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Tantalum (Ta) is an element with high chemical stability and ductility that is used in orthopedic biomaterials.

When utilized, it can produce a bioactive surface and enhance cell–material interactions, but currently,

there exist scarce effective methods to introduce the Ta element onto the surface of implants. This work

reported a sol–gel-assisted approach combined with micro-arc oxidation (MAO) to introduce Ta onto

the surface of the titanium (TC4) substrate. Specifically, this technique produced a substrate with

a hierarchically rough structured topography and introduced strontium ions into the film. The films were

uniform and continuous with numerous crater-like micropores. Compared with the TC4 sample (196 �

35 nm), the roughness of Ta (734 � 51 nm) and Ta–Sr (728 � 85 nm) films was significantly higher, and

both films (Ta and Ta–Sr) showed increased hydrophilicity when compared with TC4, promoting cell

attachment. Additionally, the in vitro experiments indicated that Ta and Ta–Sr films have the potential to

enhance the recruitment of cells in the initial culture stages, and improve cell proliferation. Overall, this

work demonstrated that the application of Ta and Ta–Sr films to orthopedic implants has the potential to

increase the lifetime of the implants. Furthermore, this study also describes an innovative strategy to

incorporate Ta into implant films.

Introduction

Musculoskeletal disorders are some of the most prevalent

ailments affecting specic populations, and the age of onset

became younger.1–3 In 2010, approximately 310 800 patients

(above 45 years of age) in the United States underwent total hip

arthroplasty (THA).4,5 Moreover, a 6 year study (from 2007 to

2013) demonstrated that THA revisions had signicantly

increased in patients between 45 and 64 years of age. This

nding suggested that a large proportion of these patients will

outlive their implants.6 Therefore, developing and fabricating

longer-lasting implants for this relatively young population of

patients is a critical challenge.

A key factor required to achieve long-term durability of the

implant is to improve the biomaterial integration with the

surrounding bone tissues and cells.7,8 Numerous studies have

demonstrated that rough surfaces provide the physical cues

necessary to generate synergistic effects with the chemical

signals supplied by the bio-functional composition (organic

group or inorganic element). These physicochemical signals

have been shown to improve osseointegration.9 Among them,

the combination of a micro-/nano-rough structure with a bio-

functional metal element is a promising strategy for

enhancing the integration of materials with cells or

proteins.10–12

Among the numerous metallic biomaterials, tantalum (Ta)

has attracted a lot of attention in the eld of bone tissue engi-

neering.13–16 Ta has both high chemical stability and ductility. It

has been used in clinical applications since the 1940s because it

can enhance cell–material interactions, improve osteogenic

differentiation of stem cells, promote the deposition of bone

matrix, and ultimately improve the integration of implants and

bones.13,15,17 However, its lack of rigidity, high density, and

prohibitive cost prevents its use in themanufacture of implants.

Therefore, researchers have developed new methods to prepare

Ta and its associated compounds as coatings for biomaterial

implants. Common strategies for the preparation of Ta-based

coatings for implants and scaffolds include plasma-

immersion ion implantation, physical vapor deposition, and

chemical vapor deposition. These methods have been opti-

mized to fabricate biocompatibility-enhancing Ta-coated

composites.18–23 Despite this, the ion implantation and vapor

deposition methods do not easily form a Ta layer over complex

internal microstructures. In addition, they may also clog

nanostructures such as nanopores and nanogrooves.24 A viable
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alternative strategy for preparing Ta coatings on the complex

structured scaffold is the sol–gel method. The adhesion

between the sol–gel coating and the substrate would affect the

long-term performance and stability of the implant in the load-

bearing situation in the human body.25 Normally, the coatings

produced by the sol–gel method exhibit some drawbacks that

hinder its practical applications such as relative poor adhesion

strength and low wear-resistance, while the coatings prepared

by MAO exhibit high adhesive strength, wear resistance and

corrosion resistance.26 In our previous work, we also proved that

aer MAO process the bonding strength of coating with TC4 can

be up to 39.4 N according to the scratch test.27 Although the

MAO technique can not be used to introduce Ta to the lm

alone, it could be used to enhance the mechanical properties of

the sol–gel lm.

In this work, Ta2O5 was incorporated into the titanium

substrate by the sol–gel method and then solidied bymicro-arc

oxidation (Scheme 1). This sol–gel-assisted micro-arc oxidation

technique resulted in a hierarchically rough structured topog-

raphy on the substrate. It also provided for the possibility of the

introduction of other functional ions, such as strontium (Sr), to

the Ta coating. Sr is an essential trace element in human skel-

etal components, and numerous studies have conrmed that it

promotes the proliferation and differentiation of osteoblasts, as

well as the increased matrix mineralization. Additionally, in

vitro and in vivo studies suggest that the Sr-doped coatings

enhance bone formation.28,29 Therefore, the doping of Sr is an

efficient strategy that can be used to improve the biocompati-

bility of materials. The benets of this approach are as follows:

(1) TheMAO technique strengthened the bonding of the coating

fabricated by the sol–gel method alone; (2) the sol–gel method

allowed for the introduction of Ta into the lm which is difficult

with the MAO technique alone; (3) the combined application of

the two methods, allowed for the preparation of a coating with

both Ta and Sr elements as well as a surface with a hierarchi-

cally rough structured topography. These properties contrib-

uted to the excellent integration of the biomaterial surface and

cells.

Experimental
Materials

Ti6Al4V alloy substrates were purchased from Huitai Metal

Materials Inc. of Dongguan. Tantalum(V) chloride (J&K

Scientic Ltd), HNO3 (70%) (Beijing Chemical Works), phos-

phoric acid (Beijing Chemical Works), acetylacetone (Xilong

Scientic Co., Ltd.), EtOH (Beijing Chemical Works), H2O2

(30%) (Sinopharm Chemical Reagent Co., Ltd), hydrouoric

acid (Sinopharm Chemical Reagent Co., Ltd), basal culture

medium (DMEM, Gibco, USA), fetal calf serum (FCS, Tianhang

Bio, Hangzhou, China), Cell-Counting Kit (CCK-8, Dojindo,

Japan), phosphate-buffered solution (PBS, Daixun Bio, China),

DAPI and rhodamine-phalloidin were purchased from Sigma-

Aldrich LLC.

Sol–gel deposition of tantalum oxide on titanium substrate

The sol–gel solution contained 90 ml EtOH, 2.1 ml acetylace-

tone, 2.5 ml nitric acid, and 5 g TaCl5. Aer stirring for 10 min,

4 ml 30% hydrogen peroxide was added to the mixture drop by

drop and mixed vigorously for 1 h at room temperature. The

acquired sol–gel solution was sealed and aged for 7 days under

276 K conditions. Next, the Ti6Al4V alloy substrates were

sequentially polished with a series of silicon carbide sandpa-

pers of four grades (#400, #800, #1000 and #1500) to remove the

oxides layer on the surface. Then the substrates were dip-coated

in the sol–gel solution for 3 min and dried at room temperature

to allow for the deposition of tantalum oxide. Aer that, the

substrates were heated at 373 K in the oven to dry the sol–gel

lms completely.

MAO modication of the substrate with Ta coating

Aer coating the substrate with Ta2O5 layer, further modica-

tion (using the MAO approach) was employed to incorporate Sr

ions. The Ta-coated substrate was used as an anode while

a stainless-steel plate was used as the cathode. Electrolyte

preparation involved dissolving 3.06 g disodium beta-

phosphate and 17.6 g calcium acetate in 500 ml of distilled

water by ultrasonication. The experimental parameter settings

were: forward voltage (350 V), negative voltage (50 V), pulse

frequency (500 Hz), duty ratio (10%), and preparation time (3

min). Samples without Sr were marked as Ta@TC4, while

samples with Sr were marked as Ta–Sr@TC4.

Material characterization

Surface morphology and sample composition (before and aer

the deposition of Ta and Ta–Sr lms) were observed by eld-

emission scanning electron microscopy (FE-SEM, HITA-

CHI8010, Japan) equipped with energy-dispersive X-ray spec-

troscopy unit (EDS). The sample was cut into two parts by a wire

cutting machine to analyze the cross-section. Then the cross-

section of the sample was polished with silicon carbide sand-

papers of #800 grade directly and then ultrasonically washed

with acetone and distilled water to remove the contaminants.

The phase composition of the layers was investigated by X-ray

diffraction (XRD) measurements using a Bruker D8 ADVANCE

(Cu-Ka1 radiation l ¼ 0.1542 nm at 40 kV and 30 mA). The

surface roughness and morphologies of different samples were

observed by atomic force microscopy (AFM, Bruker). Surface

wettability was assessed using the pendant drop method. This

method involved dropping an ultrapure water droplet with

Scheme 1 Preparation procedure of hierarchically rough structured

Ta–Sr coating on Ti substrate.
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a volume of 3.5 ml onto the specimen surface (at room

temperature) and using a contact angle analyzer (DSA30,

Kruess, Germany) to assess the water contact angle.

Cell adhesion and morphology

The inuence of the lms (Ta and Ta–Sr) on cell adhesion and

morphology was measured by counting the cell number on the

sample surface. This measurement was done by performing

nuclear uorescent staining and quantifying imaged cells using

ImageJ soware. Briey, the samples were placed in cell culture

plates (Corning, 12-well), and seeded with MC3T3-E1 cells (1 �

105 cells per well). Aer a 2 h culture, the cells were xed using

4% paraformaldehyde (PFA) for 15min, and then stained (in the

dark) with DAPI (1 mM) for 5 min. Nuclei were then observed

using a uorescence microscope (Olympus, IX71, USA), and six

random elds from each sample were captured and counted

using ImageJ.

The cytoskeleton of cells seeded on the samples was stained

to determine the effect of surface topography on cell

morphology. The MC3T3-E1 cells were seeded on samples at

a density of 2 � 104 cells per well. Aer cell seeding (for 2 and 4

h), the samples with cells were washed with PBS (three times),

and then xed using 4% PFA at 4 �C for 10–20 min. Before cell

staining, samples were rinsed with PBS again to remove the PFA

completely. Next, rhodamine-phalloidin solution (5 mM) was

added into every well, and sample incubation was performed for

50 min in the dark. The samples were then rinsed with PBS, and

the nuclei were stained for 5 min with DAPI (1 mM) in the dark.

Finally, images of the cytoskeleton and nuclei were captured

using a confocal laser scanning microscope (CLSM, Olympus

FV1000, USA). Additionally, a separate batch of cell-seeded

surfaces was prepared for electron microscopy. Aer cell

culture (2 days), the cell-seeded surfaces were washed with PBS

for 5 min and xed with 2.5% v/v glutaraldehyde in the dark

(4 �C; 6–8 h). The samples were then passed through an ethanol

dehydration gradient: 10 min in 30% ethanol, 10 min in 40%

ethanol, 10 min in 50% ethanol, 10 min in 60% ethanol, 10 min

in 70% ethanol, 10 min in 80% ethanol, 10 min in 90% ethanol,

20 min in 100% ethanol, and nally air-dried at room temper-

ature. Lastly, samples were sputtered with a thin layer of gold

before Scanning Electron Microscopy (SEM) observation (XL-30

ESEM FEG Scanning Electron Microscope FEI Company).

Cell proliferation and viability

Surface morphology and composition are key factors that

inuence cell viability and proliferation. Samples (n ¼ 4) were

placed in cell culture plates (Corning, 12-well), then MC3T3-E1

cells were seeded on each sample at a density of 1� 104 cells per

well, and culture was performed for 1, 3, and 5 days. At every

time point, the cell culture medium was replaced with a mixture

of DMEM and CCK-8 solution (100 : 10), and the cells were

incubated at 37 �C for 2.5 h. Next, the solution in the 12-well

plates was transferred to a new 96-well plate. The live cell

number was assessed using the detection of absorbance at

450 nm via a microplate reader (Varioskan Flash, Thermo

Scientic). Additionally, a separate batch of cell-seeded surfaces

was prepared for cell viability. Aer cell culture for 24 h, the

cells on samples were stained by the Live/Dead cell staining kit,

Finally, at least three random elds from each sample were

captured using a uorescence microscope (Olympus, IX71,

USA).

Statistical analysis

Each assay in this study was repeated at least three times (n¼ 3–

6) for each group with parallel controls, and the data were

presented as the means � standard deviation (SD). When

comparing the differences between two groups, the nonpaired

Student's t-test was employed. We considered differences

signicant for a P-value < 0.05 (*).

Results and discussion

Traditionally, researchers have investigated the anti-corrosion

performance of titanium alloys with different types of coat-

ings. These were prepared using the MAO method, followed by

sol–gel treatment.30,31 The pores formed during the MAO

coating were effectively lled using the sol–gel treatment, which

reduced the surface roughness. This nding is important to

note because cellular processes such as differentiation, prolif-

eration, and migration of human osteoblasts are dependent on

the implant surface roughness. To counter this, we prepared

surface coatings by rst treating them with a sol–gel solution

followed by MAO. The Ta2O5 particles were in situ solidied in

the ceramic coatings under the high-temperature action of the

local MAO (Scheme 1). This method did not affect the surface

morphology of coatings, but it adjusted the coating composi-

tion, which resulted in a signicant improvement in biomedical

properties.

The morphology of TC4 and coated samples are presented in

Fig. 1. It can be seen that the surface of polished TC4 (Fig. 1a, d,

and g) is very at with few nicks, which doesn't have any other

rise or the appearance of micro-scale structures. In contrast to

this, all the Ta@TC4 and Ta–Sr@TC4 samples had similar

morphologies and rough surfaces, even though they were

fabricated in different electrolyte solutions. In the 500�

magnied images of Ta@TC4 and Ta–Sr@TC4 samples (Fig. 1b

and c), they all showed uneven surfaces with numbers of

micropores. While in the Fig. 1e and f, the lms showed

a porous structure morphology with numerous crater-like

micropores on the surface. This complex porous structure is

a feature of micro-arc coatings which are formed by micro-arc

discharges and local electrical breakdown of the growing

coating.32 The images (Fig. 1h and i) of Ta@TC4 and Ta–

Sr@TC4 samples demonstrate that the micropores on the lms

are intact and uniform both in size and distribution. Addi-

tionally, the porosity and pore size distribution of the coatings

were analysed with the use of Image J soware (Fig. S2†). The

percentage porosity of the two coatings was similar, and the

average pore size was calculated as 1.746 � 0.922 mm, and 1.813

� 0.992 mm for Ta@TC4 and Ta–Sr@TC4 coatings, respectively.

The SEM image and elemental mappings (Fig. 2) of the Ta–

Sr@TC4 sample demonstrated the Ta–Sr@TC4 lm (thickness

20022 | RSC Adv., 2020, 10, 20020–20027 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

7
 M

ay
 2

0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 1

:0
9
:0

2
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01079k


approximately 5 mm) adhered strongly to the substrate. More-

over, the bulk and continuous lm exhibited a compact

morphology without cracks. The main chemical elements of the

coating are Ti, O, Al, V, Ta, Ca, Sr, and the elemental mappings

for the Ti, Ta, Ca, Sr, and P are shown in Fig. 2b–f. Sr from the

electrolyte and Ta from the sol–gel, distribute in the outer layer

of the substrate, which indicates that the bio-functional metal

elements were successfully introduced. The Sr was introduced

into the coating by MAO method following the reaction

mechanism:

TiO2 + Sr2+ + 2OH�
/ SrTiO3 + H2O

The phase structure of TC4 before and aer coating was

analyzed by XRD (Fig. 3). For sample TC4, the diffraction peak

corresponds with the standard diffraction peaks of TC4. Aer

the MAO process, anatase and rutile diffraction peaks at 2q ¼

25.3�, 27.5� are present, which conform with JCPDS 96-900-

7433. To complement these ndings, an EDS analysis was per-

formed to determine the coating composition. The results show

that the Ta, Sr, Ca, and P elements are uniformly distributed on

the surface of coatings (Fig. S2†). The Ta and Sr concentrations

on the surface of Ta–Sr@TC4 are approximately 5.86 and

1.93 wt%, respectively. The introduction of Ta and Sr into

coatings may accelerate the formation and calcication of bone

tissue, thereby reducing fracture healing time.33,34
Fig. 2 Cross-sectional images of the Ta–Sr@TC4 sample (a), and

elemental mappings for (b) Ti, (c) Ta, (d) Ca, (e) Sr, and (f) P.

Fig. 1 The SEMmicrographs of TC4 (a, d and g), Ta@TC4 (b, e, and h), and Ta–Sr@TC4 (c, f, and i) samples. Scale bar¼ 500�: 50 mm; 1000�: 10

mm; and 3000�: 5 mm.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 20020–20027 | 20023

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

7
 M

ay
 2

0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 1

:0
9
:0

2
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01079k


Surface roughness plays a major role in inuencing cell–

material interactions, and rough surfaces promote adhesion

better than smooth surfaces. Atomic Force Microscopy (AFM)

was used to quantify the surface morphology of the coatings

and to measure pore roughness precisely. Aer treatment with

MAO, the surface roughness changed with the morphology. The

average roughness (Fig. 4) was found to be: TC4 (196 � 35 nm),

Ta@TC4 (734 � 51 nm), and Ta–Sr@TC4 (728 � 85 nm). This

result indicated that the Ta@TC4 and Ta–Sr@TC4 samples had

relatively rougher surfaces compared with the TC4 sample, and

this may contribute to enhanced in vivo bone integration and

implant stability.

A critical factor in determining the biocompatibility of

a substrate is the surface energy. The water contact angle is the

primary marker of the surface energy, where a lower water

contact angle means higher surface energy.35,36 Therefore, the

water contact angles for the TC4 substrate, Ta@TC4, and Ta–

Sr@TC4 samples were measured (Fig. 5). The water contact

angles were as follows: TC4 (68.4 � 1.6�), Ta@TC4 (37.4 � 0.8�)

and Ta–Sr@TC4 (34.7 � 2.6�). It is clear that as compared with

the TC4 substrate, the surface energy of the coated substrate

increased because of a reduced water contact angle. A higher

surface energy substrate (better wettability) would enhance cell

recruitment and adhesion.

To evaluate the cell recruitment ability of the lms (Fig. 6),

the nuclei of the cells on different samples were stained and

counted aer cell seeding for 2 h. As shown in Fig. 6a–c, a large

number of nuclei (blue, DAPI-stained) were observed on all the

samples, with a higher density of cells (quantied using ImageJ)

on the Ta@TC4 and Ta–Sr@TC4 samples relative to the TC4

group. The number of cells adhered to different samples ranged

from Ta–Sr@TC4 (highest), Ta@TC4 (middle), and TC4

(lowest). This result indicates that Ta@TC4 and Ta–Sr@TC4

lms with hierarchically rough structures can recruit cells onto

the surface of implants in the initial culture stages.

The ideal biomaterial should not only recruit cells from the

surrounding microenvironment but also provide a suitable

interface for cell attachment, spreading, and migrating.37

Therefore, the cytoskeleton of cells seeded on different samples

was stained and imaged to analyze the effect of the lm surface

on cell attachment and spreading (Fig. 7a). Within 2 h of

culture, all cells were round and had a shrunken cell

morphology. Aer 4 h, the cells gradually spread better on all

the sample surfaces. On Ta@TC4 and Ta–Sr@TC4 samples,

cells were fusiform and had an expanding cell morphology,

which was in contrast to cells on the surface of the TC4 sample

Fig. 3 The X-ray diffraction of Ta–Sr@TC4, Ta@TC4, and TC4

samples.

Fig. 4 The AFM images and the roughness for the TC4, Ta@TC4 and

Ta–Sr@TC4 samples.

Fig. 5 The water contact angle of the TC4, Ta@TC4, and Ta–Sr@TC4

samples.

Fig. 6 The fluorescent staining images of nuclei for TC4 (a), Ta@TC4

(b) and Ta–Sr@TC4 (c) samples. Scale: 500 mm. The quantitative of cell

adhesion after cell seeding for 2 h (d).

20024 | RSC Adv., 2020, 10, 20020–20027 This journal is © The Royal Society of Chemistry 2020
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that maintained a shrunken morphology. Additionally, cell

laments were observed on the TC4 group at 4 h, while

a negligible number of laments were visualized in other

groups. This behavior suggests that the cells were tightly

attached to the hierarchically rough structure of the samples.

Making it difficult to image (focus and capture) a whole cell that

is not on the same plane. To directly observe the interaction

between cells and the surface of the materials, the SEM images

for cells on different samples were captured aer culture for 2

days (Fig. 7b). Numerous cells were observed on the surfaces of

Fig. 7 (a) The CLSM images of F-actin and nuclei of cells on the TC4, Ta@TC4, and Ta–Sr@TC4 samples. Scale: 50 mm. (b) The SEM images of the

cells on different samples.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 20020–20027 | 20025
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different samples, and they all displayed a fusiform-expanding

cell morphology. Compared with the TC4 group, cells adhered

to the Ta@TC4 and Ta–Sr@TC4 lms showed a more stereo-

scopic morphology caused by the hierarchically rough struc-

ture. The cell cytoskeleton completely covered the microcraters,

and this demonstrates that the hierarchically rough structure is

benecial for cell anchorage.29 The results of the uorescently-

labeled cytoskeleton images, as well as SEM images of cells

seeded on different samples reveal that the hierarchically rough

structure of Ta@TC4 and Ta–Sr@TC4 lms can induce cell

attachment and spreading onto the surface of the implant.

Both Live/Dead and proliferation assays were used to eval-

uate the cytotoxicity of the different lms seeded with MC3T3-

E1 cells (Fig. 8). Fig. 8a–c showed the CLSM images of the

MC3T3-E1 cells cultured on the TC4, Ta@TC4, and Ta–Sr@TC4

groups for 24 h. The live cells (green dots) and dead cells (red

dots) were stained and quantied. A large number of live cells

and few dead cells were observed on the surface of all the

samples.

Cell proliferation (assayed using the CCK-8 kit) is important

for understanding cell–material interactions (Fig. 8d). The OD

value (indicating cell number) of all sample groups increased

with incubation time. Aer 1 day of seeding, the number of cells

on all samples was almost similar. While at 3 days, the Ta–

Sr@TC4 group had a higher amount of cells, and 5 days post-

seeding, there were more cells in both the Ta@TC4 and Ta–

Sr@TC4 groups compared with the TC4 group. Based on the

results of the Live/Dead staining and cell proliferation assay, we

conclude that the Ta@TC4 and Ta–Sr@TC4 lms are conducive

for cell growth compared with the TC4 group. Previous studies

demonstrate that functional elements such as Sr and Ta can

enhance both cell proliferation and the osteoblastic

response.38,39 However, in this work, the doping of the func-

tional elements is not the sole factor responsible for the

enhanced cell response. The Ta@TC4 and Ta–Sr@TC4 lms

demonstrated the ability to recruit cells onto the surface in the

initial culture stages. This cell recruitment is closely related to

the surface morphology and substrate cell affinity. The inter-

action of cells with various surface topographies also inuences

cell proliferation. It has been reported that the complex porous

structure of the micro-arc coatings could provide a conducive

environment for cell adhesion and migration.40 Therefore, the

synergistic strategy combining both functional elements and

porous surface topography contributes to the improved cell

proliferation on Ta@TC4 and Ta–Sr@TC4 lms.

Conclusions

In this study, uniform and continuous Ta@TC4 and Ta–

Sr@TC4 lms were successfully prepared on the TC4 substrates

using the sol–gel-assisted micro-arc oxidation method. The

introduction of tantalumwas caused by the disposition of Ta2O5

sol–gel. At the same time, the MAO technique introduced Sr

ions and created a hierarchically rough structured topography

with a large number of crater-like micropores. Moreover, the

MAO technique enhanced the bond strength of the lms and

the surface. The hierarchically porous surface provided by the

Ta and Ta–Sr lms was rougher andmore hydrophilic relative to

the TC4 substrate (a feature benecial for cell attachment).

Altogether, both lms were biocompatible, and they enhanced

cell proliferation. Based on these results, the sol–gel-assisted

micro-arc oxidation method is a novel strategy for the intro-

duction of Ta to implant lms. This feature makes it a great

approach for fabricating bioactive coatings on implants and

scaffolds for bone repair and regeneration.
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