 (minTBP-1-IGF-1 group), and 14.31 (minTBP-1-IGF-1-TNTs
group) in average, respectively.

3.2 Water contact angle test

The surface wettability of interface was characterized by
water contact angle measurement. Water contact angle mea-
surement results showed that surface wettability changed
from 76.2 ± 6.1° (control group) to 27.6 ± 3.2° (TNTs group),
25.2 ± 4.6° (minTBP-1-IGF-1 group), and 13.5 ± 2.7° (minTBP-1-
IGF-1-TNTs group), receptively. These results confirmed that
the minTBP-1-IGF-1 and TNTs improved surface hydrophilicity

(Figure 3) and the minTBP-1-IGF-1-TNTs surface showed the
highest hydrophilicity (Table 2).

3.3 Assaying adsorbed modified IGF-1s

After immersion for 24 h, the densities of the minTBP-1-IGF-1
adsorbed on machined Ti surface (Table 3) were 587 ± 67ng/cm2,
whereas the densities of minTBP-1-IGF-1 adsorbed on TNTs surface
were 726 ± 58ng/cm2. But there was no significant difference
between the 6 and 24h protein adsorption on the two surfaces
within group as shown in Figure 4. Therefore, the soaking time of
the specimens in the protein solution was set at 6h.

3.4 Construction of the type 2 diabetes
model, IPGTT, and ITT

Throughout the experiment, the blood glucose level of the
SD rats was stable at around 18.6 mmol/L after diabetes

Table 1: Ra values of surface roughness of the four experimental groups

Group Ra (nm)

Control group 15.03 ± 2.62
TNTs group 62.83 ± 6.44**
minTBP-1-IGF-1 group 6.37 ± 2.14**
minTBP-1-IGF-1-TNTs group 14.31 ± 3.95

*p < 0.05, **p < 0.01, n = 10.

Figure 3: Water contact angle of the modified interfaces. *p < 0.05, **p < 0.01, n = 10.

Table 2: Water contact angle of the four experimental groups

Group Water contact angle (°)

Control group 76.2 ± 6.1
TNTs group 27.6 ± 3.2**
minTBP-1-IGF-1 group 25.2 ± 4.6**
minTBP-1-IGF-1-TNTs group 13.5 ± 2.7**

*p < 0.05, **p < 0.01, n = 10.
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induction and their weight had significantly increased
(Figure 5(e), Table 4).

For the purpose of analyzing glucose tolerance in each
group, IPGTTs were performed. The plasma glucose increased
to a maximum after 30min of glucose administration i.p. in
both normal and diabetic rats (Table 5), but this increase was
higher in diabetic rats (p < 0.01) (Figure 5(a)). There was alto-
gether delay of glucose clearance in diabetic rats, with glucose
levels remaining elevated for 120min (p < 0.01) after glucose
administration. AUC (Figure 5(b)) of blood glucose during the
IPGTT was more than twice as much as in normal rats (3245.4
vs 1452.0mmol/L, _120min in average, p < 0.001, Table 6),
thereby qualifying for characterization as glucose intolerance.

To investigate the differences in insulin sensitivity, an
ITT was performed. For ITT (Figure 5(c), Table 7), there was
a rapid decline in plasma glucose up to 30 min of insulin
administration in normal SD rats. But plasma glucose
remained higher in diabetic rats (p < 0.01) at all time-points
up to 120min. The higher AUC (Figure 5(d)) was measured in
T2DM rats than that in the normal rats (1835.3 vs 334.0mmol/
L, _120min in average, p < 0.001, Table 6), characterizing the
rats as insulin resistant.

The model rats had the characteristics of hypergly-
cemia and insulin resistance, which indicated that these
rats were successfully modeled T2DM [4,6]. The micro-CT
evaluation demonstrated that femurs of T2DM rats showed
obvious osteoporosis (Figure 5(f)).

3.5 Measurement of MAR

Figure 6 shows fluorescence microscopic images of early
bone formation around the implant. From Figure 6(d), the
minTBP-1-IGF-1-TNTs group had the widest fluorescence
spacing, followed by the minTBP-1-IGF-1 group (Figure
6(c)) and the TNTs group (Figure 6(b)), and the control
group had the smallest spacing (Figure 6(a)). From Figure
5(e), the MAR value of the control group (Table 8) was the
lowest (0.71 ± 0.19 μm/day), followed by the TNTs group
(0.88 ± 0.22 μm/day) and the minTBP-1-IGF-1 group (1.27 ±

0.31 μm/day), and the highest was the minTBP-1-IGF-1-TNTs
group (1.86 ± 0.39 μm/day).

3.6 In vivo micro-CT evaluation

The micro-CT reconstructed images (Figure 7(a)–(d)) clearly
demonstrated the architectural changes in trabecular bone
around the implant. At each time point, the thickness of the
newly formed bone surrounding the implant was obviously
denser and more homogeneous in the minTBP-1-IGF-1-TNTs
group than those in the other groups. At the 12th week, the
bone formed around the machined/TNTs/minTBP-1-IGF-1
implant was inconsistent and sparse, while the bone formed
in the minTBP-1-IGF-1-TNTs group was continuous and
dense. The BV/TV, Tb.Th, Tb.N, BS/BV, and Tb.Sp were
quantified 12 weeks after implantation (Figure 7(e)–(i)
and Table 9). Increase of BV/TV, Tb.Th, and Tb.N and decrease
of BS/BV and Tb.Sp indicated vigorous bone growth. Among
the four groups, the minTBP-1-IGF-1-TNTs group had the
highest values in BV/TV, Tb.N, and Tb.Th, and the lowest
values in BS/BV and Tb.Sp.

3.7 SEM/EDS analysis of cross-sections

The SEM micrographs (Figure 8) of cross-Section 4 and 8
weeks after implantation showed that in the control group
(Figure 8a) there was clear gap between bone and implant.
After being modified by TNTs (Figure 8b), minTBP-1-IGF-1
(Figure 8c), and minTBP-1-IGF-1-TNTs (Figure 8d), the gap

Table 3: Amounts of adsorbed minTBP-1-IGF-1 on machined Ti surfaces
and TNTs surface

Time Machined Ti (ng/cm2) TNTs (ng/cm2)

30 min 280.9 ± 45.8 312.9 ± 28.4
1 h 533.3 ± 39.0** 544.9 ± 51.0**
6 h 571.9 ± 72.4** 702.4 ± 47.2**
24 h 587.1 ± 67.4** 726.3 ± 58.5**

*p < 0.05, **p < 0.01, n = 10.

Figure 4: Amounts of adsorbed minTBP-1-IGF-1 on machined Ti surfaces
and TNTs surface were estimated. *p < 0.05, **p < 0.01, n = 10.
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Table 4: Body weight changed with time from the beginning to the end
of experiment

Time (weeks) Normal SD (g) T2DM SD (g)

1 280 ± 11 280 ± 19
5 380 ± 13 425 ± 14
7 408 ± 14 420 ± 14
11 550 ± 10 430 ± 10*
15 680 ± 16 450 ± 15**
19 809 ± 17 475 ± 15**

*p < 0.05, **p < 0.01, n = 6.

Figure 5: (a) Plasma glucose during IPGTT in rats 4 weeks after injection, (b) AUC of IPGTT assessment, (c) percentage of initial glucose level during ITT
in T2DM and normal SD rats, (d) AUC of ITT assessment, (e) body weight changed with time from the beginning to the end of experiment, and (f)
micro-CT scan of epiphysis of femoral shaft. *p < 0.05, **p < 0.01, n = 6.

Table 5: Plasma glucose during IPGTT in rats 4 weeks after injection

Time (min) Normal SD (mol/L) T2DM SD (mol/L)

0 4.8 ± 0.6 19.8 ± 0.8
30 26.1 ± 0.9 31.3 ± 1.2
60 11.1 ± 0.7 28.3 ± 1.1**
90 6.5 ± 0.8 26.8 ± 0.9**
120 5.2 ± 0.7 25.1 ± 1.2**

*p < 0.05, **p < 0.01, n = 6.
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between the implant and bone became smaller. And it can
be clearly seen that minTBP-1-IGF-1-TNTs group (Figure 8d)
has the smallest gap between the implant and bone tissue.

The SEM micrographs (Figure 9(a)–(d)) of cross-sec-
tions 12 weeks after implantation showed that in the con-
trol group there was clear gap between the bone and
implant. After being modified by TNTs, minTBP-1-IGF-1,
and minTBP-1-IGF-1-TNTs, the gap between the implant
and bone became smaller. In particular, the bone and implant
were in close contact with each other in the minTBP-1-IGF-1-
TNTs group. The EDS analysis of the cross-section (Figure
9(f)–(i)) showed that contents of calcium and phosphor ele-
ments increased in order of the control group, the TNTs
group, the minTBP-1-IGF-1 group, and the minTBP-1-IGF-1-
TNTs group. The result of a linear element scanning across
the bone–implant interface of the minTBP-1-IGF-1-TNTs group
(Figure 9e) showed the enrichment of calcium, phosphorus,
and oxygen ions at the interface.

Table 7: Plasma glucose during ITT in rats 4 weeks after injection

Time (min) Normal SD (mol/L) T2DM SD (mol/L)

0 5.2 ± 0.6 19.9 ± 0.8
15 3.1 ± 0.8 19.8 ± 1.1
30 0.8 ± 0.2 18.0 ± 1.2**
60 2.1 ± 0.4 14.5 ± 1.1**
90 3.2 ± 0.6 12.8 ± 0.9**
120 4.6 ± 0.9 10.9 ± 0.9*

*p < 0.05, **p < 0.01, n = 6.

Table 6: AUC of IPGTT and ITT assessment

IPGTT ITT

Normal SD T2DM SD Normal SD T2DM SD

1452.0 ± 49.9 3245.4 ± 79.5** 334.0 ± 41.3 1835.3 ± 38.1**

*p < 0.05, **p < 0.01, n = 6.

Figure 6: (a)–(d) Fluorescence microscopic images of bone formed around the implant after labeling with alizarin red (red) and calcitrin (green) at 4
and 8 weeks (magnification ×10). (e) MAR was determined by a fluorescent microscope; *p < 0.05, **p < 0.01, n = 6.

Table 8: MAR was determined by a fluorescent microscope

Group Water contact angle (°)

Control group 0.71 ± 0.19
TNTs group 0.88 ± 0.22
minTBP-1-IGF-1 group 1.27 ± 0.31**
minTBP-1-IGF-1-TNTs group 1.86 ± 0.39**

*p < 0.05, **p < 0.01, n = 6.
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Figure 7: (a)–(d) Micro-CT images at 4, 8, and 12 weeks after implantation. (e)–(i) Micro-CT statistical analysis of BV/TV, Tb.Th, Tb.N, BS/BV, and Tb.Sp
12 weeks after implantation; *p < 0.05, **p < 0.01, n = 6.

Table 9: Micro-CT statistical analysis of BV/TV, Tb.Th, Tb.N, BS/BV, and Tb.Sp 12 weeks after implantation

Group BV/TV Tb.Th Tb.N BS/BV Tb.Sp

Control group 21.7 ± 2.6 28.3 ± 4.7 2.1 ± 0.2 9.6 ± 0.4 423.2 ± 23.5
TNTs group 25.2 ± 4.1 46.7 ± 6.6** 3.5 ± 0.2** 8.9 ± 1.2 354.1 ± 21.3**
minTBP-1-IGF-1 group 34.8 ± 3.8** 51.2 ± 6.2** 3.7 ± 0.3** 8.1 ± 0.9** 319.5 ± 10.9**
minTBP-1-IGF-1-TNTs group 39.5 ± 4.9** 61.8 ± 7.3** 4.3 ± 0.4** 7.9 ± 0.3** 316.8 ± 19.8**

*p < 0.05, **p < 0.01, n = 9.
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4 Discussion

Despite the extensive use of titanium, and the considerably
growing body of studies on the advancement of new tita-
nium surfaces and/or modification of available surfaces,
implant osseointegration in medically compromised patients
still remains a challenge. T2DM is currently the quite common
systemic disease affecting implant success [3]. T2DM is char-
acterized by high blood glucose and insulin resistance. In this
study, we established a T2DM rat model, which was con-
firmed to have the characteristics of hyperglycemia and
insulin resistance by ITT and IGTT assay (Figure 5(a)–(d)).
When normal and T2DM rats were injected with high glucose
solution and insulin intraperitoneally, the blood glucose of
the T2DM rats was significantly higher than that of the
normal rats. The above results confirmed that we successfully
prepared the T2DM rat model. In this study, we selected rats
as research animals. The reasons are as follows: first, rats are
cost-effective and easy to handle, second, its development
process and anatomical structure are similar to those of
human beings, third, the rat model allows standardized
experimental procedure, and finally, the implantation was
performed at the distal femur of rats, because there are a
large number of cancellous bones, whose tissue structure is
similar to that of human jaw, which is easy to operate and
observe. At present, embedding the implant into the rat tibia
for implant observation has been reported in many litera-
ture [3,4,28].

A growing body of evidence indicates that impaired
osteoblast-mediated microstructure defects and poor bone
quality by T2DM is the important reason for low osseointe-
gration [3]. Our experiment also affirmed that osteoporosis
occurred in T2DM rat through the micro-CT examination

(Figure 5(f)). Because of the important role of IGF-1 in pro-
moting osteoblast differentiation and mineralization under
diabetic condition [25,26], we had prepared a recombinant
minTBP-1-IGF-1 for improving implant osseointegration.
MinTBP-1 is a TiO2 specific nucleic acid aptamer, which
has high affinity with TiO2. Therefore, the recombinant
protein can be automatically adsorbed on the implant
surface. Through previous in vitro experiments, we con-
firmed that the recombinant protein can effectively play
the biological function of IGF-1 [23]. In order to effectively
increase the loading amount of the functional proteins,
anodized TNTs were introduced as protein carriers. The
preparation of TNTs layer can be easily integrated into
the Ti and Ti-alloy implant to increase drug loading and
sustained release [13]. The AFM and SEM images showed
that the highly ordered TNTs were achieved and the nano-
tube windows were clean and open. Compared to the
amount of the protein adsorbed on the Ti surface, the
adsorption amount of fusion protein on the TNTs modi-
fied surface was greatly increased. The main reason was
that TNTs have high ratio surface areas [13].

Wettability of the modified surface has been known as
a significant factor to control the dynamic interactivity
between implanted surface and blood or serum in vivo
[29,30]. Osteoblasts do not directly interact with bioma-
terial surface, instead they interact with adsorbed proteins
from blood or serum. Therefore, the surface with high
hydrophilicity is conducive to protein adhesion and subse-
quent cell adhesion, spreading, and osteogenic expression
[4,31]. The surface hydrophilicity from high to low was the
minTBP-1-IGF-1-TNTs surface, the minTBP-1-IGF-1 surface,
the TNTs surface, and the machined surface. Therefore, we
speculated that because of the highest hydrophilicity, the

Figure 8: Cross-section SEM photomicrographs 4 and 8 weeks after implantation (n = 6).
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Figure 9: (a)–(d) Cross-section SEM photomicrographs, (e) line scan analysis of minTBP-1-IGF-1-TNTs group, and (f)–(i) EDS analysis of Ti–implant
interfaces 12 weeks after implantation, n = 6.
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minTBP-1-IGF-1-TNTs surface was best for osteoblast adhe-
sion and spreading, and the subsequent formation and
mineralization of bone tissue.

Osseointegration is a prerequisite for successful implant
repair, and it often takes 3–6 months after implantation
[32,33]. For oral implants, it has become the key to shorten
the osseointegration cycle and improve the osseointegration
rate by modifying the implant surface. Poor early osseointe-
gration is considered to be one of the main reasons for
implant failure [34]. Therefore, we observed the osseoindu-
cibility in the early stage around the modified implants
through observing the distance between the two fluorescent
drugs. Previous studies have suggested that the bone-to-
implant contact is impaired in patients with DM because
the bone formed around implant is incomplete and
delayed and the newly formed bone is immature and
poorly organized [31,35,36]. It can be seen from Figure
6(a) that the fluorescence spacing of the two colors was
the closest, indicating that the formation of bone tissue
was the least. And it is clearly seen that the formation of
early mineralized bone tissue in the minTBP-1-IGF-1-
TNTs group (Figure 6(d)) was more than that in the
TNTs group (Figure 6(b)) and the minTBP-1-IGF-1 group
(Figure 6(c)), which was not only due to the preparation
of nanotubes, but also due to the loading of recombinant
IGF-1 on implant surface.

Osseointegration is the direct contact between living
bone and the surface of a load-bearing synthetic implant,
without the interposition of non-bone tissue. Since the
direction of 2D slice around the central axis of the implant,
the change of tissue morphology measurement is about
30–35%, so one slice of each sample is considered insuffi-
cient to fully determine the bone implant contact [37,38].
Micro-CT imaging is fast, non-destructive, and allows three-
dimensional evaluation. Butz et al. [39] compared the cor-
relation between micro-CT and histological imaging for
cortical and cancellous bones at distances of 0–24, 24–80,
80–160, and 160–240 µm from the implant surface. It also
confirmed that this method has revealed to be a feasible
alternative to current bone regeneration quantification
methods [40]. In order to confirm the effect of different
modification methods on the whole period of implant
osseointegration, we used micro-CT for qualitative and
quantitative analysis. It has been confirmed that the struc-
ture and morphology of nanotubes can promote the early
response of osteoblasts and facilitate the early bone forma-
tion around implants [1,11]. The micro-CT results (Figure
7(a) and (b)) showed that the TNTs modified implant could
improve the implant osseointegration under T2DM condi-
tion. However, compared with the TNTs group, the bone
formed around the implant in the minTBP-1-IGF-1 group

and the minTBP-1-IGF-1-TNTs group (Figure 7(c) and (d))
from 4 to 12 weeks was more abundant. The highest value
of BV/TV, Tb.Th, and Tb.N and the lowest value of BS/BV
and Tb.Sp also confirmed that the most bone tissue was
formed around the implant in the minTBP-1-IGF-1-TNTs
group (Figure 7(e)–(i)). Tb.Sp value is related to the stability
of bone volume around the implant and a high Tb.Sp value
demonstrates that bone resorption is more likely to occur
around the implant [2]. Among all groups, the minTBP-1-
IGF-1-TNTs group had the lowest Tb.Sp value, which indi-
cated that the combination of minTBP-1-IGF-1 and TNTs can
effectively enhance the bone maintenance around the
implant. In humans, IGF-1 and its binding proteins have
positive roles in the acquisition of peak bone mass and the
maintenance of bone mineral density [14]. Reduced expres-
sion of IGF-I resulted in attenuation of the bone mineraliza-
tion in diabetic rats and low circulating levels of IGF-1 are
associated with osteoporosis and fracture [15,16]. Numerous
studies have highlighted the potential of IGF-1 to induce
bone regeneration; local administration of IGF-1 has been
shown to augment new bone formation and promote brid-
ging bone defects in vivo [41,42]. In this study, it was con-
firmed that the effect of combined use of minTBP-1-IGF-1
and TNTs in promoting osteogenesis was significantly better
than that of minTBP-1-IGF-1 or TNTs alone, and TNTs can be
used as an effective carrier of minTBP-1- IGF-1. It can also be
confirmed from the cross-section SEM of the implant and
bone that the implant in the minTBP-1-IGF-1-TNTs group had
the closest cohesion to the bone tissue (Figures 8 and 9), and
the EDS scanning that hydroxyapatite was formed on the
contact surface (Figure 9). Although the analysis of SEM
and EDS in this section was qualitative, both indicated
that the minTBP-1-IGF-1-TNTs group can effectively promote
the formation of bone tissue around the implant in T2DM
condition.

5 Conclusion

Low implant osseointegration under T2DM condition is a
thorny problem in clinical practice. While the minTBP-1-
IGF-1-TNTs is a brand-new method to solve this problem,
which is not only effectively enhancing the bone formation
around the implant in the short term, but also significantly
improving the long-term osseointegration.
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