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Abstract: 

The surface of an orthopaedic implant plays a crucial role in determining the adsorption of proteins 

and cell functions. A detailed comparative study has been made of the in vitro osteoblast responses 

to coarse-grained (grain size: 500 µm), ultrafine-grained (grain size: 100 nm), coarse-porous (pore 

size: 350 nm) and fine-porous (pore size: 155 nm) surfaces of Ti-20Mo alloy. The purpose was to 

provide essential experimental data for future design of orthopaedic titanium implants for rapid 

osseointegration. Systematic original experimental data was produced for each type of surfaces in 

terms of surface wettability, cell morphology, adhesion, growth and differentiation. Microscopic 

evidence was collected to reveal the detailed interplay between each characteristic surface with 

proteins or cells. Various new observations were discussed and compared with literature data. It was 

concluded that the coarse-porous surfaces offered the optimum topographical environment for 

osteoblasts and that the combination of ultrafine grains and considerable grain boundary areas is not 

an effective way to enhance cell growth and osteogenic capacity. Moreover, pore features (size and 

depth) have a greater effect than smooth surfaces on cell growth and osteogenic capacity. It proves 

that cells can discern the difference in pore size in the range of 100-350 nm.  

Keywords: Ti-20Mo, ultrafine grains, submicron porous surfaces, osteoblast responses, filopodia 

INTRODUCTION 

Titanium (Ti) and its alloys are the materials of choice for orthopaedic implants due to their 

advantageous attributes including high biocompatibility, excellent corrosion resistance in bodily 

fluids, high strength-to-weight ratios, high fracture toughness and good fatigue properties 
1, 2

. Up till 

now, commercially pure Ti (CP-Ti) and Ti-6Al-4V (in wt.% unless otherwise stated) remain the 

most widely used Ti alloys for biomedical applications (CP-Ti is mainly used for dental 

applications). However, these alloys have much higher Young’s modulus (~110 GPa) than cortical 

bones (10-30 GPa), leading to the so-called stress shielding effect 
3
. Another concern on 

orthopaedic implants made from Ti-6Al-4V is the release of toxic Al and V ions from the surface 
1
. 
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Consequently, a significant effort has been made for the development of Al- and V-free low-

modulus beta-type Ti alloys (β-Ti) 
3
, where β-Ti alloys refer to those that can retain 100% of the β-

phase on water quenching due to the β-stabilizing effect of alloying elements such as molybdenum 

(Mo), niobium (Nb), tantalum (Ta) and iron (Fe) 
4
. The minimum amount of Mo required for this 

purpose is 10 wt.% 
5
. On this basis, the so-called “Mo equivalency” has been commonly used to 

evaluate the β-phase stability in a Ti alloy for both alloy design and microstructural control 
5
. 

As a non-toxic potent β-stabilizer, Mo has long been used as a principal alloying element for 

the development of biocompatible low-modulus β-Ti alloys 
6
. In addition, Mo is an essential 

component of certain enzymes and therefore plays an important role in balancing the pH values in 

human body 
7, 8

. As a result, binary Ti-Mo alloys have been studied extensively for biomedical 

applications 
3, 9-11

. One such notable development is the compositionTi-15Mo, which is available 

commercially today in various product forms 
12

 under ASTM F2066 for high-strength bone implant 

applications 
13

. Ti-15Mo is currently produced in two types of microstructures, namely, single β-

phase and β + α 
12

. The (β + α)-Ti-15Mo, which takes advantage of the metastability of its β-phase 

for α to precipitate due to the insufficient Mo content (15%), offers both high strengths (desired) 

and modulus (undesired) compared to the single β-phase Ti-15Mo. In order to ensure the 

achievement of a full β-phase Ti-Mo alloy under a broad range of processing conditions, rather than 

restricted to water quenching, it is necessary to further enhance the β-phase stability, i.e., to increase 

the Mo content. In this regard, metastable β-Ti-20Mo alloy has emerged as a promising choice with 

Young’s modulus of 91 GPa 
8, 14-17

. In particular, Bolat et al. have recently shown that Ti-20Mo 

displayed excellent corrosion resistance in saline solutions 
14

, implying good potential for 

orthopaedic applications. Accordingly, Ti-20Mo is chosen as the experimental alloy for this study. 

Rapid and long-lasting osseointegration is crucial to the clinical success of an implant 
18

. 

The surface of an orthopaedic implant plays a crucial role in determining the adsorption of proteins 

and cell functions such as adhesion, proliferation and differentiation 
19, 20

. The interactions occur 

from microscale down to nanoscale 
18, 21

. As such, various approaches have been used to modify Ti 
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surfaces for enhanced biofunctionality. For example, achieving an ultrafine-grained surface has 

proved effective in enhancing the biocompatibility with cells compared to the coarse-grained 

surface of the same alloy 
22-26

. In addition, an ultrafine-grained Ti alloy can effectively reduce the 

size or wall thickness of orthopaedic implants due to strengthening by grain refinement 
27, 28

. With 

regards to the elastic modulus, which is an important implant property, in general, achieving an 

ultrafine grain size has no effect unless the grain size is reduced to about 20 nm below which the 

elastic modulus decreases with decreasing grain size 
29-32

. However, it should be pointed out that for 

metastable β-Ti alloys such as Ti-Mo alloys, if the ultrafine grain size is achieved by severe plastic 

deformation and accompanied by significant formation of stress-induced ω-phase particles, then the 

elastic modulus can increase due to the ω-phase 
33

. 

Another commonly used surface modification approach for implants is the introduction of 

an interconnected porous surface, which offers distinct advantages over dense surfaces. These 

include: (i) reduced Young’s modulus at the specific area of contact 
1, 2, 34

, (ii) enabling bone 

ingrowth 
35-37

, and (iii) easy distribution of nutrients for cell growth 
38

. Pore size and pore 

interconnectivity have been documented as the two main factors that need to be considered in the 

design of such a porous surface 
1, 39

. 

Although both ultrafine-grained and interconnected porous surfaces can enhance cell 

responses, it remains elusive as to which surface features are more effective in regulating cell 

functions. A detailed literature survey has found no relevant in vitro comparative studies on 

ultrafine-grained surfaces vs. interconnected porous surfaces. Thus, this study systematically 

compares osteoblast cell responses to both ultrafine-grained (grain size: ~100 nm) and submicron 

porous (pore size: 150-350 nm) surfaces of Ti-20Mo. The porous surface features ranging from 

100-400 nm are selected because of their similarity in length scale to that of filopodia (100-300 nm) 

40
. The purpose is to investigate how surface topography and wettability affect cell attachment, 

adhesion, growth and differentiation. The outcomes are expected to form an essential knowledge 

base for the design of Ti-20Mo alloy as orthopaedic implants.  
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MATERIALS AND METHODS 

Fabrication and preparation of substrates  

The fabricated Ti-20Mo alloy substrates with a diameter of 10 mm and a thickness of 1 mm 

were used in this study. As-cast Ti-20Mo alloy samples were first solution-treated at 1273K for 48 

h, followed by water quenching to produce metastable β-Ti-20Mo microstructures, denoted as 

coarse grained. To obtain the ultrafine-grained microstructure, high pressure torsion (HPT, a severe 

plastic deformation technique for grain refinement) was applied to the water-quenched Ti-20Mo 

substrates under a pressure of 6 GPa for 10 turns, and the substrates thus produced are referred to as 

ultrafine grained. For further details regarding HPT technique the reader is referred to the published 

work by Xu et al.
16

 and one comprehensive review by Zhilyaev et al.
41

. 

All the disks were ground first with SiC sandpaper from P320 to P4000 and then polished 

using a mixture of OPS colloidal silica (0.04 µm) and 10% hydrogen peroxide (H2O2). The prepared 

disks were cleaned with acetone, ethanol and distilled water in ultrasonic bath for 15 min at each 

step, and dried with N2 gas. Finally, for producing interconnected pores on the surfaces, the 

ultrafine-grained substrates were heat-treated (aging) at 550 °C for up to 60 min under Ar 

atmosphere followed by water quenching. The Kroll’s reagent (HF: 2ml, HNO3: 6 ml, distil water: 

92 ml) was then used to etch the polished substrates for 1 min. The creation of interconnected pores 

was achieved by removing the α (Mo-depleted) phase from the duplex structures via acid etching 

and only leaving the β (Mo-rich) phase 
16

. The acid-etched substrates that were aged for 0 min (no 

holding) are denoted as fine porous. In addition, after prolonging the aging period to 60 min and 

acid etching, coarser pores were obtained on the surface, named as coarse porous. In this study, the 

coarse-grained Ti-20Mo (without HPT, aging and acid-etching) is treated as a control. Table 1 

summarizes the fabrication processes of all the substrates. 
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 Grain structure and surface characterisation  

 X-ray diffraction (XRD) patterns of all Ti-20Mo substrates were measured using a Bruker 

D4 diffractometer, which is equipped with a Cu source. X-ray photoelectron spectroscopy (XPS) of 

all Ti-20Mo substrates was carried out using a Thermofisher Scienfitic K-Alpha system with an Al 

kα source and a spot size of 400 µm. The grain structures of both coarse-grained and ultrafine-

grained surfaces were examined by a transmission electron microscope (TEM). 

Surface morphology was evaluated using an ultra-high-resolution scanning electron 

microscope (SEM, FEI, Verios 460L). The measurement of the pore diameter distribution was 

analysed from measuring at least 100 pores on three different locations for each sample using both 

the line and ROI manager tools in Image J. Three samples were measured from each group. 

Focused ion beam (FIB, FEI, Scios) milling was employed to cut through the surface to observe the 

pore depths and profiles. Surface roughness characterised by the average roughness (Sa) and root 

mean square roughness (Sq) were measured using an AFM (Bruker) in the tapping mode. Each 

AFM analysis was performed over an area of 3 µm × 3 µm. To ensure the representativeness of the 

surface characteristics, three samples were selected from each group and three different areas were 

scanned in each sample.  

Surface wettability was measured by the sessile-drop contact angle method (Theta Lite 

Optical Tensiometer, ATA Scientific). Two different solvents were applied: ultrapure distilled 

water and ethylene glycol. The contact angle was measured at 5 s after placing the droplet (2 µL) on 

the surface of each sample and repeated at three different areas of the sample. The tests were 

applied to three different samples selected from each group. The surface free energy (γ) and its 

components were calculated using the Owens-Wendt (OW) method , given in Eq.1: 
42

 

���1 + ���	
 = 2
������ + 2
������                                     (1) 
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where γL is the surface tension of the liquid; γS is the surface energy of the solid; and γS is the sum 

of the dispersion component (γ
d
) and the polar component (γ

p
). γL, γ

p
 and γ

d
 for water are 72.8, 51.0, 

and 21.8 mJ/m
2
, respectively 

42
, and 48.0, 19.0, and 29.0 mJ/m

2
, respectively for ethylene glycol. 

Cell culture  

Human fetal osteoblast line (hFOB 1.19) was used in this study (ATCC, CRL-11372). They 

were cultured in the medium of mixed Dulbecco’s Modified Eagle’s and Ham’s F12 (DMEM/F12, 

Thermofisher Scientific), added with 10 % (v/v) fetal bovine serum (FBS, Interpath Services) and 

0.3 mg/ml Geneticin selective antibiotics G418 (Thermofisher Scientific) at 34˚C in a humidified 

atmosphere of 5% CO2. The complete growth medium was replaced every 3 days and confluent 

cells were subcultured using TrypLE™ Express Enzyme (Invitrogen). When cells were confluent, a 

total of 3×10
5
/200 µl cells were seeded on each disk in a 24-well culture plate for the study of cell 

number and differentiation. For imaging cell morphology, cells were seeded at a density of 

2×10
5
/200 µl on each disk in a 24-well plate. The culture medium was replenished every 3 days. 

Immunofluorescence observation of cell morphology and focal adhesions (FAs) 

After culturing for 8 days, the cell-seeded disks were washed with phosphate buffered saline 

(PBS), fixed with 4% paraformaldehyde solution in PBS for 10 min. Cells were permeabilized with 

0.02 % (v/v) Triton X-100 in PBS for 90 s and blocked with 2 % (wt/v) bovine serum albumin 

(BSA) in PBS for 30 min. Vinculin was immunostained by incubating cells in 1:50 dilution of 

mouse monoclonal lgG antibody (anti-vinculin) (Santa Cruz Biotechnology) in blocking buffer (i.e., 

the BSA) for 1 h. Subsequently, cells were washed and probed with goat-anti-mouse secondary 

antibody Alexa Fluor 594 conjugate (Invitrogen, 1:500) in blocking buffer for 45 min. Following 

extensive washing steps to remove free secondary antibody, actin filaments were stained with 1:40 

dilution of Oregon Green 488 phalloidin in blocking buffer for 20 min. Cell nuclei were stained 

with Hoechst 33342 (2 µg/ml in PBS) for 10 min. Finally, all disks were mounted onto cover 

glasses with gold anti-fade mounting medium and imaged using a confocal microscope (N–STORM, 
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Nikon). Images were collected at three locations on each substrate using a confocal microscopy. 

Moreover, the distribution of vinculin, cell spreading area and cell elongation ratio (the ratio of cell 

long axis and short axis) were quantified using Image J (version 1.6) 
43

. For each substrate, 

approximately 25 cells were analysed with two replicates. The confocal images taken using an 

objective of 40× were utilized to quantify the effect of surface features on the length of FAs. The 

captured immunofluorescence images were first split into single-channel greyscale images. 

Afterwards, all greyscale images of FAs were adjusted in terms of brightness and contrast and then 

thresholded, both particle analysis and ROI manager tools were employed to evaluate the length of 

FAs on each substrate 
44, 45

. For measuring cell spreading area and elongation ratio of osteoblasts, 

polygon and line tool and ROI manager of Image J were used. 

Cell morphology using SEM 

Cell morphology was studied on various Ti-20Mo disks using a SEM. After culturing for 1 

day, cell-seeded disks were rinsed with sodium cacodylate and then fixed with 0.1M cacodylate 

buffer that contains 2 % (v/v) paraformaldehyde and 2.5 % (v/v) glutaraldehyde for 30 min. They 

were dehydrated in a graded series of ethanol (from 30% to 100%). 
46

all substrates were chemically 

dried with 100% hexamethyldisilazane (Sigma-Aldrich) for 20 min. Prior to SEM imaging, all 

samples were sputter-coated with platinum (Pt). Secondary electron images were collected with an 

accelerating voltage of 2 kV. For quantifying the length of filopodia and cell spreading areas, SEM 

images were analysed using line and polygon tool and ROI manager of Image J on two samples 

from each group.  

Cell number and alkaline phosphatase (ALP) activity 

Cell numbers were measured by directly counting using a haemocytometer. After culturing 

for 8 days, all the disks were transferred to other sterilized 24-well plates. After washing with PBS 

once, the adhered cells were detached from the surfaces of the disk samples with 200 µl of 

TrypLE™. The cell suspensions were collected in eppendorf tubes and placed on ice before 
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centrifuging at 1000 rpm for 5 min. Adhered cell number was determined by counting using the 

standard trypan blue exclusion method.  

ALP activity is an early osteogenic differentiation indicator, measured using an ALP 

fluorescence detection kit (Sigma-Aldrich). The principle of this kit is to hydrolyze p-nitrophenyl 

phosphatase to p-nitrophenol at 37 °C 
47

. Cells were cultured on disks for 8 days at an initial 

seeding density of 3 × 10
5
 cells/ well. The adhered cells were lysed with 0.2 % (v/v) Triton X-100 

for 10 min and cell lysates were collected in eppendorf tubes and centrifuged at 12,000 rpm for 5 

min at 4 °C. Supernatants of cell lysates were transferred into new eppendorf tubes, stored at −80°C 

until used. Cell lysates were used to measure the ALP activity. Fluorescence intensity was measured 

at an excitation wavelength of 360 nm and an emission wavelength of 440 nm using a microplate 

reader (SpectraMax Paradigm, Molecule device). The total protein content was determined by a 

BCA protein assay kit (Pierce) following manufacturer’s instructions and the absorbance was 

measured by a microplate reader. The ALP activity was normalized by the total protein content. 

Statistical analysis 

Statistical analysis was performed using one-way analysis of variance (ANOVA), with post hoc 

testing using Turkey’s multiple comparison tests (GraphPad Prism). Data were expressed in the 

form of mean value ± standard deviation (SD). A value of p < 0.05 was considered significant. 

RESULTS 

Grain structure and surface characteristics 

The grain structures of coarse-grained and ultrafine-grained substrates were characterised 

using either a SEM or a TEM, as shown in Fig. 1. The average grain size of the coarse-grained 

substrate is 507 ± 87 µm, while that of the ultrafine-grained substrates is 104 ± 22 nm. Average 

roughness Sa and root mean square roughness Sq (0.3-1.1 nm) of coarse-grained and ultrafine-

grained substrates are listed in Table 2. Both coarse-grained and ultrafine-grained substrates were 
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smooth and flat at the nanoscale. Fig. 2 shows XRD profiles of the four Ti-20Mo substrates. Both 

the coarse-grained and ultrafine-grained substrates are composed of β phases, while both the fine-

porous and coarse-porous substrates consist of a mixture of α and β phases. Fig. 3 shows submicron 

interconnected pores in the surface layers of both fine-porous and coarse-porous surfaces. The 

coarse-porous substrate (aged at 550 °C for 60 min, Figs. 3E-G) contained coarser pores, of a mean 

diameter of 350 ± 96 nm compared to 155 ± 38 nm in the fine-porous substrate (aged at 550 °C for 

0 min, Figs. 3A-C). This is because increasing aging time from 0 min (fine porous) to 60 min 

(coarse porous) leads to an increase in the size of α precipitates 
16

 which are subsequently etched 

away to form coarser pore cavities. The average pore sizes (~155 nm for fine-porous and ~350 nm 

for coarse-porous surfaces) are far larger than the average sizes of the α phase (<100 nm for fine-

porous and ~200 nm for coarse-porous surfaces) 
16

, indicative of a complete removal of α phases. In 

addition, surface composition analysis using XPS showed a substantial increase in Mo from 18 wt.% 

for coarse-grained and ultrafine-grained surfaces to more than 30 wt.% for fine-porous and coarse-

porous surfaces (Table 3). This also suggests that the entire α phase and a portion of the β matrix 

have been removed by etching to form the porous surface structures of the fine-porous and coarse-

porous substrates. Moreover, the analysis on the cross section of the porous surface structures using 

a dual beam FIB/SEM (Fig. 8) revealed an average pore depth of 0.95 ± 0.12 µm for the fine-porous 

surfaces, which was nearly half that of 1.95 ± 0.25 µm for the coarse-porous surfaces. Table 2 

summarises the pore size and the thickness of the porous surface layer for both the fine-porous and 

coarse-porous surfaces. 

Fig. 4 shows the contact angle (θ) values of ultrapure distilled water measured on each 

surface and the corresponding water droplet morphology. Coarse-grained and fine-grained surfaces 

demonstrated similar contact angles (58.23 ± 6.28° vs. 61.66 ± 7.76°). However, much lower 

contact angles were observed for both fine-porous (27.86 ± 4.11°) and coarse-porous (39.33 ± 8.24°) 

surfaces. Table 4 summarises the surface free energy values obtained for each surface. Both the 

total surface free energy and its relevant polar component of the fine-porous and coarse-porous 
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surfaces are about twice the respective values of coarse-grained and ultrafine-grained surfaces. In 

contrast, a substantial grain size reduction from 500 µm to 100 nm led to merely a marginal increase 

of 24% in total surface free energy (i.e., better wettability) (Table 4). Being porous was therefore 

much more effective in enhancing the wettability than grain refinement.  

Cell morphology and adhesion 

The osteoblast morphology on each substrate surface was investigated using both SEM and 

confocal microscopy at different times of culturing. Fig. 5 shows representative SEM images of 

osteoblasts on each surface after culturing for 1 day. Cells spread more broadly on both coarse-

grained and ultrafine-grained surfaces than on fine-porous and coarse-porous surfaces. In addition, 

both the cell nuclei and grown cells were nearly spherical on fine-porous and coarse-porous 

surfaces. Figs. 5 (B, D, F, H) are higher magnification views of the filopodia corresponding to Figs. 

5 (A, C, E G). Filopodia integrated themselves well into both fine pores and coarse pores on the 

surfaces. 

Fig. 6 show a closer view of the interactions between the filopodia and pores on the fine-

porous surfaces. The filopodia interacted with submicron pores (~155 nm) intensively at different 

depths and eventually grew into these pores (indicated by arrows in Fig. 6). In order to further 

gauge the interactions between osteoblasts and implant surfaces, a quantitative measurement of cell 

morphology was conducted using Image J. Both the average length of filopodia and the average cell 

spreading area were quantified from SEM observations (Fig. 7). Filopodia extended furthest on 

smooth surfaces, reaching 14.62 ± 5.00 µm on ultrafine-grained surfaces and 13.64 ± 6.46 µm on 

coarse-grained surfaces vs. 3.88 ± 1.37 µm on fine-porous surfaces and 2.89 ± 2.11 µm on coarse-

porous surfaces. A similar trend in cell spreading area was observed (Fig. 7B), i.e., much smaller 

spreading areas on porous surfaces. On this basis, Fig. 8 exhibits representative observations of the 

cross sections of cells grown on porous surfaces, revealing strong interfacial connections between 

the cells and the porous surfaces.  
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Fig. 9 shows representative confocal images for vinculin, actin and nuclei of osteoblasts on 

each type of surfaces after 8 days of culturing. In general, actin cytoskeletal stress fibres were well 

developed and vinculins were found distributed on the leading edges of cells as well as at the centre 

of cells on all the substrate surfaces. Compared to the round cell shapes after culturing for 1 day 

(Fig. 5E and 5G), cells became less circular or more elongated on fine-porous and coarse-porous 

surfaces after extending culturing period to 8 days (Fig. 9). In addition, cells on fine-porous and 

coarse-porous surfaces were noticeably elongated (elongation ratio ~ 3) compared to those on 

coarse-grained and ultrafine-grained surfaces (elongation ratio < 2) (Fig. 10A). To identify how 

grain sizes and pore features influence the formation of focal adhesions (FAs), the lengths of FAs 

were quantified using Image J, as shown in Fig. 10B. Cells on fine-porous surfaces were featured 

by the largest FAs with the average length of 2.50 ± 1.60 µm, followed by coarse-porous surfaces 

(2.23 ± 1.48 µm), ultrafine-grained surfaces (2.07 ± 0.87 µm) and coarse-grained surfaces (2.05 ± 

0.88 µm). In addition, a higher proportion of large and mature FAs (the length ≥ 5 µm) were present 

on the fine-porous (6.16%) and coarse-porous (6.00%) surfaces than on the coarse-grained (2.89%) 

and ultrafine-grained (1.84%) surfaces. 

Cell number and differentiation 

Fig. 11A shows the number of adhered cells on each substrate surface after culturing for 8 

days. Both fine-porous and coarse-porous surfaces were more effective in enhancing cell growth 

than ultrafine-grained surfaces. Furthermore, the normalised ALP activity, which refers to the ALP 

activity with respect to the protein content, showed clear differences (Fig. 11B). The ALP activity 

was measured in the absence of any osteogenic medium and represented the level of osteogenic 

capacity. Coarse-porous surfaces displayed the highest intracellular ALP activity, followed by 

coarse-grained surfaces, while fine-porous and ultrafine-grained surfaces resulted in low ALP 

activity. Reducing grain size from 400 µm (coarse-grained) to 100 nm (ultrafine-grained) thus failed 

to enhance the ALP activity. Rather, it led to the lowest ALP activity. A statistical difference 
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(p=0.03) was observed in ALP activity between coarse-porous and ultrafine-grained substrates, 

while no statistical difference (p>0.05) was observed between all other groups. 

DISCUSSION 

It is evident from the aforementioned comparative study that osteoblasts responded 

differently to Ti-20Mo surfaces featured with ultrafine grains (submicron) and submicron 

interconnected pores including cell morphology, adhesion, number and the production of ALP. The 

effects of ultrafine grains and submicron interconnected pores will be further evaluated below with 

respect to cell response to surface wettability and length scales of the topographical features.  

Surface wettability is one of the decisive factors that dictate the adherence of proteins on an 

implant surface and thereby affect cell attachment in the early stages 
48

. Hydrophilic surfaces often 

enhance initial cell spreading and osteoblastic differentiation of mesenchymal stem cells 
49, 50

. In 

this study, the water contact angles were found to be similar (58.23 ± 6.28° vs. 61.66 ± 7.76°) for 

ultrafine-grained and coarse-grained smooth surfaces of Ti-20Mo. Estrin et al. reported similar 

observations for ultrafine- and coarse-grained smooth surfaces of CP-Ti 
23

. However, different 

observations were made with 316L stainless steel, where ultrafine-grained (grain size: 320 nm; 

θ=52°) smooth surfaces were found to be more hydrophilic than coarse-grained smooth surfaces 

(grain size: 22 µm; θ=78°) 
51

. This discrepancy might be due to the different properties of the 

surface oxide films (TiO2 vs. Cr2O3). On the other hand, fine-porous and coarse-porous surfaces of 

Ti-20Mo were found to be much more hydrophilic than ultrafine-grained and coarse-grained 

smooth surfaces of Ti-20Mo. This can be attributed to capillary-driven water penetration into the 

surface pores 
52

. It was reported that increasing pore diameter from 85 nm to 400 nm converted the 

nanoporous alumina surface from hydrophilic (θ=70°) to hydrophobic (θ=132°) 
52

. This is 

consistent with our observations shown in Fig. 4, where increasing average pore size from 155 nm 

to 350 nm increased the water contact angle from 28° to 39°. In addition, the ratio of pore depth-to-

diameter can also affect the infiltration of water into the pores, which involves expelling the 
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residual gas deep in the interconnected pores 
52

. In that regard, deep pores are not always preferred 

for maximising surface wettability.  

Filopodia, which are normally located at the leading edges of cells, are responsible for 

sensing favourable microenvironments (e.g., suitable proteins) for cells to adhere to 
53, 54

. The 

locations of such microenvironments determine both the direction and distance of subsequent cell 

migration, which, in turn, involve rearrangement of the cytoskeletons 
53, 54

. As shown in Fig. 6, 

osteoblasts sensed and interacted with pores as small as about 150 nm, and some filopodia 

eventually grew into them, equivalent to being anchored there. It has been suggested that nutrients 

and proteins that reside in such pores can attract filopodia to extend into the pores 
55

. Consequently, 

the need for filopodia to sense suitable proteins that exist laterally on the porous surfaces was 

reduced, and this can explain the reduction in filopodia length on porous surfaces observed in this 

study (Fig. 5 F, Fig. 5H, Fig. 7A). Zhu et al. reported that both submicron (500 nm) and micron (2 

µm) pores were capable of anchoring filopodia, benefiting subsequent cell attachment 
56

. Previous 

studies indicated that submicron pores (~263 nm) were more efficient in facilitating filopodia 

penetration than nanopores (76 nm) 
57, 58

 as they were comparable in size to filopodia (100-300 nm) 

21
. In this regard, the pore size is important and should be controlled to mimic the length scale of the 

filopodia for easy detection. This shows the complexity in topographical design of biofunctional 

surfaces.  

In the present work, after culturing for 1 day, osteoblasts adapted themselves to both fine-

porous and coarse-porous surfaces and displayed round morphology with limited spreading (Fig. 5 

E-H and Fig. 7B). This finding is consistent with a number of studies showing that no matter what 

cell types were used (human osteoblasts 
59

, SaoS-2 cells 
56

, rat mesenchymal stem cells (rMSCs) 
60

  

and human dental pulp stem cells 
61

), cell spreading has been hindered by topographical features on 

concave surfaces such as nanoscaled (30-60 nm), submicron (120-500 nm) and micron (2 µm) 

pores/pits. The reduced cell spreading on porous surfaces can be attributed to the influence of pore 

depth. In the early stages of attachment, cells tend to conform to the pore shape, leaving 
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cytoskeleton actins in a stressed state 
62

. In order to reduce the stress, cells choose to minimise their 

interfacial contact with the surface, which accordingly reduces cell spreading 
62

. As coarse-porous 

surfaces are deeper than fine-porous surfaces, the cell-surface contact was more restricted. 

Consequently, cell spreading on coarse-porous surfaces (458.8 ± 235.5 µm
2
) was clearly less than 

that on fine-porous surface (630.2 ± 327.6 µm
2
) as shown in Fig. 7B. On the other hand, robust 

attachments of osteoblasts were found on both fine-porous and coarse-porous surfaces (Fig. 8), 

suggesting close cell interactions with pores through ingrowth. This is an indicator of strong cell 

adhesion and fixation to the porous surface and is thus highly desired for long-time implantation 
63

. 

In contrast, the absence of stable anchoring sites on a smooth surface appears to facilitate cells 

spreading.  

FAs link intracellular actin cytoskeleton structures to extracellular matrices (ECM), 

transduce signals to the nuclei and regulate the expressions or pathways of related genes 
64

. 

According to Fig.10B, a higher proportion of large FAs (marked with vinculin proteins) were 

present on both fine-porous and coarse-porous surfaces than on ultrafine-grained and coarse-grained 

smooth surfaces, revealing that rougher surfaces tend to facilitate the formation of FAs. Gentile et al. 

proposed that the tips of the protrusions on rough surfaces acted as initial sites for the contact of 

cells 
65

. Progressively, the cell membrane extended into the vicinity of the protrusion tips and 

finally wrapped around the tips to promote the formation of FAs 
65

. Thus, in the present study, the 

size and geometry of the ligaments of the interconnected porous surface structure play a crucial role 

in providing a large number of sites for the formation of FAs. 

Both cell growth and osteogenic capacity are important for long-term osseointegration. In 

this study, a substantial increase in grain boundaries was found to be much less effective for cell 

growth than having a submicron porous surface. Oh et al. reported that enhanced cell growth was 

correlated to higher wettability and larger area on the surface 
66

. As shown in Fig. 4 and Table 4, 

owing to their porous characteristics, the surface energies of both fine-porous and coarse-porous 

surfaces were twice that of the dense coarse-grained and ultrafine-grained smooth surfaces. An 
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increased number of cells adhered to both fine-porous and coarse-porous surfaces can thus be 

ascribed to the greatly improved wettability and increased surface area. Bello et al. showed that 

larger FAs were associated with a higher number of cells on nanoporous CP-Ti surfaces (pore 

diameter: 20 ± 5 nm) 
67

. In addition, at the initial stage of cell culturing, a smaller cell spreading 

area on porous surfaces allows more cells to anchor on porous surfaces than dense coarse-grained 

and ultrafine-grained surfaces 
60

.  

As no osteogenic medium such as dexamethasone, ascorbic acid, vitamin D3 or β-

glycerophosphate was introduced to the culture medium, the observed ALP activity was solely 

determined by the surface topography 
66, 68

, and this, in turn, affected cell morphology. As shown in 

Fig. 11B, coarse-porous surfaces produced significantly enhanced intracellular ALP activity 

compared with ultrafine-grained smooth surfaces. The enhanced ALP activity was found relevant to 

cell morphology. Oh et al. demonstrated that highly elongated MSCs on 100-nm diameter 

nanotubes led to increased osteogenic gene expressions 
66

. The noticeable cell elongation on the 

coarse-porous surfaces was probably linked to the enhanced ALP activity (Fig. 10A). In addition, 

Biggs et al. demonstrated that the enhanced formation of FAs upregulated intracellular ERK/MAPK 

signalling, which ultimately promoted osteoblastic differentiation in HOBs 
59

. Thus, the presence of 

high proportion of large FAs could lead to the enhanced ALP activity on the coarse-porous surfaces 

(Fig. 11B). Besides, in general, water molecules and proteins adhere to the implant surface prior to 

cells interacting with an implant 
69

. The adsorption of proteins to a surface is determined by the 

surface features and rougher surfaces tend to adsorb more protein aggregates than flat surfaces 
69

. 

As one of ECM-located proteins, fibronectin (FN) plays an important role in stimulating osteogenic 

differentiation and bone formation 
70

. Coarse-porous surfaces provided more ligament areas than 

fine-porous surfaces for FN adsorption and also for integrins to cluster on them 
62

. Neither ultrafine-

grained nor coarse-grained smooth surfaces provide such surface areas. As a result, coarse-porous 

surfaces offered the most favourable in vitro microenvironment for osteoblasts. Such an optimum 

topography may benefit osseointegration in vivo. However, further in vivo studies are needed to 
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determine the final implant functionality 
71

. An effective design is to introduce a coarse-porous 

surface layer into an ultrafine-grained titanium implant where the latter offers high strength for 

lightweighting without increasing modulus while the former ensures desired cell responses.  

CONCLUSIONS 

The effect of surface topographical features on in vitro cell responses including cell 

morphology, adhesion, growth and differentiation has been studied by comparing coarse-grained 

(grain size: 500 µm), ultrafine-grained (grain size: 100 nm), coarse-porous (pore size: 350 nm) and 

fine-porous (pore size: 155 nm) surfaces of Ti-20Mo alloy. The following conclusions can be drawn: 

1) The coarse-porous surface offered the optimum topographical environment for osteoblasts. 

2) After culturing for 1 day, both the coarse-porous and fine-porous surfaces restrained the 

extension of filopodia and the spreading of cells due to the anchoring effect introduced by 

the submicron pores.  

3) With increasing culturing period to 8 days, both coarse-porous and fine-porous surfaces 

enhanced the formation of large and mature focal adhesions compared with either coarse-

grained or ultrafine-grained surfaces, which resulted in good adhesion of osteoblasts to the 

porous surfaces of Ti-20Mo. 

4) Substantial grain refinement from 400 µm to 100 nm exerted limited influence on filopodia 

extension and cell growth. 

5) Both coarse-porous and fine-porous surfaces exhibited significant surface wettability 

compared with coarse-grained and ultrafine-grained surfaces. However, surface wettability 

does not completely define the biofunctionality of a porous metallic surface. Rather, pore 

features (size and depth) were found to play an important role in regulating cell responses. 

These findings collectively suggest that osteoblasts are more responsive to submicron pores 

(pore size: 155 or 350 nm) than submicron grains. In addition, cells can discern the difference in 
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pore size and depth and respond differently. Therefore, controlling porous features of an 

orthopaedic titanium implant is essential to achieve desired functionality for rapid osseointegration. 
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Figure legends 

Fig. 1. (A) SEM micrograph of the coarse-grained substrate with an average grain size of 500 µm, 

(B) TEM bright-field micrograph of the ultrafine-grained substrate with an average grain size of 

100 nm. Yellow dashed line indicates the grain boundary in the ultrafine-grained substrate. 

Fig. 2. XRD profiles of the coarse-grained, ultrafine-grained, fine-porous and coarse-porous 

surfaces of Ti-20Mo. 

Fig. 3. Topography analyses of Ti-20Mo porous surfaces. SEM images of fine-porous surfaces at 

(A) low and (C) high magnifications; (B) AFM images and (D) pore size distribution of fine-porous 

surfaces. SEM images of coarse-porous surfaces at (E) low and (G) high magnifications; (F) AFM 

images and (H) pore size distribution of coarse-porous surfaces. See Table 1 for their Sa and Sq 

values. 

Fig. 4. Water contact angle of different Ti-20Mo surfaces and water droplet morphology (mean ± 

SD, * p < 0.05 vs. coarse-grained surfaces, # p < 0.05 vs. ultrafine-grained surfaces, & p < 0.05 vs. 

fine-porous surfaces).  

Fig. 5. SEM images of osteoblasts grown on various Ti-20Mo surfaces after culturing for 1 day. (A-

B): coarse-grained surfaces, (C-D): ultrafine-grained surfaces, (E-F): fine-porous surfaces and (G-

H): coarse-porous surfaces. Left column: low-magnification SEM images, right column: high-

magnification SEM images. Yellow arrows indicate that filopodia interacted with Ti-20Mo surfaces. 

Fig. 6. The interactions between filopodia and pores on the fine-porous surfaces of Ti-20Mo. 

Fig. 7. (A): filopodia length and (B): cell spreading area of osteoblasts after culturing for 1 day on 

different Ti-20Mo surfaces (mean ± SD, *: p < 0.05 vs. coarse-grained surfaces, **: p < 0.001 vs. 
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coarse-grained surfaces, #: p < 0.05 vs. ultrafine-grained surfaces, ##: p < 0.001 vs. ultrafine-

grained surfaces, &: p < 0.05 vs. fine-porous surfaces). 

Fig. 8. Cross section images of osteoblasts grown on porous surfaces of Ti-20Mo substrates after 

culturing for 1 day: (A) fine-porous and (B) coarse-porous surfaces.  

Fig. 9. Confocal microscopy images of osteoblasts grown on all substrates after culturing for 8 days. 

Cells were stained with phalloidin (green) for actin filaments, Hoechst (blue) for nuclei, anti-

vinculin (red) for focal adhesions. 

Fig. 10. (A): elongation ratio (cell long axis/short axis) and (B): the length distribution of focal 

adhesions on various Ti-20Mo substrates after culturing for 8 days (mean ± SD, *: p < 0.05 vs. 

coarse-grained surfaces, #: p < 0.05 vs. ultrafine-grained surfaces). 

Fig. 11. (A): total cell number and (B): ALP activity normalised to protein content of osteoblasts 

cultured on different Ti-20Mo surfaces for 8 days. (mean ± SD, * p < 0.05 vs. coarse-grained 

surfaces, #: p < 0.05 vs. ultrafine-grained surfaces). 
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Substrate 

Preparation methods 

Microstructural 
features 16 

Surface features 
Solution 
treated at 
1000°C 
for 48 h 

HPT 

Aging at 
550 °C 

Polishing 
Acid 

etching 0 
min 

60 
min 

Coarse 
grained 

√    √  
Coarse β grains 

~ 500 µm 

Flat: low fraction 
of grain 
boundaries (GBs) 

Ultrafine 
grained 

√ √   √  
Ultrafine β grains 
~ 100 nm 

Flat: high fraction 
of GBs 

Fine 
porous 

√ √ √  √ √ 
Mixture of α & β 
ultrafine grains 
~ 100 nm 

Interconnected 
pores 

Coarse 
porous 

√ √  √ √ √ 
Mixture of α & β 
ultrafine grains 

~ 250 nm 

Interconnected 
pores 

 

Table 2 Surface average roughness (Sa) and root mean square roughness (Sq) values of coarse-grained 
and ultrafine-grained substrates; pore size and the thickness of the porous surface layer for the fine-
porous and coarse-porous substrates (For surface roughness, three areas were measured on each 
sample and each area was measured to be 3 µm × 3 µm). 

Substrate Sa (nm) Sq (nm) 

Coarse grained 0.64 ± 0.37 1.11 ± 0.61 
Ultrafine grained 0.33 ± 0.19 0.72 ± 0.41 
 Pore size (nm) Thickness of the porous surface layer (nm) 

Fine porous 155 ± 38 950 ± 120 
Coarse porous 350 ± 96 1950 ± 250 

 

Table 3 XPS surface composition analysis for the studied Ti-20Mo substrates. 
Substrate  Ti (wt.%) Mo (wt.%) 

Coarse grained 81.81 18.17 
Ultrafine grained 81.83 18.17 
Fine porous 67.84 32.16 
Coarse porous 64.22 35.78 

 

Table 4 Surface free energy of different Ti-20Mo surfaces (mean ± SD, * p < 0.05 vs. coarse-grained 
substrates, # p < 0.05 vs. ultrafine-grained substrates). 

Substrate Dispersive component 
γd (mJ/m2) 

Polar component 
γp (mJ/m2) 

Total surface free 
energy 
γ (mJ/m2) 

Coarse grained 7.01 ± 1.29 25.71 ± 5.39 32.72 ± 5.69 
Ultrafine grained 2.69 ± 1.23* 37. 83 ± 6.97 40.52 ± 6.63 
Fine porous 1.21 ± 0.41* 79.10 ± 4.65*#  80.31 ± 2.94*#  
Coarse porous 5.40 ± 1.93 73.95 ± 7.15*#  79.35 ± 2.37*#  
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Fig. 1. (A) SEM micrograph of the coarse-grained substrate with an average grain size of 500 µm, (B) TEM 
bright-field micrograph of the ultrafine-grained substrate with an average grain size of 100 nm. Yellow 

dashed line indicates the grain boundary in the ultrafine-grained substrate.  
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Fig. 2. XRD profiles of the coarse-grained, ultrafine-grained, fine-porous and coarse-porous surfaces of Ti-
20Mo.  
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Fig. 3. Topography analyses of Ti-20Mo porous surfaces. SEM images of fine-porous surfaces at (A) low and 
(C) high magnifications; (B) AFM images and (D) pore size distribution of fine-porous surfaces. SEM images 

of coarse-porous surfaces at (E) low and (G) high magnifications; (F) AFM images and (H) pore size 

distribution of coarse-porous surfaces. See Table 1 for their Sa and Sq values.  
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Fig. 4. Water contact angle of different Ti-20Mo surfaces and water droplet morphology (mean ± SD, * p < 
0.05 vs. coarse-grained surfaces, # p < 0.05 vs. ultrafine-grained surfaces, & p < 0.05 vs. fine-porous 

surfaces).  
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Fig. 5. SEM images of osteoblasts grown on various Ti-20Mo surfaces after culturing for 1 day. (A-B): 
coarse-grained surfaces, (C-D): ultrafine-grained surfaces, (E-F): fine-porous surfaces and (G-H): coarse-

porous surfaces. Left column: low-magnification SEM images, right column: high-magnification SEM images. 

Yellow arrows indicate that filopodia interacted with Ti-20Mo surfaces.  
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Fig. 6. The interactions between filopodia and pores on the fine-porous surfaces of Ti-20Mo.  
 

84x56mm (300 x 300 DPI)  

Page 33 of 38

John Wiley & Sons, Inc.

Journal of Biomedical Materials Research: Part A

This article is protected by copyright. All rights reserved.



A
ut

ho
r M

an
us

cr
ip

t   

 

 

Fig. 7. (A): filopodia length and (B): cell spreading area of osteoblasts after culturing for 1 day on different 
Ti-20Mo surfaces (mean ± SD, *: p < 0.05 vs. coarse-grained surfaces, **: p < 0.001 vs. coarse-grained 
surfaces, #: p < 0.05 vs. ultrafine-grained surfaces, ##: p < 0.001 vs. ultrafine-grained surfaces, &: p < 

0.05 vs. fine-porous surfaces).  
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Fig. 8. Cross section images of osteoblasts grown on porous surfaces of Ti-20Mo substrates after culturing 
for 1 day: (A) fine-porous and (B) coarse-porous surfaces.  
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Fig. 9. Confocal microscopy images of osteoblasts grown on all substrates after culturing for 8 days. Cells 
were stained with phalloidin (green) for actin filaments, Hoechst (blue) for nuclei, anti-vinculin (red) for 

focal adhesions.  
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Fig. 10. (A): elongation ratio (cell long axis/short axis) and (B): the length distribution of focal adhesions on 
various Ti-20Mo substrates after culturing for 8 days (mean ± SD, *: p < 0.05 vs. coarse-grained surfaces, 

#: p < 0.05 vs. ultrafine-grained surfaces).  
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Fig. 11. (A): total cell number and (B): ALP activity normalised to protein content of osteoblasts cultured on 
different Ti-20Mo surfaces for 8 days. (mean ± SD, * p < 0.05 vs. coarse-grained surfaces, #: p < 0.05 vs. 

ultrafine-grained surfaces).  

 
131x227mm (300 x 300 DPI)  

 

 

Page 38 of 38

John Wiley & Sons, Inc.

Journal of Biomedical Materials Research: Part A

This article is protected by copyright. All rights reserved.


