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Abstract 

  In this study, micro/nano-scaled hierarchical hybrid coatings containing titanium (Ti) 

phosphate and Ti oxide have been fabricated with the aim of promoting 

osseointegration of Ti-based implants. Three representative surface coatings, namely, 

micro/nano-grass Ti (P-G-Ti), micro/nano-clump Ti, (P-C-Ti) and micro/nano-rod Ti 

(P-R-Ti) have been produced. In-depth investigation into the coating surface 

morphology, topography, chemical composition, as well as the surface /cell interaction 

have been carried out using scanning electron microscopy (SEM), transmission electron 

microscope (TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), 

contact-angle measurement, and protein adsorption assay. In addition, in vitro 

performance of the coating (cell proliferation, adhesion and differentiation) has been 

evaluated using rat bone marrow stromal cells (BMSCs) and in vivo assessments have 

been carried out based on rats tibia implantation model.  

  All the hybrid coating modified implants demonstrated enhanced protein adsorption 

and BMSC viability, adhesion and differentiation, with P-G-Ti showing the best 
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bioactivity amongst all samples. Subsequent in vivo osseointegration tests confirmed 

that P-G-Ti has induced a much stronger interfacial bonding with the host tissue, 

indicated by the twofold increase in the ultimate shear strength and over six fold 

increase in the maximum push-out force comparing to un-modified Ti implants. The 

state-of-the-art coating technology proposed for Ti-based implants in this study holds 

great potential in advancing medical devices for the next generation healthcare 

technology.  

 

Keywords: Ti phosphate; Ti oxide; osseointegration; micro/nano scale surface 

morphology; hierarchical structure;  

 

  The rapid advancement of modern technology and world economy have led to 

significantly improved quality of life for the world population in the past few decades. 

Nowadays, people are having a much longer life expectancy, and it is expected that 

people > 65 years will reach 21.1% by the end of 2050.1 The increasing aging 

population has also led to a greater demand for hard tissue implants (bone and dental, 

in particular), as elderlies are more prone to severe musculoskeletal diseases and dental 

problems.2-4 On the other hand, the demand for hard tissue implants by younger patients 

(< 65 years) cannot be underestimated, taking into account the incidence of accidents, 

diseases and the increasing demand in cosmetic surgeries.  

  Ti-based implants have been widely used in orthopedics and dental surgery due to 

their excellent mechanical properties, chemical stability and biocompatibility.5-8 

Typical Ti-based orthopedic and dental implants are expected to serve over ten years,9 

however, the lack of initial osseointegration due to the materials bio-inertness often 

leads to implant failures. For instance, according to the National Joint Registry hip 

Annual Report Data 2009, about 10% total procedures required revision for England 

and Wales alone, and aseptic loosening accounted for 49% of the revision 

procedures.10,11 Such high failure rate would inevitably lead to increased risk of 

infection/ complications, hospital costs and last but not least, severely affecting the 

patients’ quality of life.12-14 
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  In order to address these challenges, researchers have explored various approaches 

to modify the Ti surface structure/chemistry while retaining its excellent bulk properties 

in order to increase the surgery success rate and prolong the life span of the implants. 

As such, advanced coatings are often applied to Ti based implants to improve their 

osteoconductivity and osseointegration.15-17 Natural trabecular bones are mainly 

composed of calcium (Ca) and phosphorous (P) and have a micro/nano-scaled 

hierarchical structure.18-21 The creation of bio-mimic implant coatings simulating the 

composition/structure of the natural bones has been the subject of intensive research in 

the past few decades, and the coatings developed mostly contains hydroxyapatite (HA) 

and/or calcium phosphate (CaP).22-25 Recently, studies focusing on controlling/tailoring 

the Ti implant surface roughness also attracted much attention. While Ti with micro-

scale surface roughness is shown to enhance the osteoblastic differentiation of 

osteoblast lineage cells,26-28 some researchers also suggested that the microscale-texture 

alone may inhibit the cell proliferation,29 a hierarchical micro-nano scaled Ti surface 

mimicking the microstructure of the natural trabecular bone is more ideal for bone 

growth.30 As a result, a wide range of “intelligent” materials systems with complex 

hierarchical organization of surface structures have also been explored, with the aim of 

mimicking the biofunctions of natural bone tissues.31 Yin et al. obtained a micro/nano-

scale hierarchical structure on Ti surface via electrochemical etching technique and 

greater MG63 cell adhesion and attachment have been achieved when comparing to the 

sand blasted and machined Ti surfaces.32 Lin et al., produced TiO2 nanotubes, nano-

sponge (both through electrochemical anodization), and nano/micro nest-liked TiO2 

(through hydrothermal alkaline treatment). The comparative studies in vivo showed that 

the nano/micro nest-liked TiO2 demonstrated the best bone-implant integration amongst 

all samples.33 

  Despite the effort in the field, studies in relation to P incorporated Ti with 3D 

hierarchical surface structures has been less explored. Sul34 through electrochemical 

micro-arc oxidation, successfully incorporated P anions into flat TiO2 coatings (pore 

sizes 1.3-1.5 µm). Stronger bone tissue reactions have been reported but no details have 

been given in relation to the cell work. Park et al., produced a crystalline P-incorporated 
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Ti oxide surface deploying hydrothermal treatment using phosphoric acid. The surface 

exhibited microscale roughness and showed improved wettability and enhanced 

MC3T4-E1 cell attachment, vitality, and osteoblastic gene expression.25, 35 Recently, 

Yada et al., through hydrothermal treatment, produced 3D micro-and nano-structured 

Ti phosphates with varied surface morphology and chemical compositions. These 

surfaces exhibited tunable wettability and have been successfully demonstrated for 

photocatalytic applications. 36  

  In this work, micro-nanoscaled hierarchical Ti phosphate / Ti oxide hybrid coatings 

have been produced for Ti implants with the aim of promoting their osseointegration. 

A modified hydrothermal and pressure method has been deployed to create tailored 

surface topography and chemistry for our hybrid coatings and the performance of the 

modified implants have been evaluated both in vitro and in vivo.   

 

Results and discussion 

Hyrbid coating formation mechanism and surface characterization  

  Classically, crystallization starts from cluster formation with primary building blocks 

and the subsequent crystal growth proceeds via an ion-by-ion attachment process. 

Spontaneous crystal coarsening takes place through diffusion of constituent ions from 

the surrounding solution or by consumption of small particles.37 The formation of Ti-

phosphate with various surface morphology is the result of the reaction between Ti, 

H2O2 and H3PO4, which involves a dissolution and re-precipitation process.  

During the modified HTP process, Ti particles are dissolved in an acid solution with 

H2O2 acting as an oxidizer facilitating the Ti oxide generation. Ti4+ species were 

produced first under the presence of H2O2 (Eq. 1 and 2.).36 

H2O2 + 2H+ + 2e− → 2H2O          Eq.1 

Ti + 2H2O2+4H
+ → Ti4+ + 4e−       Eq.2 

  The product can further reacts with H2O2 to form Ti(O2)(OH)n-2
(4-n)+ (pH<1) or 

Ti2O5(OH)x
2-x (pH>1, x=1-6).38 The oxidized substrate then reacts with vapor 

containing phosphate or hydrogen phosphate ions, leading to the deposition of 
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amorphous or low-crystallinity Ti phosphate. More specifically, the dissolved Ti-based 

ions organise into clusters with phosphate ions, resulting in Ti-P crystal nulei followed 

by coarsening via the classical and/or non-classical pathways.37 For P-C-Ti, the π-TiP: 

Ti2O(PO4)2·2H2O sheet-like crystallite radially arranged into a rosette-like clumps. 

Further increase the H3PO4, the morphology of π-TiP crystallites changed to micro-

bundles consisting of nanobelts (P-R-Ti). High crystallinity Ti phosphate (the most 

stable phase under certain synthetic conditions) then grows from the surface of the 

dense phase forming a nanostructured Ti phosphate thin film with a crystal structure 

and morphology specific to the synthetic conditions.39, 40  

  We used varied H3PO4
 / H2O2 concentration under optimized pressure and controlled 

temperature (0.15MPa, 120oC) conditions to achieve tailored coatings 

morphology/composition. The final 3D hierarchical hybrid coatings consist of a 

network of interconnected spatial elements at various angles. 

  SEM images in Figure 1 reveal the details of different surface morphologies obtained 

under different HTP treatment conditions. It can be seen that the cp-Ti control sample 

has a relatively smooth surface with shallow pits. In contrast, the P-C-Ti surface 

features hemispheric rosette-like “clumps” (20-40 μm in diameter) and each “clump” 

consists of numerous “petals” (Figure 2C), growing radially outwards. P-G-Ti on the 

other hand, has a grass-like structure where bundles of short fibres were arranged 

randomly, leading to a porous structure. For P-R-Ti, the surface is predominantly 

covered by randomly aligned porous cylindrical rod structures (7-10 µm height, 5-8µm 

diameter). The resulting surfaces not only feature 3D structures with microscale open 

pores (~10 μm), but also spatial structures at the nanoscale (Figure 2C).  
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Figure 1. Left: SEM imagines showing surface morphology of different sample 

surfaces at different magnifications and the associated contact angle measurements 

(inset). 

Right: Confocal laser scanning microscope (CLSM) images showing protein 

adsorption on each sample surface. 

 

  Surface wettability of biomaterials plays an important role in protein adsorption, 

which in turn has a marked impact on the adhesion and proliferation of cells.41 The 

wettability of all sample surfaces was shown in Figure 1 insets and the associated 

contact angle (CA) values were listed in Table S2. The CA measured for cp-Ti, P-C-Ti, 

P-G-Ti and P-R-Ti surfaces are 79±5.3°, 13±4.9°, 7±2.6° and 26±2.1° (p＜0.05), 

respectively. The variation in CA for different surfaces may be attributed to the 

combined effect of surface chemistry and morphology. The low CA measured for P-G-

Ti surface indicates its exceptional wettability, which may favor the protein adhesion.42 
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Subsequent protein adsorption study (see Figure 1 CLSM) confirmed that the P-G-Ti 

surface has the strongest cell adhesion capability (Figure S1). 

  Figure 2A shows the XRD patterns of all samples. While cp-Ti surface only exhibits 

typical Ti characteristic peaks, new diffraction peaks have been identified for surface 

with hybrid coatings. For instance, Ti2O(PO4)2•2H2O peaks were seen in P-C-Ti, 

Ti(HPO4)2•0.5H2O and Ti3O5 were found in P-G-Ti, and peaks corresponding to 

Ti2O(PO4)2•2H2O and Ti2O3 were seen for P-R-Ti. The strong intensity of the Ti 

phosphates characteristic peaks seen for all modified implant surfaces suggests that the 

Ti phosphates are highly crystalline in nature. Along with the morphological change, a 

perceivable decrease in intensity of the (002) peak at 2θ:12.257° and (012) peak at 2θ: 

14.715° is observed for P-C-Ti as compared to the (022) peak at 2θ: 20.344° in P-R-Ti 

(Figure 2A). This indicates that the relative crystal growth rate along the c axis for π-

TiP became slower with increasing H3PO4. For P-G-Ti, due to the lower concentration 

of H3PO4 and higher concentration of H2O2  used, the dissolved Ti4+ reacts with more 

abundant H2O2 to form greater amount of stable Ti2O3 and TiO2 further reacts to form 

Ti3O5.43 The further interaction between Ti3O5 and phosphate or hydrogen phosphate 

ions has led to the formation of P-G-Ti which mainly consists of Ti(HPO4)·0.5H2O 

/Ti3O5 compound.36  

  Figure 2B shows the XPS survey spectra and high-resolution spectrum of the implant 

surfaces. The P2p peaks at 133.4 eV correspond to the binding energy of P in PO3
4- for 

P-C-Ti, P-G-Ti and P-G-Ti, this suggests that phosphorus has been successfully 

incorporated into the implant surface. To the best of our knowledge, there has been little 

research looked into micro/nanoscale hierarchical crystalline Ti phosphates and their 

effects on implant osseointegration.  
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Figure 2. (A) The XRD patterns of different coatings. (B) XPS analysis showing 

surface binding energy of different coatings and (C) TEM images of P-C-Ti, P-G-Ti 

and P-R-Ti, respectively. 

 

In vitro cell behavior 

Cell proliferation 

  The cell response, particular that of BMSCs is very sensitive to the surface 

topography of biomaterials.44, 45 Cell proliferation cultured on the implants can be found 

in Figure 3. 3 (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay (MTT, 

M-2128, Sigma) assay (Figure 3A) suggests that the cell viability of the three modified 

implants increased gradually on daily basis as compared to cp-Ti (p＜0.05, apart from 

day 1). In addition, there was no statistical difference in the cell viability among the 

modified surfaces (p>0.05). The cell cycle progression was further examined by flow 

cytometry (FCM) to confirm the MTT results. Day 3 was selected because the 

difference of cell expansion rate emerged at this point. The results (Figure 3B and 

Figure S2) showed that despite the significantly different surface morphology, all the 

modified implant surfaces exhibited a similar accumulation of cells in the S phase (p＜
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0.05). 

 

Figure 3. Proliferation assay of BMSCs cultured on different samples. (A) Viability 

kinetic calculated 1-9 days after cell seeding. Significant improvement was observed in 

all three modified samples as compared to cp-Ti; (B) FCM analysis for cell proliferation 

cycle. A significant increase was observed in S phase in the modified samples as 
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compared to cp-Ti using 5'-bromo-2'-deoxyuridine (BrdU) and 7AAD stain. *p < 0.05 

vs cp-Ti. 

 

Cell adhesion 

 

Figure 4. (A) The BMSCs morphology of initial 2h incubation in each group 
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investigated by SEM and CLSM; (B) The integrinβ1 and vinculin expressions of 

BMSCs after 48h culture in each group investigated by CLSM; (C) The OCN and OPN 

expression of BMCSs in each group investigated by CLSM; (D) The BMSCs adhesion 

area, initial adhesion proteins stained area (integrinβ1 and vinculin), osteoblastic 

differentiation protein stained area (OCN and OPN) and cell density in each group. 

Bar = 10µm; *p < 0.05 vs cp-Ti, #p < 0.05 vs P-C-Ti, ^p < 0.05 vs P-G-Ti. 

   

  Degree of BMSCs adhesion on different implant surfaces after 2h incubation was 

shown in the SEM and CLSM images in Figure 4A. For the control group (cp-Ti), 

globular cells with limited spreading were observed in spite of the abundant filopodia 

found on the cell leading edge. In contrast, BMSCs on the three modified samples 

exhibited much better spreading featuring triangular, ellipsoidal or polygonal 

morphologies on P-C-Ti, P-G-Ti and P-R-Ti, respectively, accompanied by the more 

clearly organized cytoskeletons as confirmed by the CLSM images in Figure 4A. 

Apparently, cells anchored to the P-G-Ti surface demonstrated more visible inter-

connected lamellipodia, which is consistent with the distinctly higher F-actin 

expression (Figure 4Da). Likewise, in testing with the expression of both integrinβ1 

and vinculin, the three modified groups manifested more abundant expression for both 

proteins in BMSCs compared to the cp-Ti control after 48 h culturing, see Figure 4B 

and Figure S3. A stronger fluorescent intensity is seen for fluorescence-stained cells on 

P-G-Ti (Figure 4A CLSM images). This, in addition to the subsequent quantitative 

analysis (Figure 4Db, and 4Dc), suggests that P-G-Ti favors better protein expression 

and stronger cell adherence (p<0.01). 

  The trend seen for the cell adhesion is consistent to the wettability results shown in 

Figure 1, i.e., P-G-Ti＞P-C-Ti＞P-R-Ti >cp-Ti, and this confirms that the genesis and 

development of cell adherens junction are directly influenced by surface morphology 

and wettability.46, 47 Based on these results, Western Blot assay was applied to detect 

the status of the initial cell adhesion after 48 h seeding on the four sample groups, and 

the results has been shown in Figure 5. Again, stronger expression of both integrinβ1 

and vinculin protein were found on modified Ti implant with P-G-Ti showing the 
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strongest signal. Further mRNA expression analysis obtained from the qRT-PCR tests 

also indicates P-G-Ti gives the strongest expression amongst all samples, see Figure 6. 

 

Cell differentiation  

  Cell differentiation is another important index to evaluate the material 

biocompatibility. The relative ALP activity of cells cultured on the modified samples 

was significantly greater than that of the cp-Ti sample (p<0.05); and the BMSCs on P-

G-Ti showed the highest value (p<0.05) at each time point, see Figure S4. Subsequently, 

increased expression of osteocalcin (OCN) and osteopontin (OPN) were observed for 

all modified samples, see Figure 4C and Figure S5. Similar to the ALP activity assay, 

the brightest fluorescence-stained cells were again observed on the P-G-Ti surface, and 

the results is further supported by the quantitative assay (Figure 4Dd and 4De) which 

showed the progressively enhanced cell differentiation on the P-G-Ti surface. 

Additionally, the protein expression level of osteogenic factors of BMSCs on different 

sample surfaces has been determined. The promotion of runt-related transcription factor 

2 (Runx-2) and OPN protein expression follows the trend P-G-Ti > P-C-Ti> P-R-Ti> 

cp-Ti (p＜0.05), as is shown in Figure 5. 

 

 

Figure 5. The western blot assay on integrinβ1, vinculin, Runx-2 and OPN for detecting 

initial cell adhesion and osteoblastic differentiation. *p < 0.05 vs cp-Ti, #p < 0.05 vs 

P-C-Ti, ^p < 0.05 vs P-G-Ti. 
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  The differentiation of adherent mesenchymal stem cells along the osteoblast lineage 

is key to the implant osseointegration48 and the process can be influenced by the implant 

material phase composition and chemistry.49 It is accepted that BMSCs differentiation 

can be promoted by phosphorous modified Ti.50, 51 In particular, the presence of 

crystalline phosphate favors BMSCs differentiation and bone regeneration as compared 

to the phosphate in amorphous state.52, 53 However, very few studies have compared the 

BMSCs differentiation on surfaces composed of Ti, Ti oxides and Ti phosphate so far. 

The surface topography can also influence the BMSCs osteoblastogenesis, as the 

related local signaling of implant-adherent cell activation can control the 

osteoclastogenesis and bone accrual around endosseous implants.54 The mRNA 

expression of Col-1 and Runx-2 (early marker of osteoblastic differentiation) and OPN 

and OCN (late-stage markers) of BMSCs cultured on the different samples were 

assessed and the results were provided in Figure 6 (c, d, e, f). At any point in time, Col-

1 and Runx-2 expression levels were significantly up-regulated in the modified samples 

when compared with the cp-Ti control. Among all the modified samples, P-G-Ti shows 

the strongest osteogenesis enhancement, in line with the earlier results of the ALP assay, 

CLSM observation, and the western blot testing. On the other hand, BMSCs seeding 

on P-G-Ti has the highest expression level (p＜0.05) for OPN and OCN mRNA 

expression (Figure 6 (e) and (f)), while P-C-Ti and P-R-Ti have similar performance at 

24 h. At 48 h, P-C-Ti exhibited much stronger promotion, which might be because the 

cell mineralization for P-C-Ti and P-R-Ti group only started at a later stage. 
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Figure 6. mRNA expression levels of integrinβ1, vinculin, Col-1, Runx-2, OPN and 

OCN, detected by qRT-PCR. *p < 0.05 vs cp-Ti, #p < 0.05 vs P-C-Ti, ^p < 0.05 vs P-

G-Ti. 

 

In vivo animal study 

  12 weeks after the surgery, healing has been achieved in all four groups and all the 

Ti implants remained well-positioned inside the proximal condyle. Figure 7A shows the 

effects of modified implant surfaces on osseointegration and reveals the difference 

between different coatings. Combined with results shown in Figure 7B, it can be seen 

that all modified implants have markedly increased BV/TV (p < 0.05), %OI (p < 0.05), 

Tb.N (p < 0.05) and decreased Tb.sp (p < 0.05). The images showing undecalcified 

sections with implant and the corresponding histomorphometry (Figure 8) confirm the 

same results that the implants modified with hybrid coatings have significantly boosted 

histomorphometrical parameters and that P-G-Ti surface demonstrated the most 
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significant bone healing effects. 

 

 

Figure 7. (A) Micro-CT imagines showing the volume of interest (VOI) in transverse 

and coronal planes; (B) Qualitative analysis of osseointegration 12 weeks after surgery; 

Bar=1mm, *p < 0.05 vs cp-Ti, #p < 0.05 vs P-C-Ti, ̂ p < 0.05 vs P-G-Ti; Abbreviation: 

BV, bone volume; TV, total volume; OI, osseointegration; Tb.N, trabecular number; 

Tb.Sp, trabecular separation. 

 

  Results of the biomechanical tests were summarized in Figure 9A. After a 12-week 

period of peri-implant new bone formation, implants with P-G-Ti coating shows the 

greatest mechanical stability among all modified implants (p < 0.05). The ultimate shear 

strength of P-G-Ti sample is over 20N/mm2, double that of the cp-Ti sample, and the 

maximum pull-out force of P-G-Ti is ~ 200N, four times greater than that of the cp-Ti. 

Figure 9B showed the typical SEM morphology of the extracted implants from the rats’ 

tibia after the biomechanical tests. In contrast to the cp-Ti control, modified implants 

are covered with greater amount of bone tissue. The greatest amount of dense and thick 

trabeculae was found on P-G-Ti modified implant, suggesting the best bone 

accumulation and most effective interfacial bonding with the surrounding tissue. 

 

  Both in vitro and in vivo studies have shown consistent results that P-G-Ti 
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demonstrated the best performance in terms of cell proliferation, adhesion, and 

differentiation and in boosting the implant osseointegration. This may be due to the 

combined effects of the implant surface chemistry (Ti oxide incorporating crystalline 

Ti-P), the hierarchical micro/nano- scale surface morphology and the resulting surface 

superhydrophilicity. In addition, the presence of microscale interconnected pores within 

the coating provides a route for blood circulation and nutritional supply as is seen in 

cancellous bone. It also provides mechanical interlocking after the bone re-growth, 

contributing to the enhanced biomechanical stability.55 The “grass-like” fibres could, to 

certain extent, promote the cell adherence.56 Recent studies also confirmed that the 

hierarchical micro/nanoscale structure could activate the local immune response 

quickly, stimulate the cell transmembrane protein adhering and early adhesion of 

cells,57, 58 and promote deposition of HA and proliferation of osteoblasts.59 

 

 

Figure 8. left: Undecalcified sections of implant approximately 2 mm below the 

epiphyseal plate; Right: quantitative evaluation results of each group 12 weeks post-

surgery.    

*p < 0.05 vs cp-Ti, #p < 0.05 vs P-C-Ti, ^p < 0.05 vs P-G-Ti. 
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Figure 9. (A) Biomechanical testing results on ultimate shear strength and maximum 

push-out force 12 weeks post-surgery; (B) SEM morphology of the extracted implants 

12 weeks post-surgery, insets: high resolution SEM morphology. *p < 0.05 vs cp-Ti, 

#p < 0.05 vs P-C-Ti, ^p < 0.05 vs P-G-Ti. 

 

Conclusions 

  In the present study, hierarchical micro/nano- scaled hybrid coatings consisting of Ti 

dioxide and crystalline Ti phosphate have been created for Ti implants to enhance their 

osseointegration performance. Through manipulating HPT treatment conditions, hybrid 

coatings with tailored surface chemistry and morphology can be obtained for optimized 

osseointegration results. More particularly, hybrid coating featuring micro/nano-scale 

grass-like morphology and consisting of Ti(HPO4)2.0.5H2O and Ti3O5 demonstrated the 

best performance both in vitro and in vivo. The results suggest that the surface chemistry 

and topography of the hybrid coatings produced in this study has a strong influence on 

the cell behaviors, such as proliferation, adhesion and differentiation, which 

subsequently affect the implant osseointegration and their implant biomechanical 

stability. The promising results seen in this study confirm our coating fabrication 

protocol holds great promise for improving the Ti-based implant performance and 

hence provide strong confidence for such hybrid coatings to be used in future practical 

orthopedic and dental applications. 

 

Materials and methods 

Materials 
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  Ti plate (99.99% purity, Baoji Ti Industry Co. Ltd., China) was machined into 

Φ5mm×1mm discs (for cell experiment) and Φ1mm×10mm rods (for animal 

experiment). All Ti samples were polished to mirror finish using 800, 1200, 2000 grit 

SiC sandpapers, respectively, followed by ultrasonic cleaning in acetone, ethanol and 

distilled water, respectively. The samples were then subjected to hydrothermal reaction 

in a mixture of aqueous phosphoric acid (H3PO4, Kelong, Chengdu, China) and 

hydrogen peroxide (H2O2, Kelong, Chengdu, China) in a Teflon-lined autoclave under 

0.15MPa pressure at 120oC for 24 h. The detailed reaction conditions can be found in 

Table 1. 

Table 1. Hydrothermal reaction conditions used in this study 

Reactants Nil 5 wt% H3PO4 8 wt% 

H2O2 

2 wt% H3PO4 14 

wt% H2O2 

9 wt% H3PO4  

7 wt% H2O2 

Hydrothermal reaction 

conditions 

Nil 0.15MPa pressure, 120oC, 24 h 

Sample name Pure polished 

Ti 

micro/nano-clump 

Ti  

Micro/nano-grass Ti  Micro/nano- rod 

Ti  

Acronym Cp-Ti P-C-Ti P-G-Ti P-R-Ti 

 

Surface characterization 

  The surface morphologies of all samples were observed using an Inspect F50 field 

emission scanning electron microscope (SEM, FEI, Eindhoven, Netherlands). More 

detailed coating microstructure was further analyzed using a transmission electron 

microscope (TEM, Tencnai G2 F20, FEI). The surface elemental composition was 

analyzed by X-ray photoelectron spectroscope (XPS, VG Scientific, ESCALAB 250, 

Sussex, UK), with Al Kα (hν= 1486.6 eV) and the surface crystallinity of all samples 

were confirmed by an X-ray diffractometer (XRD, RINT-2000, Rigaku, Japan). The 

wettability and surface free energy of the coatings were analyzed using a contact angle 

goniometer (TL101, Biolin Scientific AB). The static contact angle was measured at 5 

random locations on each sample, and the average value was taken. 
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Protein adsorption assay 

  All samples were sterilized under UV radiation for 1h before being transferred to a 

medium (a-MEM, Gibco) containing 10% Fluorescein isothiocyanate (FITC)-

conjugated serum (FCS, Gibco) and immersed under 37°C for 2 h. The samples were 

then washed thoroughly using phosphate-buffered saline solution (PBS). The adsorbed 

proteins were analyzed using a confocal laser scanning microscope (CLSM, LSM700, 

Carl Zeiss, Oberkochen, Germany). 

 

In vitro studies 

Isolation and culture of bone marrow stromal cells 

  Cell isolation and culture were conducted following the standards established by the 

Animal Research Committee of the State Key Laboratory of Oral Diseases and West 

China School of Stomatology, Sichuan University (Approval number: 

SKLODLL2013A118). Briefly, bone marrow stromal cells (BMSCs) were harvested 

and extracted from the femurs of 4-week-old male Sprague-Dawley rats (Animal 

Research Center, Sichuan University, China) and cells at passage 2-4 were used for the 

cell experiment in this study.51 

Cell proliferation 

  Sterilized Ti discs were cultured in 24-well culture plates. After 1, 3, 5, 7, and 9 days 

of culturing, cell viability was investigated using a 3 (4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide assay (MTT, M-2128, Sigma). In addition, the cells 

cultured for 3 days were collected for flow cytometry (FCM) to further confirm cell 

cycle using an Accuri C6 flow cytometer (BD Biosciences). A 5'-bromo-2'-

deoxyuridine (BrdU) flow kit (BD Pharmingen, San Diego, CA) was used to determine 

the cell cycle kinetics and to measure the incorporation of BrdU into DNA of the 

proliferating cells. The assay was performed following the protocol recommended by 

the manufacturer. 

Cell morphology 

  After 2 hours of cell incubation, the Ti samples were rinsed three times with copious 
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amount of PBS to remove unattached cells. The remaining cells were fixed with 2.5% 

glutaraldehyde (Sigma-Aldrich). The cell morphology was analyzed using SEM and 

CLSM, respectively. More specifically, the cells were dehydrated in a series of ethanol 

solutions (20%, 40%, 60%, 80%, 90%, and 100%) and then gold sputtered for SEM 

analysis. After permeabilization with 0.2% Triton X-100 (Sigma-Aldrich) for 15 min, 

the cells were incubated with rhodamine-conjugated phalloidin for 20 min to stain 

cytoskeleton. Image J software (NIH, USA) was used to quantify the cell attachment 

area. 

ALP activity assay 

  The ALP activity assay was used to detect cell differentiation on different samples. 

Seeded at a density of 5×104 cells/well, the cells were incubated for 1, 3, and 7 days 

on all the Ti samples. The culture was then fixed by 4% paraformaldehyde (Sigma-

Aldrich) and stained with an ALP kit (BCIP/NBT, Beyotime). Optical density (OD) 

values for absorbance at 405 nm was measured to determine the ALP activity. 

Cell immunofluorescence staining 

  Cell immunofluorescence staining, the expressions of integrin β1, vinculin, 

osteocalcin (OCN) and osteopontin (OPN) on the experimental samples were detected 

by CLSM. After incubation with the samples for 48 h and 96 h, the cells were fixed in 

4% paraformaldehyde, and permeabilized with 0.2% Triton X-100. Subsequently, 4’, 

6-diamidino-2-phenylindole (DAPI, company, country) and specific antibodies 

targeting protein of interest were added sequentially and co-incubated for 4 h as 

previously described.51 All procedure was completed in dark and all samples were 

observed using CLSM after thorough rinsing using PBS. 

Western blot assay 

  The membrane was first blocked with 5% BSA (Gibco, USA) in TTBS solution. The 

samples were then incubated with anti-integrin β1, anti-vinculin, anti-Runx-2, and anti-

OPN primary antibody (1:500 dilution; Abcam, UK) followed by horseradish 

peroxidase (HRP) conjugated secondary antibody (1:3500 dilution; CST, USA) for 60 

min under room temperature. The intensity of the protein bands was quantified on a 

Western-Light Chemiluminescent Detection System. 
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Quantitative real-time PCR analysis (qRT-PCR) 

  Cells incubated with Ti discs for 24 h and 48 h were collected separately for qRT-

PCR tests. The RNA expressions were explored for the following factors: integrin β1, 

vinculin, runt-related transcription factor 2 (Runx-2), collagen type I (Col-I), 

osteopontin (OPN) and osteocalcin (OCN). Glyceraldehyde-3P-dehydrogenase 

(GAPDH) was used as the internal RNA control and the primer sequences were listed 

in Table S1. 

In vivo animal study 

Animal model 

  40 female SD rats (3 months old, weight 210 g ~ 230 g) were randomly assigned into 

four groups. Animal feeding and handling were in line with the international guidance 

on animal welfare and the standards of the Animal Research Committee of the State 

Key Laboratory of Oral Diseases and West China School of Stomatology, Sichuan 

University (Approval number: WCCSIRB-D-2014-407). A 1-mm hole perpendicular 

to the axis of bone was drilled and the implants were inserted into the medullary canal 

of the tibiae as shown in Figure S6. The soft tissues were then sutured and intramuscular 

antibiotic and analgesic injection was given to the animals for 3 days post-surgery. More 

details on the animal model can be found in.60 

Micro-CT evaluation (µ-CT) 

  12 weeks after surgery, the tibiae with implants (n=10 per group) were harvested and 

surveyed by a high resolution µ-CT scanner system (Scanco Medical µ-CT 50, 

Switzerland). The volume of interest (VOI) was defined as the bone section around the 

implant from 2 mm below the growth plate to distal 100 slices with a ring radius of 250 

µm from the implant surface. 2D micro-CT screenshots of the transverse plane at the 

start of the VOI range (about 2 mm below the epiphyseal plate) and the end of VOI 

(100 slices below the VOI starting point), as well as that of the coronal plane (through 

the center of implant axis) were collected. The osteogenesis properties, more 

specifically, the bone volume per total sample volume (BV/TV), the percentage of 

bone-to-implant contact (% osseointegration, %OI), the mean trabecular number (Tb.N) 

and the mean trabecular separation (Tb.Sp) were calculated after reconstruction of the 
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VOI. 

Histological analysis 

  12 weeks after surgery, another set of tibiae with implants (n=10 per group) were 

subjected to undecalcified dissections. The histological evaluation was carried out on 

sections approximately 1mm below the growth plate using a Leica DM-RBE 

microscope (Leica, Germany). The bone area ratio (BA) was defined as the percentage 

of mature bone within the whole tissue region (a ring region extending 250μm from the 

implant surface). The bone-to-implant contact (BC) was defined as the percentage of 

the linear fraction of mineralized bone in direct contact with the implant interface based 

on the analysis using the NIS-Elements F2.20 image software (Media Cybernetics, 

USA). 

Biomechanical test 

  Biomechanical test was performed on the µ-CT scanned samples (n=10 per group) 

to determine the ultimate shear strength and maximum push-out force. Peak torque 

values (N/mm2) and forces at the start of rotation (N) were detected using a 

biomechanical testing equipment (BSC30, Yinbo Scientific Equipment, China) at a 

speed of 1mm/min. More detailed testing method can be found elsewhere.60 

Immediately after the biomechanical test, the extracted implants were treated by 2.5% 

glutaraldehyde, dehydrated with alcohol, freeze dried (EMS 850 critical point dryer, 

Electron Microscopy Science Co., Hillsboro, USA) and gold-sputtered for further SEM 

observation.  

Statistical analysis 

  Data were expressed as mean and standard deviation (SD) and analyzed using SPSS 

16.0 software (SPSS, USA) to determine the level of significance. One-way ANOVA 

followed by Bonferroni's multiple comparison was applied for the statistical analysis. 

Statistical significance was considered for p < 0.05 while high significance was p < 

0.01. 
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