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A multifaceted coating with favourable cytocompatibility, osteogenic activity and antibacterial properties

would be of great significance and value due to its capability for improving osseointegration and alleviating

prosthesis loosening. This study marks the first report on the coating of TiO2 nanotubular (TNT) arrays with

Sr-and-Si-substituted hydroxyapatite (SSHA) endowed with antibacterial characteristics using silver ions.

This TNT layer coated with Ag-substituted SSHA (SSAgHA) formed a composite coating with an

interconnected microporous structure and a homogeneous distribution of Sr, Si and Ag; such a coating

promoted cell adhesion and osteogenic potential. The anchoring effect of the TNT layer improved the

adhesion strength of the SSAgHA/TNT coating to 16.9 � 3.1 MPa, which was higher than the 15 MPa set in

the ISO standard 13 779-4:2002. Moreover, the bio-corrosion resistance of the underlying Ti substrate was

greatly enhanced by the composite coating. Hydroxyapatite (HA) and SSAgHA coatings provided a suitable

environment for the adhesion, spreading and proliferation of mouse osteoblasts. The SSAgHA coating

excellently inhibited bacterial activity and enhanced osteoinductivity with higher osteogenic differentiation

compared with the HA coating. Sr and Si dopants increased the expression levels of the genes related to

osteogenesis and successfully offset the potential cytotoxicity of Ag ions. Super-osteoinductivity was

attributed to the rough and superhydrophilic surface of the composite coating. Therefore, the present

study demonstrated the potential of the electrodeposited SSAgHA/TNT composite coating as a promising

metallic implant with great intrinsic antibacterial activity and osteointegration ability.
1. Introduction

In view of the rapid development of orthomorphia, frequently
occurring fracture and joint degeneration and age-related bone
defects, articial orthopaedic implants are increasingly in
demand.1 High mechanical strength, low elasticity and
reasonable biocompatibility have made metallic biomaterials
clinically useful in xing bone fractures and implanting joint
prostheses.2 For example, titanium (Ti) and its alloys have been
extensively considered for orthopaedic applications.3 However,
the bio-inertness of many biometals impedes the progress of
the healing process, and their inherent lack of antibacterial
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characteristics increases the chance of bacterial infection,
which can lead to implant failure.4,5

The abuse of antibiotics during common clinical treatment
of implant-related bacterial infections may lead to bacterial
resistance.6 Moreover, antibiotics can function poorly thera-
peutically against a bacterial biolm that has already formed
on the surface of an implant. Therefore, viable approaches to
bacterial infections are the design of anti-adhesive surfaces,
the release of antimicrobial agents, the use of antibacterial
coatings and the application of nanostructured materials and
molecules, which contain antibiotics that can interfere with
bacterial biolms.7–10 The incorporation of inorganic antimi-
crobial agents into coatings leads to bacterial death, which
avoids the development of drug resistance.11,12 A well-known
example of antimicrobial agents is Ag, which acts against
bacteria by being released as ions.13,14 However, these methods
suffer from some drawbacks; for example, released inorganic
nanoparticles can cause toxicity,11 and Ag ions in large
concentrations can induce cytotoxicity.15 Furthermore, most
antibacterial methods cannot improve the osteogenetic ability
of bioinert implants. Implant loosening and failure can also
occur because of a weak bond between implants and new bone
tissues;12,16 therefore, the development of new coatings that
This journal is © The Royal Society of Chemistry 2019
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simultaneously have good osteoinductivity and antimicrobial
abilities is in demand.12

Having a chemical composition almost similar to natural
bone and tooth, hydroxyapatite (HA) has great biocompatibility
and osteoinductivity.17 Different trace elements (Sr, Si, Mn, Mg,
CO3

2�, F and Zn) with specic biological properties are usually
found in biological apatites, which form in biological condi-
tions.18 The bioactivity of an implant—its antibacterial, anti-
inammatory, anti-osteoporotic and angiogenic properties—
can be tuned through selected doping.9 Several biologically
active ions, such as Si and Sr, have been regarded as dopants
because of their natural presence in native bone tissues and can
benecially inuence the biological response of osteo-
blasts.17,19,20 These trace elements physiologically function as
enzymatic co-factors and signalling molecules;19,20 being
essential for early embryonic bone formation, Si is not present
in mature bone tissues21 that are directly affected by Sr, another
trace element that is linked to osteoclast and osteoblast differ-
entiation.17 Therefore, Si and Sr co-substitution of HA may
enhance osteoblast proliferation and differentiation more than
what a single Si or Sr substitution of HA can achieve; this
hypothesis still demands a good deal of research. Published
information about the simultaneous effects of Sr, Si and Ag on
surface features, antibacterial activity and biological perfor-
mance of HA-based coatings is lacking. To test the aforemen-
tioned hypothesis further, we co-doped HA with Sr, Si and Ag to
make a coating that benets from the combined capabilities of
Sr and Si for the promotion of osteogenesis and of Ag for the
inhibition of bacterial growth. To the best of our knowledge,
research on single-ion doping and co-doping of two or three
ions has rarely been reported.

Several deposition methods have already been investigated
to produce co-substituted Ca–P coatings,16 including plasma
spraying,24 sol–gel technique,25 pulsed laser deposition,26

magnetron sputtering27 and electrophoretic deposition.28

Herein, we report for the rst time the fabrication of
a composite coating of a layer of TiO2 nanotube (TNT) arrays
coated with the Si–Sr–Ag-substituted HA (SSAgHA). The TNT
layer enhances the electrochemical resistance of the coating to
minimise wear-induced leaching.16 The electrochemical depo-
sition (ED) technique was employed to synthesise the SSAgHA
coating. To change the adhesion and differentiation of osteo-
blasts, the specic surface area, surface roughness and wetta-
bility of implants were tuned using ED; therefore, ED is
particularly useful for the deposition of HA coatings.29,30 The
collective effects of co-dopants (Sr2+, Ag+ and Si4+) on the
wettability, corrosion resistance, crystalline phase, antimicro-
bial activity and biocompatibility of the coatings were also
studied.

2. Materials and methods
2.1 Preparation of TiO2 nanotubes on Ti substrate

Samples with a size of 10 � 10 � 1.1 mm3 were cut from pure Ti
sheet (99.9%, ASTM F67 Grade 1). Different grades of silicon
carbide papers (240-2000 grit) were used to abrade the samples
mechanically. The samples were chemically polished for 30 s in
This journal is © The Royal Society of Chemistry 2019
a 3 : 1 solution of HNO3 and HF. Thereaer, ultrasonic cleaning
was performed in acetone, ethanol and deionised water. Before
being coated, the samples were anodised at a constant voltage
of 20 V and 25 �C for 60 min in an ethylene-glycol-based elec-
trolyte containing 0.5 wt% NH4F. Finally, the anodised samples
were annealed at 550 �C for 1 h to crystallise the amorphous
TiO2 into the rutile phase.

2.2 Synthesis of SSAgHA/TNT coatings

Aer the substrates were prepared for coating, SSAgHA/TNT
coatings were electrodeposited according to our previous
report;31 the samples were used as the cathode, and the anode
was made out of Pt. Analytical grade Ca(NO3)2, NH4H2PO4,
AgNO3 and Sr(NO3)2 were used as the sources of Ca2+, PO4

3�,
Ag+ and Sr2+, respectively. The above electrolyte was supple-
mented with 1 wt% nano-SiO2 (15 � 5 nm) solution, and the pH
of the solution was set to 4.2. Themolar ratio of Ag to the sum of
Ca + Ag and the molar ratio of Ag to Ca + Ag were both 0.1. The
distance between the cathode and anode was xed at 1.5 cm.
Deposition was performed with an electrochemical workstation
(CHI 660E, China) operating at 0.9 mA cm�2 and 65 �C for 0.5 h.
Aer being removed from the electrolyte, the coated samples
were dried at 65 �C for 2 h. Finally, they were annealed at 450 �C
for 2 h.

2.3 Characterisation of SSAgHA/TNT coatings

The surface morphologies of the coated samples were investi-
gated by scanning electron microscopy (SEM; JEOL JSM-7500F,
Tokyo, Japan) with energy-dispersive spectrometry (EDS). The
crystalline phases of the samples were examined via X-ray
diffraction (XRD) (Rigaku D/Max-2500/PC, Tokyo, Japan) using
Cu Ka radiation (l ¼ 1.541874 Å) with scanning from 5� to 80�

with a rate of 0.06� s�1. Functional groups were analysed via
Fourier transform infrared (FTIR) spectrometry (Nicolet iS5,
USA) within the range of 4000–500 cm�1 at a resolution of
4 cm�1. The chemical states were determined by X-ray photo-
electron spectroscopy (XPS; Thermo ESCALAB 250XI) with Al Ka
radiation (1486.6 eV). The surface roughness of the samples was
measured with an atomic force microscope (AFM, Bruker,
Dimension Icon, USA). A universal testing machine (AG-10TA,
Shimadzu) (ASTMF1044-05) was used to measure the adhe-
sion strength of the SSAgHA/TNT coating.16 A contact angle
instrument (Easy Drop Instrument, DSA 100, Kruess, Germany)
with deionised water as medium was used to measure the
contact angles.31

2.4 Ion release measurements

The concentrations of the released Ca, Ag, Si and Sr ions were
measured by inductively coupled plasma mass spectrometry
(ICP-MS; 7700, Agilent Technologies Inc., USA). To this end, the
SSAgHA-coated Ti samples were incubated at 37 �C for 14 days
in 10 mL of PBS (Gibco, USA) at pH 7.4; the buffer was period-
ically renewed every 24 h.32 The ion contents of each collected
buffer were measured via ICP-MS, and the cumulative concen-
trations of released Ca, Ag, Si and Sr ions at each time interval
were calculated.
RSC Adv., 2019, 9, 13348–13364 | 13349
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2.5 Electrochemical corrosion resistance analysis

The impedance and polarisation data were obtained from the
bare and coated substrates using the electrochemical worksta-
tion (VertexOne, Netherlands). The standard three-electrode
system had the sample as its working electrode, the standard
calomel electrode as its reference and a platinum rode as its
counter electrode. The open-circuit potential (EOCP) was estab-
lished by immersing the Cp-Ti, HA, AgHA and SSAgHA samples
in an electrolyte of Kukubo's simulated body uid (SBF) at
37 �C. Electrochemical impedance spectroscopy (EIS) was per-
formed in the high-to-low frequency region, and the resultant
data were expressed as Nyquist plots. Potentiodynamic polar-
isation measurements were conducted within the range of EOCP
�0.25 V, and the obtained data were expressed as Tafel plots,
which helped determine the corrosion current (icorr) and
corrosion potential (Ecorr).
2.6 Antibacterial activity

2.6.1 Inhibition zone analysis. Quantity and quality
assessments of the antibacterial properties of the SSAgHA-coated
Ti samples were performed on Gram-positive Staphylococcus
aureus (ATCC 25923). The qualitative assessment, inhibition zone
measurement, was based on the disk diffusion method.31

Nutrient agar plates were inoculated with 1 mL of a bacterial
suspension that contained about 107 colony-forming units (CFUs)
of bacteria per millilitre. Disks of HA, Ag-doped HA (AgHA), Sr–
Ag-doped HA (SrAgHA) and SSAgHA were incubated at 37 �C for
36 h. The inhibition zone around each sample was photographed.

2.6.2 Spread plate. Bacteria were cultured in Luria–Bertani
(LB) culture medium. LB broth and LB agar plates were steri-
lised by autoclaving at 121 �C for 15 min. For the sake of aver-
aging, three samples were tested in each group. The samples
were placed on a 24-well plate, and 400 mL of the S. aureus
suspension (1 � 107 CFU mL�1) that was diluted in sterile PBS
broth was incubated in a biological safety cabinet at 37 �C for
12 h. A 100-fold dilution of sterile PBS was used to dilute the S.
aureus suspension in each hole. Subsequently, 20 mL of the
diluted S. aureus suspension from each hole was spread on LB
agar plates and incubated in the oven at 37 �C for 24 and 36 h.
Antibacterial activity was calculated as R ¼ (B � A)/B � 100%,23

where R is the antibacterial rate, and A and B are the mean
numbers of viable bacteria (CFU) on the Ag-doped HA and pure
HA samples, respectively.
2.7 Osteoblast culture and evaluation

We usedmouse calvarial cell lineMC3T3-E1 (West China School
of Medicine). The culture medium of the cells on a dish was an
atmosphere of 5% CO2 at 37 �C in an incubator and contained
a-MEM (HyClone) supplemented with 1% penicillin–strepto-
mycin (HyClone) and 10% foetal bovine serum (FBS). Sterilised
PBS and trypsin/ethylenediaminetetraacetic acid (EDTA, Sigma)
were used to remove dead cells. For later use, the culture was
diluted to a density of 1 � 105 cells per mL.

In this study, 3 � 104 cells per well was the density of the
osteoblasts in the 24-well culture plates. The number of
13350 | RSC Adv., 2019, 9, 13348–13364
adherent cells (aer 1 and 2 h of culture) and cell proliferation
rates (aer 1, 4 and 7 days of culture) were assessed by using the
Alamar Blue assay as instructed by themanufacturer. Aer 1 day
of culture, the samples with attached osteoblast cells were
rinsed twice in PBS. The samples were xed in 2.5% glutaral-
dehyde in PBS at room temperature and air-dried aer dehy-
dration in a graded ethanol series. Aer being sputter-coated
with gold, they were examined via eld emission scanning
electron microscopy (FE-SEM).

The distribution and attachment behaviour of the cells on
the samples were further visualised through uorescence
microscopy (model SMZ745/745T; Nikon Corporation, Tokyo,
Japan). Cell live/dead staining determined the viable and non-
viable MC3T3-E1 cells aer 3 days.33 The samples were rinsed
in PBS, and the supernatant was replaced with 1 mL of the PBS
solution that contained 2 mL (1 mg mL�1) of calcein AM and 2
mL (1 mg mL�1) of propidium iodide (Sigma-Aldrich). To visu-
alise the cytoskeleton (actin bres) and nuclei, the cells were
washed with PBS twice and then xed with 3.6% formaldehyde
(Sigma-Aldrich) for 30 min at room temperature. Aer 30 min of
staining in 50 mL (6.6 mg mL�1) of phalloidin (Phalloidin Alexa
Fluor® 488 Phalloidin, Thermo Fisher Scientic), they were
rinsed in PBS twice. Final staining was performed in 50 mL (2.5
mg mL�1) of DAPI (Sigma-Aldrich).
2.8 Quantitative reverse-transcription polymerase chain
reaction

Osteogenic differentiation was assessed. The expression levels
of the genes that were implicated in bone matrix synthesis were
measured via quantitative reverse-transcription polymerase
chain reaction (qRT-PCR). The 14 day-cultured osteoblasts that
had been seeded at a density of 3 � 104 cells per well were
harvested by TRIzol (Invitrogen, Milan, Italy). An RNeasy Micro
Kit was used to extract and clean total mRNA. Aer the on-
column DNase digestion step, the residual genomic DNA was
removed with an RNase-Free DNase Set (Qiagen). RNA was
quantied on a Qubit quantitation platform (Invitrogen, Cergy
Pontoise, France). RNA quality was evaluated with 1% agarose
gel electrophoresis and optical density measurements. There-
aer, reverse transcription was performed using a high-capacity
reverse transcription kit (Applied Biosystems) for real-time PCR
experiments. The cDNA and frozen RNA extracts were stored at
�20 �C and �80 �C, respectively. The specicity and efficiency
of the primers were tested for the amplication of alkaline
phosphatase (ALP), type I collagen (Col-I), osteocalcin (OCN),
osteopontin (OPN), bone morphogenetic protein-2 (BMP-2) and
runt-related transcription factor 2 (RUNX2) (Table 1).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was the
internal control (IC). The relative expression level of each mRNA
was calculated using the 2�DDCt method.
2.9 Statistical analysis

According to Kruskal–Wallis one-way ANOVA test, the results of
at least three experiments were calculated as the mean �
standard deviation.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Primers used in real-time PCR

Target gene

Sequences

Forward primer (50 / 30) Reverse primer (50 / 30)

ALP TACACGGACACTGAGATGCGCT TCGTGCATTATCTGATAGGTGA
BMP-2 GCTAAACTTGACGACGCTCGT CTGCTCGGTTCCCGTTA
Col-I CTAAAGAATGACTACAGCTA TCCACCCCTAGTGCGTTGCT
OCN CTGTTTAGGGTGTGTGTCGC TAGCGAGGCAACGAGATCAA
OPN TCTGGAGAGGAGTGAAGCTC AGGGAAGCGTCAATCTTAAG
RUNX2 CTGTCCCTCCCTCACCCCGT GACGCCTGCTGTCTTCTGTAG
GAPDH (IC) CCTCCAGGAACTCTCCTCAG GTATGAGAGCGCAGCCAACGG
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3. Results and discussion
3.1 Characterisation of TNT

Fig. 1 shows the schematic of Si–Sr–Ag co-doped HA/TiO2

coatings with antibacterial activity and cytocompatibility fabri-
cated by electrochemical deposition combined with anodiza-
tion. Antibacterial activity and in vitro cell viability studies
showed that the biological properties of the SSAgHA/TNT-
coated Ti were appropriate for orthopaedic applications.

Fig. 2a and b display the top and cross-sectional FESEM
views of the TNT that formed on the surface of the Ti substrate.
The homogenously porous structure of the TNT layer on the Ti
substrate favoured the inltration of the SSAgHA crystals. XRD
tests were used to examine the purity and crystalline structure.
The phase compositions of the anodised samples were reported
in our previous publications;31,34 all the reections reproduced
the standard patterns, including JCPDS#005-0682 for the Ti
substrate and #021-1276 for rutile (Fig. 2c). The vibrational
mode of Ti–O bending formed the band at 810 cm�1 in the FT-
IR spectra of the anodised Ti surface (Fig. 2d).35 When balanced,
the three processes of oxide growth, eld-assisted dissolution
and chemical dissolution of the oxide layer in the presence of
uoride ions lead to the formation of titanium nanotubes
during the anodization of the Ti substrate.36 The introduction of
Fig. 1 Schematic of Si/Sr/Ag co-doped HA/TiO2 nanotube coatings with
electrodeposition combined with anodization.

This journal is © The Royal Society of Chemistry 2019
an intermediate layer of nanotubular arrays of TiO2 before the
application of the CaP-based coatings can favourably enhance
adhesive strength between the coating and Ti substrate.29,36,37
3.2 Characterisation of as-deposited SSAgHA/TNT coatings

Fig. 3a shows the XRD data of the HA-, AgHA- and SSAgHA-
coated samples. The patterns agreed with that of the HA
phase (JCPDS no. 09-0432) with a pronounced 002 preferred
orientation. The high crystallinity of the samples was evident
from the sharpness of the diffraction peaks. The diffraction
pattern of the SSAgHA-coated sample included the peaks
attributed to the pre-treated Ti (rutile and Ti) and peaks related
to the HA phase. These results suggested that the trace Ag, Si
and Sr dopants did not make any new phase within HA. Inter-
estingly, the incorporation of SiO4

4�, Ag+ and Sr2+ ions into the
HA lattice did not result in any lattice distortion, impediment to
crystal growth or decline in crystallinity.

Fig. 3b presents the FTIR spectra of the coatings in the range
of 500–4000 cm�1. The peaks at 962 and 1000–1200 cm�1 were
assigned to P–O stretching mode, whereas the peaks at 561 and
602 cm�1 were assigned to the bending vibration mode of the
O–P–O bond. The vibration mode of OH� caused the absorption
peak at 631 cm�1. The broad band between 3250 and 3650 cm�1

hid the weak OH band at 3572 cm�1. The adsorbed H2O
antibacterial activity and cytocompatibility, which were fabricated by

RSC Adv., 2019, 9, 13348–13364 | 13351

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01168d


Fig. 2 (a) FE-SEM image, (b) their cross-section, (c) XRD pattern and (d) FT-IR spectra of the anodized and hydrothermally treated Ti substrate.
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molecules were responsible for the broad (weak) band that
expanded from 3600 cm�1 to 3400 cm�1 and for the bending
peak at 1620 cm�1.18,38 These peaks were characteristic of HA.
Fig. 3 XRD pattern (a) and FT-IR spectra (b) of the HA, AgHA and
SSAgHA/TNT coatings that were deposited on their underlying Ti
substrates.

13352 | RSC Adv., 2019, 9, 13348–13364
Small peaks at 875 cm�1 were related to [CO3] groups,18,39

whereas the peak at 875 cm�1 may be attributed to HPO4
2�

groups.18,40 However, the peak at 875 cm�1 was more likely due
to CO3

2� groups, because no other HPO4
2� species were

detected. Compared with HA, the bending motion of oxygen
atoms along the bisection of the Si–O bending modes of the
SiO4

2� group led to the bands at 805 and 1098 cm�1.41 The band
at 571 cm�1 resulted from the vibrational bending mode of Si–
O–Si.42 In particular, the absence of any carbonate peak may be
due to the replacement of the PO4

3� groups with SiO4
2� rather

than CO3
2�.35 Overall, the FTIR patterns of the HA, AgHA and

SSAgHA coatings were similar. These patterns indicated that the
asymmetric vibration modes of the main functional groups
(PO4

3�, OH�) were not changed by the incorporation of Ag, Si
and Sr into the HA lattice. This conclusion was in agreement
with the XRD results given in Fig. 3a.

The overall similarity and closeness of the spectral charac-
teristics of Ag, Ag+ and Ag2+ make it difficult to differentiate
them from one another, but some subtle features can separate
them.43 Fig. 4 displays the elemental composition and chemical
states of the SSAgHA coating along with the high-resolution XPS
spectra of the Ag 3d, Si 2p and Sr 3d regions. The main peaks in
the wide-scan XPS spectrum were due to Si, Sr, Ag, Ca and P
atoms. The absence of the C 1s peak at 282.4 eV conrmed that
carbon was not present in the heat-treated structure of the
SSAgHA coating.43 Narrow-scan XPS analysis revealed detailed
information on Si, Sr and Ag in the coating. The Sr 3d spectrum
consisted of the Sr 3d5/2 (26.6 eV) and Sr 3d3/2 (26.6 eV)
photoelectron lines (Fig. 4d), which showed the typical Sr
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 XPS general spectrum of the surface of the SSAgHA/TNT coating.
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chemical bonding states in the SSAgHA coating. The narrow-
scan given in Fig. 2b showed the Ag 3d5/2 and Ag 3d3/2 peaks
at 368.0 and 374.0 eV, respectively; their difference of 5.9 re-
ected the metallic state in the coating.43 Besides, the O 1s
spectrum had a binding energy of 529.7 eV. The shoulder
extending from 530 eV to 532.5 eV indicated that oxygen was
present in other chemical states, such as adsorbed water, silver
carbonate and bicarbonate, as well as an oxygen-containing C
species. These results were consistent with previously published
XPS data for SrAgHA or SiAgHA.35,44

The FESEM views from the top surfaces of the HA and AgHA
coatings in Fig. 5a and b suggested that both coatings exhibited
similar dense microstructural features, such as needle-like
crystals. However, the AgHA crystals appeared to be relatively
ner than the HA crystals, which had a denser brous structure.
These morphologies were consistent with our previous nd-
ings.45 The SEM images in Fig. 5c indicated that the SSAgHA/
TNT composite coating possessed 3D interconnected macro-
pores. The sizes of the macropores in the composite coating
were mainly distributed around 10–20 mm. Fig. 5d–i show
representative images of the surface roughness and hydrophi-
licity tests. The roughest surface amongst the samples was that
of SSAgHA with a roughness value of 1.23 mm, which was due to
its reticulated porous morphology. A rough surface provides
additional binding sites for proteins, thereby enhancing cell
attachment and proliferation. Osteoblast cells respond well to
a rough surface.46–49 The surface topography can signicantly
inuence the adsorption of extracellular matrix (ECM)
proteins,47,50 whose interactions with cells initiate the cellular
This journal is © The Royal Society of Chemistry 2019
response to biomaterials.51 By favouring protein adsorption,
surface wettability can also considerably impact cell adhesion/
activation.52 HA and AgHA surfaces are rather hydrophilic with
water contact angles of about 15.5� and 9.1�, respectively.
Notably, the SSAgHA coating showed total hydrophilicity,
because its water contact angle could not be measured. The
roughness of a at surface with a contact angle less than 90� can
affect its wettability.53,54 The larger the surface roughness is, the
better the surface wettability will be. This relationship signi-
cantly inuences cell activity and may greatly affect the
osteoinductive properties of biomaterials.

EDS analysis conrmed the chemical composition of HA,
AgHA and Sr/Si-doped AgHA. Fig. 6b reveals the existence of
elements, such as P, Ca, Ag and O, in AgHA. Fig. 6c conrms the
presence of Sr, Ag, Ca, P, Si and O elements in SSAgHA, and this
result was in agreement with the XPS survey scan in Fig. 4a. Ca
and P were mainly from HA, and Ti was from the underlying Ti
substrate. The Sr, Ag and Si elements were strategically incor-
porated into the structure of the synthetic HA. The corre-
sponding EDS mapping reected the uniform distribution of
the Sr, Ag, Ca, P and Si elements across the surface of the
SSAgHA composite coating (Fig. 6d).

The cross-section views of the double-layer SSAgHA/TNT
coating in Fig. 7a indicated that the double-layer coating was
composed of an inner compact layer (TNT) and an outer apatite
layer. The thicknesses of the inner and outer layers were about 2
and 10 mm, respectively. No apparent discontinuity between the
outer and inner layers of the composite coating was observed,
but the side surface of the coated sample was severely ground
RSC Adv., 2019, 9, 13348–13364 | 13353
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Fig. 5 SEM images of the HA, AgHA and SSAgHA/TNT coatings (a–c); their AFM images (d–f); and the images of the water droplet and its
corresponding contact angles on the surfaces of the HA, AgHA and SSAgHA/TNT coatings (g–i).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 2
:5

5:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
prior to the FE-SEM measurements. The homogeneity and
uniformity of the thickness of the composite coating in its
different parts are inferred from the elemental mappings of the
outer surface of the coating to its inner TNT layer. Such uniform
thickness can result in uniform corrosion behaviour of the
sample in physiological environments.

The HA/Ti bonding strength was 7.9� 3.3 MPa. The bonding
strength between the nanotube layer and SSAgHA coating in the
SSAgHA/TNT-coated Ti substrate was measured to be 16.9 �
3.1 MPa, which was higher than the 15 MPa set in the ISO
standard 13 779–4:2002 for surgery apatite-coated implants.55

The rough interface of SSAgHA and TNT translated into high
cohesion strength of the SSAgHA layer with the TNT layer56 and
into their mechanical interlocking.57
3.3 Ion release prole

Fig. 8 shows the releasing processes of Ca, Ag, Sr and Si ions
from the surface of AgHA and SSAgHA aer being immersed in
PBS solution for different durations. The doses of the released
Ca, Ag, Sr and Si ions increased commensurate with the soaking
duration; thus, the ions were released constantly. The released
Ag+ ions near the implants can greatly lower the risk of bacterial
infection.58 For the AgHA and SSAgHA samples, the cumulative
release prole of Ag+ ions (Fig. 8b) suggested a two-phase
release behaviour from the SSAgHA coating. In the initial 5
days, the surface diffusion of Ag+ ions led to fast ion release.
13354 | RSC Adv., 2019, 9, 13348–13364
Subsequently, the slow diffusion of ions from the inner parts of
the SSAgHA coating reduced the release rate to 6–14 days.
Notably, the rst 2 weeks aer surgery is the time when infec-
tions usually happen.59 For the SSAgHA sample, the cumulative
concentration of Ag+ ions aer 14 days became constant at
0.529 mg L�1, which was about the amount of Ag+ that a hybrid
coating layer of lysozyme, chitosan, HA and Ag on a Ti substrate
releases (approximately 0.6 mg mL�1);60 the lysozyme layer
lowers the release of Ag+ ions into the surroundings. Ag release
from Ag-containing antimicrobial composites is similar.61,62

When HA or brushite cement is physically mixed in AgNO3

solution, Ag+ ions are released rapidly, and their concentrations
reach 200 mg L�1 aer 7 days of immersion in PBS.61 By contrast,
a plasma-sprayed HA/Ag composite coating releases ions with
a concentration larger than 300 mg L�1 aer immersion for 14
days.62 Ag ions with large concentrations can ght well against
bacteria, but such high concentrations may also cause cytotox-
icity.11,15 Moreover, the cumulative concentration of Ag+ ions
released from AgHA aer 14 days became constant at
0.711 mg L�1, which was considerably larger than that of SSA-
gHA. Such high levels of silver release may cause cytotoxicity.

The ion release prole provides us with general information
on elements available for cellular activities. Compared with Ag+,
the release of Sr2+ or Si4+ ions from the SSAgHA coating was
slowly sustained at high concentrations; that is, aer 14 days,
the coating remained immersed in PBS solution, and the Sr2+

and Si4+ concentrations reached 1.24 and 74 mg L�1,
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 EDS spectrum of HA, AgHA and SSAgHA/TNT coatings (a–c) and their EDS mapping of HA, AgHA and SSAgHA/TNT coatings (d–f).

Fig. 7 Cross-section SEMmicrographs of the SSAgHA/TNT double coating (a); the EDS spectrum (b) and EDSmapping spectrum (c) of the cross-
section SEM micrographs of the SSAgHA/TNT double coating.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 13348–13364 | 13355
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Fig. 8 Amounts of delivered Ca2+, Ag+, Sr2+ and Si4+ species per surface area released from the SSAgHA/TNT coating under static incubation at
37 �C in PBS.
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respectively (Fig. 8c and d). Such relatively high levels of Sr2+

and Si4+ ions provided bone cells with a readily available pool of
essential ions as co-factors during bone regeneration, which
considerably increased the osteogenic potential of the mate-
rial.19,20 For Ca2+ ions, AgHA and SSAgHA samples exhibited
similar ion release curves, thereby providing osteogenic min-
eralisation factors (Fig. 8a).12
3.4 Electrochemical studies

To establish the standard OCP in SBF solution, the bare and
coated samples were given a sufficient time frame of 1 h. As
shown in Fig. 9a, the steady-state potential of the coated sample
positively shied with respect to the bare Ti sample, indicating
a decreased corrosion drive; the Cp-Ti, HA, AgHA and SSAgHA
samples attained stability with �0.425, �0.345, �0.375 and
�0.395 V, respectively. The electrochemical impedance results
are expressed in terms of Nyquist plots in Fig. 9b. Except for the
linear plot of the HA sample, the plots of the other samples were
clearly arc shaped. A high arc depth denotes a high corrosion
resistance. The area under curve of the Nyquist phase angle was
high for the SSAgHA sample, indicating the capacitive nature of
the surface layer to the surrounding electrolyte. The high
resistances of the HA and SSAgHA coatings were due to an
electrochemically-formed apatite layer and the double-layer of
the SSAgHA/TNT coating, respectively.

Fig. 9a shows the potentiodynamic polarisation curves and
their corresponding corrosion data. The corrosion potential
values of the coated samples gained a positive shi with respect
13356 | RSC Adv., 2019, 9, 13348–13364
to the bare sample. The corrosion current density of the bare
sample was the highest amongst the samples, and this result
further conrmed its inferior corrosion resistance before being
coated.63 The improvement in the corrosion resistance of the Ti
sample aer the application of the SSAgHA/TNT coating may be
due to two main reasons. Firstly, the presence of a micron-thick
TNT sublayer in the bilayered SSAgHA/TNT coating prevents the
corrosive solution from further penetrating through the coating
towards the underlying substrate even if microstructural
imperfections, such as cracks and pores at the outer surface of
the coating, can channel the corrosive ions into the underlying
substrate. Secondly, the strong bonding between the underlying
Ti substrate and coating makes it stable in a physiological
environment, which consequently protects the underlying Ti
substrate from the environment.29
3.5 In vitro antibacterial activity evaluation

The antibacterial activities of HA, AgHA, SrAgHA and SSAgHA
against S. aureus, the most common infection-causing micro-
organism, were evaluated via the disk diffusion method.65

Fig. 10e shows the inhibition zones of various coatings towards
the strains. Pure HA exhibited no inhibition zone, indicating its
poor antibacterial activity against the pathogen. The Ag-doped
apatite (AgHA, SrAgHA and SSAgHA) showed excellent inhibi-
tion zones for S. aureusmicroorganisms; such zones were found
to be similar. To assess antibacterial ability further, we removed
the adhered bacteria from the coatings and cultured them on
agar plates via the bacterial counting method. The results are
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (a) Tafel polarisation curves of the bare Ti substrate and bioceramic-coated Ti substrate; (b) the Nyquist plots of the bare Ti substrate and
bioceramic-coated Ti substrate; (c) the equivalent electrical circuit for fitting the EIS data for the bare Ti substrate and bioceramic-coated Ti substrate.
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shown in Fig. 9a–d. The amounts of bacteria on AgHA, SrAgHA
and SSAgHA decreased by approximately 100%, 99.2% and
99.5%, respectively (Fig. 10f). These ndings supported the
Fig. 10 Representative macroscopic photos of viable adherent S. aureus
Antimicrobial rates of SSAgHA. (e) The results of the test for the zone of

This journal is © The Royal Society of Chemistry 2019
excellent antibacterial ability of the Ag-incorporated coatings.
The most crucial disinfection mechanism of Ag+ ions is to
rupture the cell membrane, which then results in the leakage of
on different surfaces: (a) HA; (b) AgHA; (c) SrAgHA; and (d) SSAgHA. (f)
inhibition of HA, AgHA, SrAgHA and SSAgHA against S. aureus.

RSC Adv., 2019, 9, 13348–13364 | 13357
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intracellular substances.66 Intracellular radical oxygen species
can also be produced when Ag+ ions released from the AgHA
diffuse into the bacterial cells.60,67 Bacterial proliferation can be
suppressed60 when the cell-penetrated Ag+ ions directly interact
with phosphorus- and sulphur-containing components, such as
DNA, RNA and enzymes.67

The amount of Ag+ ions released from Ag-loaded coatings
should be optimal that it trades off high-concentration toxicity
for low-concentration ineffectiveness against bacteria.68,69

Fig. 13b proves the toxicity of the AgHA coating and the non-
toxicity of the SSAgHA coating towards the MC3T3-E1s. Aer
SSAgHA was soaked for 14 days, the concentration of its
released Ag+ ions reached 0.525 mg L�1 (Fig. 8b). The incorpo-
rated Sr and Si in the ASSAgHA coating offset the cytotoxicity of
Ag.1,22
3.6 Osteoblast morphology

Coatings for bone tissue engineering should exhibit good
biocompatibility.23 Fig. 11a–c show the morphologies of
MC3T3-E1 cultured on the HA, AgHA and SSAgHA coatings for 1
day. The cells grew on all these coatings and demonstrated well-
spread morphology, which seemingly met the two criteria
required for biocompatibility: chemical inertness and absence
of toxicity. However, we evaluated osteoblast viability aer 3
Fig. 11 SEM morphologies of the MC3T3-E1 cells on HA (a), AgHA (b) an
MC3T3-E1 cells cultured on the surfaces of HA (d), AgHA (e) and SSAgHA
red fluorescence – viable cells.

13358 | RSC Adv., 2019, 9, 13348–13364
days by using live/dead uorescence staining (Fig. 11d–f). The
AgHA coating showed remarkable cytotoxicity, resulting in
extensive cell death. The SSAgHA coating did not exhibit any
cytotoxic distress due to the presence of strontium and silicon
ions.19,20 Therefore, the HA- and SSAgHA-coated surfaces
provided a bio-integrative environment for the attachment,
proliferation and differentiation of cells.

The cells were rmly attached to the surfaces of the HA and
SSAgHA coatings; their cytoskeletons were elongated, and the
morphology of their actin laments was well spread; Fig. 12
shows the laments in red, and the cell nuclei in blue.64 The
uorescence images show normal morphology (Fig. 12). By
contrast, the cells on the AgHA coating were not widely spread
and small; that is, the formation of actin bres was less devel-
oped. The number of cells on the AgHA coating decreased with
high concentrations of Ag, and this result was in line with the
ndings of live/dead uorescence staining and Alamar Blue
assay aer 3 days of culture.
3.7 Osteoblast adhesion and proliferation

Fig. 13a provides further information on the response of oste-
oblasts on the trace Ag–Si–Sr-co-doped HA coating. The cell
amount at 2 h was about twice that at 1 h, although no signif-
icant difference was observed amongst the groups (p > 0.05).
d SSAgHA/TNT coatings (c) for 1 day; the dead/live staining images of
/TNT (f) coatings for 3 days. Green fluorescence – nuclei of dead cells,

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Laser scanning confocal microscope images of the MC3T3-E1 cells cultured on the surfaces of HA, AgHA and SSAgHA/TNT coatings
after 3 days of culture.
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The above data demonstrated that all the coatings were not
toxic to MC3T3-E1, providing a friendly environment for the
cells to adhere and grow.

Fig. 13b shows the continuously increasing proliferation of
MC3T3-E1 cells on the surfaces of the HA, AgHA and SSAgHA
coatings for an extended culture time. Aer 7 days of culture, the
numbers of cells on the surfaces of all the three coatings were
approximately more than three times their corresponding
numbers of cells aer 1 day of culture. For all the incubation time
periods (1, 3 and 7 days), the numbers of adherent cells cultured
Fig. 13 Osteoblast (a) adhesion and (b) proliferation on the surfaces of HA
AgHA and #p < 0.05 and ##p < 0.01 compared with HA.

This journal is © The Royal Society of Chemistry 2019
on the surfaces of the HA and SSAgHA coatings signicantly
increased compared with the number of cells cultured on the
surface of the AgHA coating (p < 0.01). Aer 1 day of culture, the
AgHA coating showed reduced cell viability due to a high
cumulative concentration of released Ag+. Such an abrupt release
of ions at an early stage of culture, i.e. before 7 days, could
negatively inuence cell viability, which led to a certain degree of
cell loss.11,15,69,70 The cell proliferation of the SSAgHA coating
signicantly increased compared with that of the HA coating (p <
0.01) aer 7 days of culture. These results demonstrated that Si–
, AgHA and SSAgHA/TNT coatings. *p < 0.05, **p < 0.01 comparedwith

RSC Adv., 2019, 9, 13348–13364 | 13359
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Sr co-doping could effectively promote the proliferation of
MC3T3-E1 and successfully offset the potential cytotoxicity of Ag
ions. The SEM images (Fig. 11) together with the cell proliferation
assay (Fig. 13) demonstrated that the SSAgHA coating was
nontoxic to cells and biocompatible for adhesion.
3.8 Osteogenic differentiation

The SSAgHA coating was selected for further tests on osteogenic
effects due to its excellent in vitro cytocompatibility and anti-
bacterial activity. The osteogenesis-related gene expression
levels were examined via qRT-PCR (Fig. 14). The osteogenesis-
related genes whose expressions could be promoted by the
surfaces of the HA and SSAgHA coatings included (i) ALP, an
early marker of osteogenic differentiation; (ii) Col-1, which
mainly forms the ECM of bone; (iii) bone morphogenetic
protein 2; (iv) runt-related transcription factor (RUNX)2 and (v)
OCN and OPN, the late markers of osteogenic differentiation.
Compared with the bare Ti substrate, the HA and SSAgHA
surfaces showed a considerable improvement in osteogenic
activity, conrming the negligible effect of Ag+ on cell viability.
Interestingly, when Sr and Si were incorporated into AgHA, the
expression levels of the osteogenesis-related genes were
enhanced more signicantly than those of the osteoblasts that
were grown on the HA coating.71 As demonstrated in Fig. 13b,
aer 7 days of culture on the HA surface, osteoblast prolifera-
tion was lower than that on the SSAgHA surface aer the same
time period. This result was in line with the osteoblast differ-
entiation results obtained aer 14 days of culture (Fig. 14).

Sr enhances in vitro and in vivo bone formation,72 and Si in
HA results in efficient osseointegration activities.73 Therefore,
the inducement of bone formation and the reduction in bone
resorption can be achieved by delivering multiple ion species
from HA, which is attainable by Sr–Si co-doping into AgHA.74
Fig. 14 Relative expression levels of ALP, type-1 collagen (Col-1), bo
osteopontin (OPN) in the osteoblasts that were cultured on each samp
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). *p < 0.05, **p < 0

13360 | RSC Adv., 2019, 9, 13348–13364
The effects of Si and Sr ions on bone-related cells depend on
dosage.19,75 For high biological activity of Si–HA coatings and
good adhesion of human osteoblast-like cells to their surfaces,
the optimal Si content is 2.2 wt% (13 mol%),76 which was
remarkably lower than the amount of silicon that was incor-
porated into the SSAgHA coatings synthesised in the present
study. In addition, if the growth medium of human osteoblasts
is supplemented with 0.03 mmol L�1 silicon, then their meta-
bolic activity and proliferation are enhanced.77 For strontium
concentrations lower than 8.3 wt% (10 mol%), Sr–HA coatings
can promote the proliferation and differentiation of osteopre-
cursors and MG63 cells.20 Braux et al. found that the prolifera-
tion of human primary bone cells is enhanced in the presence of
0.01–0.1 mmol L�1 Sr2+ ions.77 Lower than the amounts we
observed in the present study, the concentrations of Si and Sr in
normal serum are 2.14 � 10�2 and 1.14–2.48 � 10�3 mmol L�1,
respectively.78,79 However, compared with blood, bone tissue
contains considerably higher amounts of Si and Sr. The Si
content in bones and ligaments is about 100 mg kg�1.80 More-
over, 99.1% of the absorbed Sr is deposited in bones (36–140 mg
kg�1).81,82 Therefore, a specic high dose of Si and Sr makes
osteoprogenitor cells and bone tissues proliferate and regen-
erate well.19,83–87

SSAgHA not only increased cell proliferation and osteogenic-
related gene expression levels but also inhibited the growth of S.
aureus for 7 days. Its biological properties were superior to those
of the HA and Ag-HA coatings, and its antibacterial efficacy was
comparable with the Ag–HA coating (Fig. 10). The mesoporous
channel structures of the SSAgHA coating may be applied to
topical drug or gene delivery.17

Therefore, the in vitro induction of osteogenesis by the
SSAgHA extracts could possibly be due to the simultaneous
stimulation by Si and Sr ions. Although 8.01 wt% of Si and
3.21 wt% of Si in our investigated SSAgHA coating could
ne morphogenetic protein (BMP-2), RUNX2, osteocalcin (OCN) and
le for 14 days. The values were normalised to the expression level of
.01 compared with Ti and #p < 0.05 and ##p < 0.01 compared with HA.

This journal is © The Royal Society of Chemistry 2019
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improve the bioactivity, their optimum concentrations need to
be determined in further studies. Moreover, an understanding
of the mechanism by which Si–Sr co-doping of HA promotes
osteogenic behaviour warrants further research.

4. Conclusions

For the rst time, we fabricated an SSAgHA/TNT bilayer coating
that simultaneously exhibited excellent cytocompatibility, osteo-
genic activity and antibacterial property. The coating possessed
3D interconnected macropores with a pore size of 10–20 mm. The
Ag, Sr and Si ions were incorporated uniformly on the surface.
The SSAgHA/TNT coating enhanced the corrosion resistance of
the bare underlying Ti substrate even though the HA-coated Ti
substrate demonstrated the highest electrochemical corrosion
resistance. The bonding strength of the fabricated SSAgHA/TNT
structure was satisfactory. Results of the in vitro experiment
revealed that the HA and SSAgHA coatings showed excellent
biocompatibility and provided a friendly environment for the
adhesion and growth of MC3T3-E1s, but the AgHA coating
showed some cytotoxicity. The good osteoinductivity and anti-
bacterial ability of SSAgHA were attributed to the Sr/Si elements
and Ag ions, respectively. The released Sr2+/Si4+ ions from SSA-
gHA enhanced cell proliferation, increased the expression levels
of osteogenesis-related genes and successfully offset the potential
cytotoxicity of Ag ions. They reduced the initial content of Ag to
weaken the cytotoxicity of Ag+ ions without reducing antibacterial
efficacy. In addition, the released Ag+ ions from SSAgHA inhibi-
ted the growth and attachment of S. aureus. In conclusion, the
SSAgHA coating exerted two effects on the surface: resisting
bacterial adhesion and enhancing cellular interactions at the bio-
interface, making it a promising candidate for preventing infec-
tions and repairing bone defects.
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