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Abstract: For several decades, titanium and its alloys have been commonly utilized for 

endosseous implantable materials, because of their good mechanical properties, chemical 

resistance, and biocompatibility. But associated low bone mass, wear and loss characteristics, 

and high coefficients of friction have limited their long-term stable performance, especially in 

certain abnormal bone-metabolism conditions, such as postmenopausal osteoporosis. In this 

study, we investigated the effects of platelet-rich plasma (PRP) treatment and TiO
2
 nanoporous 

modification on the stability of titanium implants in osteoporotic bone. After surface morphology, 

topographical structure, and chemical changes of implant surface had been detected by scan-

ning electron microscopy (SEM), atomic force microscopy, contact-angle measurement, and 

X-ray diffraction, we firstly assessed in vivo the effect of PRP treatment on osseointegration of 

TiO
2
-modified implants in ovariectomized rats by microcomputed tomography examinations, 

histology, biomechanical testing, and SEM observation. Meanwhile, the potential molecular 

mechanism involved in peri-implant osseous enhancement was also determined by quantitative 

real-time polymerase chain reaction. The results showed that this TiO
2
-modified surface was able 

to lead to improve bone implant contact, while PRP treatment was able to increase the implant 

surrounding bone mass. The synergistic effect of both was able to enhance the terminal force of 

implants drastically in biomechanical testing. Compared with surface modification, PRP treat-

ment promoted earlier osteogenesis with increased expression of the RUNX2 and COL1 genes 

and suppressed osteoclastogenesis with increased expression of OPG and decreased levels of 

RANKL. These promising results show that PRP treatment combined with a TiO
2
-nanomodified 

surface can improve titanium-implant biomechanical stability in ovariectomized rats, suggesting 

a beneficial effect to support the success of implants in osteoporotic bone.

Keywords: TiO
2
 nanotubes, PRP, titanium implants, ovariectomized rats

Introduction
For several decades, titanium and its alloys have been commonly utilized for endosseous 

implanted materials, because of their good mechanical properties, chemical resistance, 

and biocompatibility. But associated low bone mass, wear and loss characteristics, 

and high coefficients of friction have limited their long-term stability, especially in 

certain abnormal intraosseous conditions, such as postmenopausal osteoporosis, which 

is characterized by low osseous mass and microenvironmental disruption of bones.1–3 

Under these circumstances, the stability of implants depends on two aspects: 1) the 

osseous microenvironment around the implant, resting with the quality and quantity 

of the bone substance; and 2) the osseointegration (OI) of the implant, defined as the 

performance of direct bone–implant interface bonding.4 Many attempts, such as drug 
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therapy, chemical modification, and surface roughening, have 

been made to enhance implant stability in osteoporotic bone, 

but the results are still less than satisfactory.5–7

Over the course of the past few years, major strides have 

been made in TiO
2
-nanosystem surface modification, due to 

a lot of significant progress in electrochemistry, catalysis, 

energetics, and corrosion.8–10 Many researchers have applied 

electrochemical anodization technique to create TiO
2
 nano-

tubes or nanopores on the surface of biomaterials to stimulate 

cell proliferation, cell adhesion, or mineralization of osteo-

blasts in vitro, and have achieved some good results.11–13 

In addition, it has been proved that TiO
2
 nanotubes can 

generate better OI in vivo, due to their biomimetic scale and 

bone-resembling elasticity.14 However, the effects of TiO
2
 

on titanium implant stability under osteoporotic conditions 

are still largely unknown.

Platelet-rich plasma (PRP) is defined as a concentration of 

platelets within the small plasma fraction of autologous blood, 

and can be produced through many methods.15 There are high 

quantities of some key growth factors, PDGF-AB, TGFβ
1
, 

VEGF, and many other cytokines.16 According to the literature, 

PRP has a definite effect in improving bone healing. Some 

encouraging results from animal studies have also proved the 

promising effect of PRP on osteogenesis.17,18 In addition, PRP 

has been demonstrated to promote bone regeneration and to 

suppress adipogenesis within the marrow of ovariectomized 

(Ovx) senescence-accelerated mice.19,20 However, whether 

PRP treatment can accelerate the surrounding bone mass of 

titanium implants in osteoporotic bone remains unknown.

Therefore, the present study aimed to explore the syn-

ergistic effect of TiO
2
 nanoporous modification and PRP 

treatment on titanium-implant stability in osteoporotic bone. 

The in vitro properties of the sample surface were determined 

by scanning electron microscopy (SEM), atomic force 

microscopy (AFM), X-ray diffraction (XRD), and hydro-

philic testing. Then, the titanium rod-shaped implants were 

positioned into the proximal tibial metaphysis and medul-

lary canal of Ovx rats and divided into four groups: control 

implant without any other treatment (group A); anodized 

TiO
2
 nanoporous implant (group B); control implant with 

PRP treatment (group C); and anodized TiO
2
 nanoporous 

implant with PRP treatment (group D). Twelve weeks 

after operation, the proximal tibiae containing implants 

were evaluated by microcomputed tomography (micro-CT) 

examinations, histology, biomechanical testing and SEM 

observation. Meanwhile, the potential molecular mechanisms 

involved in peri-implant osseous enhancement were also 

determined by quantitative reverse-transcription polymerase 

chain reaction (qRT-PCR).

Materials and methods
Preparation of samples
A total of 96 cylindrical titanium implants (length 12 mm, 

diameter 0.9 mm) were employed as base materials for fur-

ther surface treatments. After being processed in acetone, 

alcohol, and deionized water, all the samples were dried 

at 45°C for further treatment; 48 cylinders were used as 

the control group, while 48 were prepared by a hydro-

thermal procedure to create TiO
2
 nanotubes. A one-step 

anodization to prepare the samples was completed using 

an Autolab PGSTAT302N electrochemical workstation 

(Metrohm AG, Herisau, Switzerland). The 48 implants of 

the treatment group were separately etched in a mixture of 

HNO
3
:HF:H

2
O at a ratio of 14:6:80 for 12 hours. A plati-

num plate and a sample were then placed to the anode 

and cathode of a direct current power generator. The TiO
2
 

nanotubes were manufactured in a 20 wt% H
2
O glycerol 

solution and 0.5 wt% NH
4
F, at continuous pulse power for 

1 hour (24 V and 24 mA/cm2) and a 0.02-millisecond cycle. 

All samples were cleaned in distilled water and sterilized 

by autoclaving.

Surface characterization
The morphology and topography of the sample surface was 

scanned by field-emission SEM (Inspect F; FEI, Hillsboro, 

OR, USA) and AFM (Nanoscope MultiMode & Explore SPM; 

Veeco Instruments Inc., Plainview, NY, USA). Meanwhile, 

surface roughness was routinely characterized by AFM, which 

proceeded under tapping mode in ambient air with a scan 

size of 5×5 μm2 and a scan rate of 0.7016 Hz. The root mean 

square, Z-range, and surface-area difference were calculated 

using the NanoScope imaging software. Ten different zones 

for each group of implants were measured for statistical analy-

sis. Hydrophilic tests were conducted in the conventional way. 

Photographs of a spherical water droplet on the surface were 

taken, and the contact angles (CAs) were surveyed. The XRD 

pattern was determined by an X’Pert Pro MPD diffractometer 

(Philips, Amsterdam, the Netherlands). The speed of scanning 

was set at 0.75°/min, and the angle range was carried out at 

10°–80° for phase-composition analysis.

PrP preparation
PRP was separated from human whole blood, which was 

obtained from the Yantai Blood Center, using the MCS® 

blood cell-separation system (Haemonetics Corporation, 

Braintree, MA, USA). A standard two-step centrifugation 

protocol was applied, and the PRP was stored at -20°C 

after precipitation (Figure S1).21 To confirm the quality of 

usable PRP and the consistency of different groups, TGFβ
1
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was utilized as a purified calibrator for concentrated PRP 

according to data from previous studies.15,19 Finally, relative 

density was established at 750 pg/mL, which has proved 

optimal for cell proliferation and osteogenic differentiation 

in previous research.16,22

animals and surgical procedures
A total of 48 female Sprague Dawley rats (age 3 months, 

weight 210–230 g) were obtained from the Animal Research 

Center of Sichuan University and randomly assigned into 

four groups. All rats were raised under climate-controlled 

conditions (25°C, 55% humidity, and 12 hours of light 

alternating with 12 hours of darkness) and fed a standard 

diet. All animal care and experiments were approved by 

the Ethics Review Committee of West China School of 

Stomatology, Sichuan University. Ethical and legal approval 

was obtained prior to the commencement of this study. All 

animal care and experiments were guided in line with the 

standards of the Animal Research Committee of the West 

China School of Stomatology, Sichuan University, and 

conducted in accordance with international guidance on 

animal welfare.

Implantation was carried out 12 weeks after bilateral 

ovariectomy, when the standard osteoporotic animal had 

been established. Detailed methods can be found in previ-

ous work of ours.3 Briefly, all animals were narcotized by 

abdominal injections of ketamine and local anesthesia of 

lidocaine. After the tibia was surgically exposed, a 1 mm 

hole was made vertically along the axis of the bone. Both 

0.9% NaCl solutions and PRP (0.1 mL/leg) were directly 

injected into the bone marrow cavity of the hind tibia. Then, 

the implants were placed into the medullary canal of both 

tibiae, as shown in Figure 1A. Cefazolin (10 mg/kg) injec-

tion was administered intramuscularly for 3 days after the 

operation to control infection.

After these processes, these rats were divided into 

the following groups: group A, control implant without 

any other treatment; group B, anodized TiO
2
 nanoporous 

implant; group C, control implant with PRP treatment; 

and group D, anodized TiO
2
 nanoporous implant with PRP 

treatment.

Micro-CT evaluation
At 12 weeks after implantation, the specimens (n=8 

specimens per group) were scanned by a high-resolution 

micro-CT scanner system (μCT 80; Scanco Medical AG, 

Brüttisellen, Switzerland). For the best X-ray transmission 

effect and the appropriate signal-to-noise ratio, the relevant 

parameters (voltage, electric current, and integration time) 

Figure 1 schematic of evaluation methodology.
Notes: (A) Position of inserted implants; (B) volume of interest (VOI) of micro-CT 
evaluation; (C) VOI zone of histological analysis.
Abbreviation: cT, computed tomography.

were set to 70 kV, 120 μA and 700 ms. The isotropic layer 

thickness of reconstruction was set to 10 μm. To distinguish 

the implant and bone from other tissues, multilevel thresholds 

were applied. The threshold value for bone was set at 200, 

while for implants it was set at 700. To suppress the noise 

points in the volumes as much as possible, the constrained 

Gaussian filter value was maintained at σ=1. 2 and sup-

port =1 in peripheral quantitative evaluation. The bone sec-

tion around implants from 1.5 mm below the growth plate 

to a distal 60 slices with a ring radius of 250 μm from the 

implant surface was defined as the volume of interest (VOI; 

Figure 1B). The following properties of the cancellous bone 

in the VOI zone were calculated: the bone volume (BV) per 

total (specimen) volume (TV), connectivity density (ConnD), 

mean trabecular number (Tb.N), mean trabecular separation 

(Tb.Sp), and the percentage of OI.

histological analysis
At 12 weeks after implantation, rats were killed by overanes-

thesia, and tibiae with implants were harvested. The specimens 

(n=7 specimens per group) were examined for undecalcified 

dissections. Firstly, the tibiae containing implants were fixed 

in 4% formalin-buffered solution for 3 days. Next, these speci-

mens were rinsed by distilled water and progressively dehy-

drated in a graded series of ethanol (20%, 40%, 60%, 75%, 

90%, and 100%). Subsequently, all samples were impregnated 

in methyl methacrylate and finally embedded in modified 
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poly(methyl methacrylate) resin (Technovit 7200 VLC; Exact 

Apparatebau GmbH, Norderstedt, Germany). After resin 

hardening, each specimen was longitudinally sectioned in 

80 μm-thick slices using a rotary cutting saw (SP1600; Leica 

Microsystems, Wetzlar, Germany). Then, all histologic slices 

were ground to approximately 50 μm with a Leica SP2600 and 

burnished by a polishing machine (MetaServ 2000; Buehler 

Ltd, Lake Bluff, IL, USA). Tissue slices were stained in 

1% Van Gieson staining solution. The histological evalua-

tion was performed under a Leica DM-RBE microscope on 

sections approximately 2 mm below the epiphyseal plate. 

The following landmarks were surveyed: bone:area ratio 

(BA), measured as the percentage of mature bone to the 

whole tissue region, which was defined within a ring area 

extending 250 μm from the implant surface (Figure 1C);  

and bone:implant contact (BC), calculated as the percentage 

of the linear fraction of mineralized bone in direct contact 

with the implant interface. A semiautomated digitizing image-

analyzer system, consisting of a computer-coupled Nikon 

(Tokyo, Japan) DXM1200 digital camera and NIS-Elements 

F2.20 image software was used for image analysis.

Biomechanical testing
After micro-CT scanning was finished, biomechanical testing 

was carried out on these specimens (n=8 specimens per group) 

to assess implant/bone-bonding strength. Peak torque values 

(N/mm2) and forces at start of rotation (N) were recorded with 

the help of a biomechanical measuring instrument (BSC30; 

Ningbo Yinbo Scientific Equipment, Ningbo, People’s 

Republic of China). Epiphyseal bone was dissected to expose 

the implant, and the tissues formed on the mesial surface 

were removed. A self-curing plastic mold was used to fix the 

sample. The compression speed was set at 1 mm/min.

SEM observation of divorced implants
After the biomechanical test, the divorced implants from 

the tibia were collected for SEM observation. All samples 

were fixed in 2.5% glutaraldehyde overnight. After that, the 

implants were washed with phosphate-buffered saline and 

dehydrated with alcohol of varying concentration gradients 

(35%, 50%, 70%, 90%, and 100%). The prepared samples 

were then dried employing an EMS 850 critical point dryer 

(Electron Microscopy Sciences, Hatfield, PA, USA) and 

coated with a thin gold film for SEM detection.

Quantitative real-time PCR analysis
The osseous tissues surrounding the implant (1 mm mesial and 

distal to the implantation site) were collected for qRT-PCR 

testing to explore the potential molecular mechanisms 

involved in OI after 1, 7, and 14 days (n=9 specimens per 

group). The expression of adipogenic and osteogenic fac-

tors, including PPARγ2, leptin, Runx2, Col1, OPG, and 

RANKL, were detected. Tissues were carefully harvested, 

and total RNA was isolated with the help of the RNeasy 

minikit (Qiagen NV, Venlo, the Netherlands). At 260 nm 

absorbance, RNA concentration was detected using a Nano-

Drop spectrophotometer (ND-1000; Thermo Fisher Scientific, 

Waltham, MA, USA). Reverse transcription was performed, 

and complementary DNA (cDNA) was synthesized using up 

to 1 μg of isolated RNA, by a first-strand cDNA-synthesis 

kit (Takara, Tokyo, Japan) according to the manufacturer’s 

protocol. The qRT-PCR assay was performed using a Quanti-

Fast SYBR green PCR kit (Qiagen). GAPDH was employed 

as a housekeeping gene, and the primer sequences used in 

this study are listed in Table S1.

statistical analysis
Data expressed as mean ± standard deviation were analyzed 

using the SPSS 16.0 software (SPSS, Chicago, IL, USA). 

One-way analysis of variance and the Student–Newman–

Keuls test were used to determine the level of significance. 

P0.05 was considered statistically significant, and P0.01 

considered highly significant.

Results and discussion
surface characteristics
Representative SEM images of the control implant and the 

anodized TiO
2
 nanoporous implant are shown in Figure 2. 

SEM examinations clearly depicted the surface topography 

of anodized TiO
2
 nanoporous implants (Figure 2F). The 

surface of anodized TiO
2
 nanoporous implants was covered 

with a large amount of nanosize holes (20–60 nm in radius, 

10–40 nm in height), which were distributed uniformly 

and extensively (Figure S2). Qualitative results by AFM 

are shown in Figure 3, and quantitative roughness analysis 

is presented in Table 1. Photographs of a spherical water 

droplet on surfaces were taken with a CA of 84°±5.7° on 

control implants and a flat water film with a CA of 28°±3.6° 

on TiO
2
 nanoporous modified implants (Figure 2G and H). 

The XRD pattern of TiO
2
 nanoporous samples is shown in 

Figure 4, with the presence of both Ti and TiO
2
 phases from 

the substrate, indicating that the electrochemical anodization 

treatment resulted in the formation of TiO
2
 nanopores on the 

original titanium surface.

Surface morphology, phase composition, and interface 

energy are three key factors influencing the osteoconduction 
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Figure 2 The SEM micrographs of the titanium samples at different magnifications.
Notes: (A–C) Untreated implant; (D–F) TiO2 nanoporous implant; (G) static contact angle on untreated implant samples; (H) static contact angle on TiO2 nanoporous 
implant samples.
Abbreviation: seM, scanning electron microscopy.

Figure 3 aFM graphs of TiO2 nanoporous implant samples and untreated implant samples at different magnifications.
Notes: (A) 3-D surface topography of TiO2 nanoporous implant samples; (B–D) 3-D reconstruction of TiO2 nanoporous implant surface topography; (E) 3-D surface 
topography of untreated implant samples; (F–H) 3-D reconstruction of untreated implant surface topography.
Abbreviation: aFM, atomic force microscopy.

and biological activity of implant coatings. For surface topo-

graphy, these are significantly affected by magnitude. Pores 

that are too small (30 nm) are supposed to cause potential 

cell cytotoxicity, and may be detrimental for cell adhesion 

and proliferation or even result in cell apoptosis.23 In this 

study, nanosize was used, because appropriate diameter 

has been reported to possess the ability to accelerate bone 

growth (50–100 nm diameter, 10–60 nm height).24,25 After 

the anodizing modification, a much rougher surface was 

obtained on the TiO
2
 nanoporous implants, with root mean 

square increased by 2.73-fold (P0.01), the Z-range by 

2.08-fold (P0.01) and surface-area difference by 3.11-fold 
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(P0.01). Meanwhile, hydrophilia was greatly improved due 

to the anatase TiO
2
 nanoporous surface, with a CA decrease 

of more than 50°. Accordingly, these changes could prove 

advantageous for OI.26

Clinical observation
No death or infection was found postoperatively. After dis-

section and harvest of the whole tibia, the implants from four 

groups all remained inside the proximal marrow cavity of the 

tibiae. Cortical bone healing was observed after 3 months of 

implantation, and surgical holes were restored completely in 

all four groups.

Micro-CT evaluation
To evaluate the OI of implants and new bone formation around 

the implant, micro-CT analysis was performed. The images 

and results of quantitative analysis are shown in Figure 5. 

The implants are marked in white and the bone in gray in 

the image. A significant difference in the quantity of bone 

in the VOI was surveyed in transverse and sagittal images. 

BV around implant surfaces in the bone marrow cavity of 

group D was obviously higher than that in the other groups. 

With regard to the quantitative results, the micromorphology 

of tibiae in group A was characterized by the lowest values 

in BV/TV (22.91%), %OI (28.23%), ConnD (21.42%), and 

Tb.N (3.36), but the highest value in Tb.Sp (432.68 μm). 

Compared to group A, values in BV/TV, ConnD, and Tb.N 

were significantly higher in group C (P0.05), while %OI 

was improved simultaneously for group B (P0.05). As to 

group D, there was greater restoration in bone apposition 

around implants, with a robust increase in BV/TV (49.62%), 

%OI (70.13%), ConnD (48.32%) and Tb.N (10.63), but the 

lowest value in Tb.Sp (165.28 μm).

histological analysis
Stained histological sections and results from histomorpho-

metry presented as BA and BC are shown in Figure 6. After 

a 12-week period of bone healing around implants, a BA of 

9.33% and a BC of 12.11% were observed in group A, while 

BA values in group B, group C, and group D were 12.52%, 

35.66%, and 52.91%, and BC values 65.68%, 18.41%, and 

79.67%, respectively. Group D showed the highest potency in 

enhancing BA (P0.05), while group C was next (P0.05). 

In addition, there was no significant difference between 

group A and group B (P0.05), and these groups were the 

two lowest. However, in terms of BC values, BC for groups 

B and D was similar (P0.05), but significantly higher than 

groups A and C (P0.05).

No adverse effects (such as osteonecrosis or inflamma-

tory responses) were observed in the clinical inspection and 

histological figures after 12 weeks’ implantation, indicating 

good biocompatibility of all implants in Ovx rats. Histologi-

cal detection and micro-CT evaluation showed all implants 

remained in the tibias at the initial operating position, and no 

sign of loosening or dislocation had taken place, demonstrat-

ing that the implants were able to connect bones well under 

all these circumstances. Quantitative analyses revealed that, 

both for %OI and BC level, groups B and D were higher 

than groups A and C, indicating the beneficial effects of 

TiO
2
 nanoporous modification, which was consistent with 

results from previous studies.27,28 In the meantime, BV around 

implants of groups C and D was similar but significantly 

higher compared to that for groups A and B, reflecting the 

ability of PRP to increase the amount of bone mass sur-

rounding implants in Ovx rats, which might be explained 

by the fact that PRP treatment mainly exerted its action via 

promoting bone regeneration and suppressing adipogenesis 

within the marrow.19

Biomechanical analysis
Results of biomechanical analysis are exhibited in Table 2, 

expressed as ultimate shear strength and maximal push-out 

Table 1 Evaluation of 3-D surface topography of control implants 
and TiO2 nanoporous implants

Sample Parameters

Surface 
roughness (nm)

Vertical 
range (nm)

Surface-area 
difference (%)

control implants 26.96±3.73 128.47±33.46 7.82±2.13
TiO2 implants 66.52±4.28* 359.62±41.22* 29.51±3.63*

Notes: *P0.05. Data expressed as mean ± standard deviation; n=10 specimens 
per group.

θ °
Figure 4 XRD pattern of TiO2 nanoporous implant samples and untreated implant 
samples.
Abbreviation: XRD, X-ray diffraction.
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Figure 5 The transverse and longitudinal micro-CT images of proximal tibiae (A) and quantitative evaluation results after implantation for 12 weeks (B).
Notes: *P0.05 vs group a; #P0.05 vs group B; $P0.05 vs group c. (a) group a; (b) group B; (c) group c; (d) group D. group a, control implant without any other 
treatment; group B, anodized TiO2 nanoporous implant; group C, control implant with PRP treatment; and group D, anodized TiO2 nanoporous implant with PrP treatment. 
Error bars represent standard deviation.
Abbreviations: CT, computed tomography; BV, bone volume; TV, total volume; OI, osseointegration; ConnD, connectivity density; Tb.N, trabecular number; Tb.Sp, 
trabecular separation; PRP, platelet-rich plasma.

force. At 12 weeks after implantation, the mechanical 

fixation of the implants in group D was significantly higher 

than that in other three groups (P0.05), while group A 

had the lowest (P0.01). In addition, the load to failure of 

group C was higher than that of group B, but less than that 

of group D (P0.05) in both the peak-torque test and the 

push-out experiment.

SEM observation of the divorced implants
Figure 7 shows the SEM morphology of the divorced implants 

from the different groups after 12-week implantation in the 

Ovx tibia. The implant surfaces of group A were smooth 

and covered by very little bone mass. However, some new 

bones formed on the surface of the implants from group B. 

More bone formation was found on the implant surfaces 
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Figure 6 The undecalcified sections of the proximal tibiae approximately 2 mm 
below the epiphyseal plate (A–D) and quantitative evaluation results after implan-
tation for 12 weeks (E).
Notes: *P0.05 vs group a, #P0.05 vs group B, $P0.05 vs group C. Error bars 
represent standard deviation. group a, control implant without any other treatment; 
Group B, anodized TiO2 nanoporous implant; group c, control implant with PrP 
treatment; and Group D, anodized TiO2 nanoporous implant with PrP treatment.
Abbreviation: PRP, platelet-rich plasma.

Table 2 Results of biomechanical testing 12 weeks after 
implantation

Group Parameters

Force (N) Ultimate shear  
strength (N/mm2)

a 73.25±11.75 4.29±0.57
B 187.28±16.28* 8.13±0.82*

c 219.86±24.53*,# 14.82±1.12*,#

D 428.79±29.98*,#,$ 22.96±2.31*,#,$

Notes: *P0.05 vs group a; #P0.05 vs group B; $P0.05 vs group C (by one-way 
analysis of variance and student–Newman–Keuls test). Data expressed as mean ±  
standard deviation; n=4 specimens per group. group a, control implant without 
any other treatment; group B, anodized TiO2 nanoporous implant; group c, control 
implant with PRP treatment; and group D, anodized TiO2 nanoporous implant with 
PrP treatment.
Abbreviation: PRP, platelet-rich plasma.

Figure 7 SEM morphology of pushed-out implants after implantation for 12 weeks.
Notes: (A) group a; (B) group B; (C) group c; (D) group D. group a, control 
implant without any other treatment; group B, anodized TiO2 nanoporous implant; 
group C, control implant with PRP treatment; and group D, anodized TiO2 
nanoporous implant with PrP treatment.
Abbreviations: SEM, scanning electron microscopy; PRP, platelet-rich plasma.

from group C when compared with implants from group B, 

but half of the implant surfaces still lacked bone covering. 

Large blocks of bone mass with dense and thick trabeculae 

covered the surface of implants from group D, suggesting 

commendable interface bonding between the implants and 

the newly formed bones.

Biomechanical tests were used to characterize the biome-

chanical stability of implants in osteoporotic bone. Previous 

research has demonstrated that growth factors in PRP contrib-

ute to enhancement of healing of osteoporotic fractures and 

nanodesigned surfaces accelerate OI of titanium implants.4,20 

In this current study, the push-out force of group D was 

notably higher than the other three groups, probably because 

of the following reasons. First, the use of PRP increases the 

bone quantity in the VOI, indicating the application of PRP 

can promote osteogenesis around the implant.20,29 On the 

other hand, the bioactivity properties of the group D samples 

were improved by anatase TiO
2
 nanoporous modification, 

generating high interface bonding between the implants and 
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Figure 8 mRNA-expression levels of various factors, as determined by qRT-PCR.
Notes: *P0.05 vs group a; #P0.05 vs group B; $P0.05 vs group C. Group A, control implant without any other treatment; group B, anodized TiO2 nanoporous implant; 
group C, control implant with PRP treatment; and group D, anodized TiO2 nanoporous implant with PRP treatment. Error bars represent standard deviation.
Abbreviations: mRNA, messenger RNA; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; PRP, platelet-rich plasma.

γ

the adherent bone,30,31 as confirmed by SEM examination, 

micro-CT, and histology. Furthermore, it was notable that 

there were varieties of residual bones attaching on the four 

different groups in SEM images. Compared with group D, less 

new bone formation was observed around group B implants 

and worse integration around group C sample. When terminal 

force was applied in group B, there was not enough bone to 

withstand the strength, while the bone tissues were stripped 

easily at the interface in group C. However, in group D, when 

physical strength was exerted, a lot of trabecular microfrac-

tures took place to withstand the push-out force, because of 

the high interface bonding, which increased to almost double 

that of group B and group C (P0.05).

gene expression of osteogenic and 
adipogenic markers
qRT-PCR was performed at days 1, 7, 14 after implantation 

to evaluate specific gene expression in the newly formed 

tissue, and the results are summarized in Figure 8. At all 

time points, PPARγ2- and leptin-expression levels were 

downregulated, while Runx2- and Col1-expression levels 

were significantly increased in PRP-treated samples when 

compared to respective control samples (P0.01). In addi-

tion, it was observed that TiO
2
 nanoporous modification 

resulted in a significant increase in the expression of RUNX2 

and COL1 mRNA (P0.05) but no obvious effect on the 

expression of PPARγ2 or leptin genes (P0.05). At the same 

time, increased expression of OPG and decreased levels 

of RANKL were observed in PRP-treated sample groups 

(P0.05), while no change in OPG or RANKL expression 

was found after TiO
2
 nanoporous modification (P0.05). 

Compared with the other groups, group D had the highest 

expression levels of Runx2 and Col1 (P0.05), indicating 

the synergistic effect of TiO
2
 nanoporous modification, and 

indicating that PRP treatment was a very efficient way to 

improve osteogenesis in osteoporotic bone.
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According to the qRT-PCR results, the addition of PRP 

not only inhibited adipogenesis but also promoted osteogen-

esis around the implants, while TiO
2
 nanoporous modification 

promoted osteogenesis only. Meanwhile, PRP treatment 

resulted in increased expression of OPG and decreased levels 

of RANKL, as an indication of osteoclastogenesis suppres-

sion, but TiO
2
 nanoporous modification showed no effect on 

the expression of OPG or RANKL, indicating this surface 

modification could not work on osteoclasts around implants. 

These results are in accordance with previous evidence.22,32 

The effect of downregulating adipogenesis regulators of 

PRP may be caused by enhancing BMP2 and BMPR1B and 

suppressing BMPR1A pathways in preadipocytes, while 

suppression of osteoclastogenesis may occur through the 

RANKL–OPG pathway.33,34 However, there was another 

interesting finding for osteogenic genes in this study. In 

PRP-treated samples, RUNX2- and COL1-expression levels 

were obviously improved at day 1. However, upregulation 

of these osteogenic genes enhanced by surface modification 

reached its highest at day 7, which was much later than PRP 

treatment. These findings collectively indicated that osteo-

genesis promoted by PRP in the bone marrow was prior to 

the OI accelerated by TiO
2
 nanoporous modification in Ovx 

rats. Combined with the results of biomechanical testing, 

in which group C showed better stability than group B, we 

demonstrated PRP treatment was more prerequisite and 

fundamental in the program of bone-implant healing.

To sum up, the excellent performance of group D 

implants can be attributed to the significant enhancement of 

osteogenesis at the local implantation site (caused by PRP 

treatment) and remarkable acceleration of OI on the surface 

(caused by TiO
2
 nanoporous modification), as shown in 

Figure 9.35,36 The presence of nanopores can reduce relative 

movement at the bone–implant interface, provide a better 

Figure 9 schematic of potential mechanism of the results.
Notes: (A) group a; (B) group B; (C) group c; (D) group D. Group A, control implant without any other treatment; group B, anodized TiO2 nanoporous implant; group 
C, control implant with PRP treatment; and group D, anodized TiO2 nanoporous implant with PrP treatment. The round windows show the implant surface and the color 
points represent PrP.
Abbreviation: PRP, platelet-rich plasma.
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route for OI, and achieve mechanical interlocking, while the 

application of PRP can suppress adipogenesis and facilitate 

osteogenesis in osteoporotic bones, both of which are par-

ticularly beneficial for the biomechanical stability of implants 

at osteoporotic sites.37

Conclusion
In the present study, the synergistic effect of TiO

2
 nanopo-

rous modification and PRP treatment on titanium-implant 

OI in Ovx rats was determined. The in vivo animal study 

demonstrated this nanomodified surface can lead to better 

bone–implant contact, while PRP treatment can increase 

osteogenesis at the local implantation site. Compared with 

surface modification, PRP treatment promoting osteogenesis 

(both Runx2 and Col1 expression) is much earlier. PRP 

treatment combined with a TiO
2
-nanomodified Ti surface 

can improve the biomechanical stability of implants in 

osteoporotic bone.
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Supplementary materials

Figure S1 Platelet-rich plasma separated by standard two-step centrifugation protocol.

Table S1 Specific prime sequences of polymerase chain reaction

PPARγ2
r PParγ2 F cacTTcacaagaaaTTaccaT

r PParγ2 r gaaggacTTTaTgTaTgagTc
172 bp
Leptin
r leptin F TgcTccagaTagccaaTgac
r leptin r gagTagagTgaggcTTccagga
165 bp
Runx2
r runx2 F caggcgTaTTTcagaTgaTgaca
r runx2 r TaagTgaaggTggcTggaTagTg
192 bp
Col1
r col1 F gcTggcaagaaTggcgac
r col1 r aagccacgaTgacccTTTaTg
161 bp
OPG
r OPg F cgagTgaTgaaTgcgTgTa
r OPg r TTcTgaagTagcaggaggc
301 bp
RANKL
r raNKl F ccaTcgggTTcccaTaaag
r raNKl r TgaagcaaaTgTTggcgTa
142 bp
GAPDH
rat actin F cccaTcTaTgagggTTacgc
rat actin r TTTaaTgTcacgcacgaTTTc
150 bp

Abbreviations: r, rat; F, forward; r, reverse.
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