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The initial implant-associated infections and post aseptic loosening are the major obstacles for the clinical applications of
titanium-based dental and orthopedic implants. To tackle with these issues, the implant surface is anticipated and
engineered to possess combined osteointegration and antibacterial properties. Therefore, a mussel-inspired novel nano
silver / calcium phosphate (CaP) composite coating was prepared on the anodized Ti, expecting its surface maintaining
preferable biological performance and possessing long-term antibacterial ability. This approach involves three steps: (i) the
anodic oxidation of Ti to enable it to have a TiO, nanotubular (TNT) surface structure,(ii) the self-polymerization of
dopamine on TNT and the reduction of Ag and (iii) the modification of the Ag nanoparticles using polydopamine and
further being immersed in SBF for the biomimetic mineralization of CaP. The surface morphology and microstructure of
this novel coating was fully characterized. The Ag/CaP coatings displayed obvious antibacterial effects to S. aureus
bacterial and relatively good in vitro cytocompatibility to MG63 cells. Compared with the pristine Ti, the cells cultured on
the coated Ti showed enhanced ALP activities.
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1. Introduction

Over the half past century, the use of biomaterials in the form of
implants and medical devices is rising continuously with the
population aging and advancements in the manufacture of
synthetic biomaterials and surgical techniques. Titanium (Ti) and its
alloys have been widely used for load-bearing hard tissue
replacement including orthopedic and dental implants as well as
fracture fixation hardware due to their excellent biocompatibility
and outstanding mechanical properties. However, a major concern
with these implants is the possibility of failure due to the lack of
bone integration or the infections, particularly for the fixation of
open-fractured bones and revision surgeries. It is reported that 0.5-
3.0% primary and up to 8% revision implants have failed in total hip
arthroplasty because of the bacterial infection which complicate
tissue integration process ! The present systemic antibiotic
treatment raises concerns as systemic toxicity, low efficiency and
need for hospitalization. In this context, the most promising
measures to improve the success rates of the implant surgeries are
modifications of the surface morphology and chemical composition
of the medical devices to encourage the bone cells growth and

inhibit the bacterial adhesion 2.
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Calcium phosphate (CaP) mineral is the main inorganic
component of vertebrate bone and teeth, and it has been clinically
successfully used as coatings on load-bearing metallic implants
forboth dentistry and orthopedics due to its favorable interactions
and integrations with bone tissue4, especially for revision surgeries,
but it was found that CaP-coated implants could also raise the
surface affinity to bacteria>®. Combined with the above-mentioned
risk of postsurgical infection, recently there is a great motivation to
preparedual-functional composite coatings which can
simultaneously stimulate tissue healing and reduce infection rate.
The incorporation of antibacterial agents, such as antibiotics, silver,
zinc and copper ions into the HA coating has important clinical
values to improve the antibacterial activity of the medical implants
710 silver has been used as antibacterial agents over 6000 yearsin
the form of ions, element, zeolite or nanoparticles for the
treatment of burns, wounds and implant-associated infection (such
as catheters, vascular grafts and endotracheal tubes) owing to its
intrinsic potent andbroad antibacterial activity, less likely bacteria
resistance, higher thermal stability, especially lower or lack of
toxicity to humans s, Recently,the increase in antibiotic-resistant
microorganisms has prompted resurgent interest in the use of silver
as a potential antimicrobial agent for reducing bacterial adhesion
and preventing biofilm formation“'m.Compared with the silver-

loaded polymer coatings, incorporating silver into bioactive ceramic

HA coatings not only have the advantages of higher
osseointegration ability and effective inhibition of local
inflammatory reactions, but also can fulfill the mechanical

requirement for load-bearing implants. Ag/CaP composite coating is
one of the most promising dual function coatings for load-bearing
implants, which has been prepared by serveral methods, such as
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plasma spraying , coprecipitation *°, magnetron co-sputtering

22, electrochemical deposition 23, plasma-based ion implantation
and sputtering 24, sol-geltechnologyzs‘ 2 ,slurry deposition 27, etc.
Inspired by catechol and amine functional groups of mussel
adhesive proteins, polydopamine coating has attracted enormous
interests in the last few years. By simply one-step immersion of
substrates in a mild basic solution, dopamine could rapidly self-
polymerize and form a tightly adhered polydopamine coating on
virtually any materials surface and serve as a versatile secondary
reaction platform %8 The fact that polydopamine has a close lattice
match with hydroxyapatite and a strong binding ability to calcium
and phosphate ions facilitating the biomimetic hydroxyapatite
formation in simulated body fluid 2933 Furthermore, The metal-
binding ability of catechols in polydopamine could contribute to the

. . 28 34,35
reduction of metal ions, such as Cu =, Ag

, etc.

Recently, there is a great motivation to develop titania
nanotubular arrays for high efficiency and controlled-release of
drugs 36'39, such as antibacterial agents 4042, growth factors 43,
strontium 44, silver 45, zinc 46, bisphosphonate 47, even multi-drug 8
via tailoring the diameter and length of the nanotubes by simply
varying the anodic parameters to promote osteointegration or
reduce infection. Among them, Ag-containing/TiO, appears to be a
very promising coating that greatly reduce the risk of bacterial
adhesion and enhance the bactericidal effect. Roguska et al®
prepared Ag/CaP coatins on anodized Ti substrate (TiO,) using a
combination of sputtering deposition technique (for Ag) and
biomimetic mineralization method (for CaP) for
applications. The Ag decorating process therein could be restricted

biomedical

by the sputtering equipment and the adhesion strength of the
ontop CaP layer was too weak to be utilized for load-bearing
applicationsAg. Therefore a novel and convenient Ag/CaP coating
preparation route should be developed and their in vitro/in vivo
biocompatibility should be further investigated.

Herein a bio-inspired facile and simple method is presented for
the generation of antibacterial and biointegrated Ag/CaP coatings
on TiO, nanotubes. The advantage of using dopamine-induced
method is thatthe polydopamine thin films can be strongly
deposited onto practically any type of materials and three
dimensional substrates with complex geometry. Compared with the
above mentioned Ag/CaP coatings preparation techniques, the
novelty of this research resides in the utilizing of dopamine as an
adhesion agent (between coatings and substrate), a reductant (of
Ag), a diffusion barrier (to decrease the release rate of Ag ) and an
inducer (to facilitate the biomineralization process) at the same
time to enable the Ti surface with combined osteointegration and
properties, the need of complicate
equipments and reaction conditions. A hypothesis is proposed that

antibacterial without

local and sustained release of silver from biomimetic CaP-coated

implants that can simultaneously promote tissue healing and
reduce infection probabilities.
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2. Materials and methods
2.1 Fabrication of TNT layer on Ti

Commercially pure titanium plate (99.5 % purity, 10 mmx10
mmx1 mm) purchased from Aldrich was used to form a titania
nanotubular layer through anodization. The Ti plates were
grounded by 400-, 1000- and 2000-grit SiC sandpapers; then
successively and ultrasonically washed in acetone, 70 % alcohol and
deionized water for 15 min, respectively. A two-electrode
electrochemical anodization cell was used with stainless steel (50
mmx50 mm) as the cathode and Ti plate as the working electrode.
The distance between the two electrodes was kept at 3 cm apart.
All sampes were anodized in a glycerol/water (60:40) electrolyte
containing 0.27 M ammonium fluorides at 15 V for 2 h. After
anodization the samples were ultrasonically cleaned in deionized
water and dried in nitrogen flow. The anodized samples were then
heated at 500 “C for 2 h to enable the as-anodized amorphous TiO,
nanotubes crystallize into the anatase structure, which were
denoted as TNT.

2.2 Polydopamine-mediated deposition of Ag/CaP coatings on TNT

Fig. 1 shows the schematic diagram of polydopamine-induced
nanocomposite Ag/CaP coatings on titania nanotubes surface,
including dopamine self-polymerisation, silver reduction and CaP
biomineralization. The TNT samples were soaked in 10 mL of a
freshly prepared 2 mg/mL dopamine hydrochloride solution in 10
mM Tris buffer (pH=8.5) for 24 h at room temperature. The grafted
polydopamine substrates were denoted as TNT-D. The TNT-D
samples were incubated in 10 mL of 50 mM AgNOj; solution at room
temperature for 4 h (TNT-D-4A). Another polydopamine layer was
formed by immersing in dopamine hydrochloride solution for 4 h to
prevent Ag leaching and to induce biomineralization as well.
Biomineralization was performed in simulated body fluid (1.5
SBF)SO. The plates were soaked in 30 mL of 1.5 SBF solution and
incubated at 37 °C for 1 d and 3 d. The SBF solution was changed
every 24 h to provide sufficient ions for CaP deposition. When
finished, the plates were removed from the solution, rinsed
thoroughly with deionized water and dried in a vacuum oven. The
plates were marked as Ag-D-xCaP (x=1, 3).

This journal is © The Royal Society of Chemistry 20xx
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Fig.1 Illustration of anodization, dopamine polymerisation, silver reduction
and CaP biomineralization on Ti

2.3 Surface morphology and microstructure characterization

Field emission scanning electron microscopy (FE-SEM, S-4800,
Hitachi, Japan) was used to observe the surface topography of TNT
layer and the Ag/CaP coatings, after being sputtering coated by an
ultrathin gold as the conductive layer. The EDS (Bruke, Germany)
and X-ray photoelectron spectroscopy (XPS, AXIS Ultra, Kratos
Analytical Ltd.) were used to analysis the surface chemical
composition. The crystal phase of the coating was identified by X-
ray diffractometer (XRD, RigakuDmax, Japan) in the range of 10° -
80°. Fourier transform infrared spectroscopy (FT-IR, Nicolet 750,
USA) was also used to examine phase composition and structural
aspects of the CaP coatings before or after incubation in SBF
solution. Finally, Contact angle measurements were carried out by
the sessile-drop method (SL200B, Kino,USA) at room temperature.
Two different liquids (deionized water and diiodomethane) were
employed and the measurement was performed on 3 different
spots on each substrate and the mean value of contact angles and
surface energy were calculated.

2.4 Silver release

The Ag release of the samples was conducted by immersing the
samples in freshly prepared phosphate buffered saline (PBS)
(pH=7.4) in dark condition (one sample in 6 mL PBS ) at 37 °Cfor a
total of 14 d and the PBS solution was replaced every 24 h. The PBS
solution containing released Ag ions was analyzed by inductively-
coupled plasma atomic emission spectrometry (ICP-AES, Leeman,
USA) to obtain the cumulative Ag release profiles.

This journal is © The Royal Society of Chemistry 20xx
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2.5 Antibacterial rate assay

The antibacterial ability of the prepared samples was evaluated
by using Staphylococcus aureus (S. aureus, ATCC 6538) cultivated in
a Luria-Bertani (LB) medium. The bacteria suspension optical
density (OD) was recorded by spectrophotometer at 600 nm after
the two step activation with a value of 0.4-0.6. The samples were
incubated in the bacteria suspension (one sample/500 pL) in LB at
37 C for determined days. At the end of each incubation period,
the specimens were gently rinsed thrice with PBS in order to
eliminate the non-adherent bacteria. The viability of S. aureus
adhered on the specimen was measured by Microbial Viability
Assay Kit-WSK accordingly. The antibacterial rates of the specimen
(Ra) were calculated based on the following formula: antibacterial
rate equals (II-1) /1 x100%. Here, I and II is the average
number of viable bacteria attached on the Ag-D-xCaP and TNT
specimens respectively.

2.6 SEM observation of adhered bacteria

After 1 day incubation under the culturing condition mentioned
above, the samples with S.aureus were rinsed in PBS for thrice and
fixed in 2.5% glutaraldehyde for 2 h, followed by dehydration in
gradient ethanol series each for 10 min and finally dried in air. The
surfaces were then observed by SEM.

2.7 Fluorescent staining of adherent bacteria

Fluorescence staining was performed to study the viability and
morphology of bacteria on the samples. The LB medium was
changed very 24 h for 3 days. The culture medium was then
removed and the samples were rinsed with PBS thoroughly, stained
by a LIVE/DEAD Baclight bacterial viability kit (L7007, Invitrogen,
USA) according to the manufacture’s protocol. In this assay, the
red-fluorescent nucleic acid staining agent propidium iodide, which
only penetrates damaged cell membrane, was used to label dead
bacterial cells. In contrast, the syto™-9 green-fluorescent nucleic
acid staining agent, which can penetrate both intact and damaged
cells membranes, was used to label all bacterial cell. The stained
bacterial cells were examined under a Zeiss AIR-si laser scanning
confocal microscope (Nikon, Japan). Images were captured using a
40x object lens under the same conditions.

2.8 Osteoblast-like cells culture

MG-63 osteoblast-like cells from human osteosarcoma
(ATCCQCRL-1427TM, USA) were adopted to evaluate the cytotoxicity
of the samples. MG-63 cells were cultured in Modified Eagle’s
Medium (MEM) with 10% fetal bovine serum (FBS), 100 U mL?
penicillin and 100 mg/mL streptomycin (Invitrogen) at 37°C in a
humid atmosphere of 5 % CO,. The medium was changed every 2
days until the cells became 90% confluence.

2.9 Osteoblast-like cell proliferation

J. Name., 2013, 00, 1-3 | 3
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The cytotoxicity of the samples toward MG-63 cells was
evaluated by a cell counting kit-8 assay (CCK-8, Dojindo). All the
samples were sterilized by ultraviolet-radiation for 2h on each
side.500 pL cell suspensions were seeded onto the specimens in 24
well plates (one sample/one well) at a density of 4x10* cells/well.
After 1 d, 3 d and 5 d incubation, 50 uL CCK-8 was added to each
well for another 4 h incubation. Then 100 pL resulting medium from
each well was transferred to 96 well plates using a pipette. In the
control groups, MEM was used as negative control and MEM with
10 % dimethylsulfoxide (DMSO) as positive control. All samples
were studied in triplicate. The measurement of the solution optical
density (OD) was performed by a microplate reader (Bio-RAD 680)
at 570 nm wavelength with a reference wavelength of 630 nm.

2.10 Immunofluorescence

MG-63 cells were cultured with specimens in 24 well plates for 3
days and the cells were washed with PBS and fixed with 4% (W/V)
paraformaldehyde in PBS for 15 min at room temperature. The
samples were then washed with PBS and permeabilizedby 0.1%
(V/V) Triton X-100 (Sigma) for 3 min, followed by being incubated
with 1% bovine serum albumin/PBS at 37 ‘C for 30 min to block
nonspecific binding. Then the samples were treated with 5 pug/mL
FITC-phalloidin (Molecular Probes, Eugene, OR) to stain MG-63 cells
for 60 min. After being washed by PBS, samples were incubated for
5 min at room temperature with 5 pg/mL DAPI (Sigma-Aldrich).
Then the samples were washed through PBS completely, and then
the stained signals in the cells were observed by the fluorescent
microscopy. Images were captured using a 40 x object lens under
the same conditions.

2.11 Alkaline phosphatase activity

The alkaline phosphatase (ALP) activity was determined by using
a test kit (Nanjing Jiancheng Bioengineering Institute, China)
according to the assay protocol. A 1 mL cell suspension was seeded
on each specimen at a density of 2x10" cells/mL in 24 well-plate.
After being culture for 7 days, the supernatant was removed and
100 mL lysis solution (1 % TritonX-100) was added to each well for 1

Journal Name

h. 30 uL of the resulting MG-63 cell lysates was transferred to a new
96-well plate, and cultivated with 50 pL carbonated buffer solution
(pH=10) and 50 pL substrate solution (4-amino-antipyrine) at 37 'C
for 15 min. Then 150 pL chromogenic agent (potassium
added the mixed

spectrophotometer (EIx-800, bio-Tek instruments) was utilized to

ferricyanide) was into solution. A

measure the OD values at 520 nm.
2.12 Statistical analysis

The data were expressed as meanststandard deviations. Each
experiment was repeated three times. A one-way ANOVA test was
utilized to determine the level of significance, p < 0.01 was regarded
to be significantly different.

3. Results and Discussions

3.1 Surface morphology and composition of the coatings

In order to obtain a strong adhesive polydopamine-based coating
with well reduced and distributed Ag nanoparticles and to enable
this coating as a better platform for CaP nucleation and deposition,
the optimized times of polymerization of dopamine and reduction
of Ag on TNT were studied. The TNT surfaces were coated by
polymerized dopamine after 4 h and 24 h reaction, respectively.
The dopamine coated TNT surfaces still maintained well orderly
nanotubular structure for all the samples. As shown in Fig.2, after
being soaked in dopamine for 4 h and then immersed in AgNO; for
10 min to 24 h, the distribution and particle size of the Ag
nanoparticles reduced by the grafted polydpamine coatings
displayed no significantly differences. When dopamine polymerized
on TNT for 24 h, the deposited Ag nanoparticles became larger and
larger with the prolonged reduction time. Ag clusters or aggregates
could be observed on the 24 h polydopamine coated TNT.
Therefore, TNT samples were subjected to 24 h immersion in
dopamine and 4 h in AgNO;, before being further coated by
biomimetic mineralization.

10 min

200nm
—_—

dopamine

200nm 200nm
— —

12 h 24 h

200nm

200nm
—

2000 m
—

200nm, 200nm 4 pALL
—_— —

Fig.2 The SEM surface morphology of the Ag nanoparticles decorated poly-dopamine coatings on TNT
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The motivation of fabricating dopamine mediated Ag/CaP
coatings on TNT surfaces resides in that the intermediate TiO,
nanotubular layers obtained from the anodic oxidation was
supposed to (1) increase the binding strength of the resulting
coatings on top, as the anodized Ti could produce an intermediate
oxidelayer rich in -OH or Ti-O-, which would induce strong
electrostatic interactions or hydrogen-bondinteraction with the top
coating materials (eg. hydroxyapatite deposition and dopamine
polymerization ) 51, (2) be functionalized as carriers for loading
drug/nanoparticles with increased loading capacity and long-term
sustained release due to their increased surface area and novel
nano-scale morphologysz, and (3) enhance the osteointegration by
providing a favorable circumstance for the growth and maintenance
of bone celIsS?’, (4) antibacterial property as suggested that the
nano-structured titanium with nanotubes in diameters of 80 nm
displayed the most robust antimicrobial effect and (5) increase of
corrosion resistant properties of the titanium substrate™.

TNT-D-4A was then functionalized by being immersed in 1.5 SBF
for 1 d and 3 d, respectively; the SEM and mapping mode EDS
images of the coatings were shown in Fig. 3. The Ag-D-xCaP (x=1, 3)
samples showed obvious different morphology which indicated that
the immersion time of the samples in SBF significantly affect the
structures of samples. For the Ag-D-1CaP coatings, the nanotubular
surfaces were covered by a dense Ag/CaP composite coatings with
uniformly decorated Ag particles and CaP aggregates. After being
soaked in SBF for 3 d, these aggregates transformed into large CaP
clusters with porous structures.

Table 1. Surface chemical composition of samples obtained from XPS

analysis
Atomic percentage%
Samples Ti ) C Az N Ca P
TNT 2346 6153 15.01 - - - -
TNT-D 0.11 19.41  72.47 - 8.01 - -
TNT-D-4A 0.66 18.99 6597 488 9.50 - -
Ag-D-1CaP 0.57 2042 6622 412 5.53 1.89 1.25
Ag-D-3CaP 0 43.80 28.60  0.60 1.94 14.10 10.95

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 SEM and EDS images of the biomineralizatin of polydopamine
mediated Ag coatings on TNT surface after 1 d and 3 d immersion in 1.5 SBF,
respectively

The resulting coatings were also subjected to XPS analysis and
the detected N indicated the successful polymerization and
deposition of dopamine on the TNT surface. Fig.4a shows the XPS
spectra of dopamine mediated deposition of Ag and CaP coatings
on TNT surface. Table 1 displays chemical composition of dopamine
mediated Ag and CaP coatings on TNT surface by XPS. Compared
with TNT-D-4A, the Ti, Ag and N contents were decreased after 3 d
biomineralization, with significantly increase in Ca and P contents;
and the decrease of N from 9.5 at. % to 1.94 at. % indicated the
almost fully coverage of the polydopamine layer by the CaP
deposites. Sample of Ag-D-3CaP with CaP as outermost layer
possesses the highest of Ca, P contents of 14.10 at.% and 10.95 at.%
respectively.Therefore, the combined qualitative (mapping mode
EDS images) and quantitative (surface chemical composition in
Table 1) results suggested that after being immersed in 1.5 SBF for 3
d, the Ag-D-3CaP samples were fully deposited by thick CaP layers.

J. Name., 2013, 00, 1-3 | 5
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The Ca/P ratio for the calcium phosphate deposits obtained on Ag-
D-3CaP was close to the stoichiometric ratio of hydroxyapatite
(Ca/P=1.67, Ca;o(PO,4)g(OH),) ) indicating that the polydopamine
layers provided sufficient catechol groups available for CaP
nucleation.

To further investigate the chemical structure and molecule
interaction, high resolution spectra of O 1s, Ca 2p, P 2p and Ag 1s
characterized on Ag-D-3CaP samples are shown in Fig.4b. The O 1s
binding energy at 530.1 eV correspond to typical binding energies
for TiO, %36 The band energy of Ol1s spectrum at 533.8 eV could
come from the phosphate bonds in HA. Ag element is observed at
374.25 eV and 368.25 eV which attributed to Ag 3ds3/, and Ag 3ds,
of metallic Ago, respectively, suggesting the successful reduction of
Ag’ to Ag. The P 2p band consists of two peaks at Eyng=133.5 eV and
134.3 eV while Ca 2p band consists of two peaks at E;,q=347.72 eV
and 351.26 eV.

(a) xi0*

2 °
0] 2%
ZS—M
Vel |
£ 204 s 9
U ']

15

T T T T T
1000 800 600 400 200 0

(b) Binding Energy(eV)
Ols - P2p

S0 s sk s ‘T4 136 132 8

£ 3

360 356 352 348 344 340

Sictiog Beagyat BintiogEeargy oV

Fig.4 The XPS survey spectra of samples (a) and the high-resolution XPS
spectra (b) of O 1s, Ca 2p, P 2p and Ag 3d of the of Ag-D-3CaP coatings

Journal Name

was conducted in unconfined atmospheric environment, the
detected carbonate groups were originated from the absorption of
the CO,, which resulted in the formaion of A-type carbonated
hydroxyapatite (partially substitution of hydroxide ions by
carbonate ions)57. Characteristic peak at 874.2 em™ indicates the
presence of HPO42'58. Besides, the broad band in the 3000-3500 cm”
! range and the band at about 1650 cm™were attributable to
vibrational modes of absorbed water. Ag-D-3CaP sample occupies
obviously higher peak intensity of PO43' than Ag-D-1CaP indicating
higher content of Ca and P, which is identical to EDS results. The
XRD patterns in Fig.S1 suggested that the deposited CaP mainly

consisted of hydroxyapatite.
0.10

TNT
TNT-D
TNT-D-Ag
Ag-D-1CaP
Ag-D-3CaP

=)
o
)

0.20

Intensity/abr.units

0.25 T T T T T T T T T
4000 3900 3800 3700 3600 1600 1400 1200 1000 800

Wave number/cm
Fig.5 The FT-IR spectra of the samples

in the FT-IR
spectrumshows that the polydopamine modified TNT surface is a

The presence of distinct phosphate bands

favorable substrate for apatite nucleation and deposition.

Further characterization of the coating wettability is performed
through contact angles analysis. The contact angles and the
calculated surface free energy of Ti, TNT and polydopamine treated
samples are shown in Table 2. After anodization, the contact angle
of Ti was decreased significantly from 60.04° to 4.09°. The
polydopamine modified surface was confirmed to be more
hydrophilic than that of titanium surface. While the hydrophilicity
of polydopamine mediated Ag samples TNT-D-4A are stronger than
that of the TNT-D samples. The Ag-D-1CaP sample exhibit excellent
hydrophilicity and higher surface energy. Ag particles facilitate the
apatite nucleation % Increased surface free energy were suggested
to be benefit for the cell adhesion and viability 6061

Table 2. Contact angles and values of surface free energy of the samples

The FT-IR of the functionalized samples was shown in Fig. 5. The
spectrum of Ag-D-3CaP is dominated by the PO43' stretching
vibration in the 1000-1100 cm™ range. The bands detected at 1648
em ™ were assigned to C-N bending vibrations and 1230 cm™ for N-H
vibration implying the deposition and formation of polydopamine
on the TNT surface. The bands at 1460 cm'l, 1420 cm™ (C-0) and
1584.6 cm ™ were contributed to the C032' adsorption, especially for
the 1584.6 cm™ which originated from the substitute for OH™ during
the deposition of Ca/P. As the biomimetic mineralization process

6 | J. Name., 2012, 00, 1-3

Contact angle(deg) Surface free energy(mlJ/m?)

Samples — a T a
DI water | Diiodomethane | D.F. | P.F. | S.F.E.

Ti 60.04+3.85 35.40+1.40 41.84  11.65 53.49
TNT 4.09+1.48 3.71+1.38 50.69  30.53 81.23
TNT-D  21.07+2.88 13.27+2.66 4945  27.62 77.07
TNT-D-4A - 12.83+1.13 7.6£1.81 50.35 2945 79.81
AgD-1CaP 11 96+0.50 9.77+0.97 50.06  29.78 79.84

“Note: D.F=dispersive force, P.F.=polar foce, S.F.E.=surface free energy

The results above suggested that longer immersion in SBF could
result in thicker Ca/P deposits. This project was designed to endow

This journal is © The Royal Society of Chemistry 20xx
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the Ti substrate with combined antibacterial and osteointegrate
abilities. The coating consisted of four layers with a sequence of Ti-
D1-Ag-D2-Ca/P, where D represents polydopamine, and in which
the D1 acted as adhesion agent (to bind the coatings and the
substrate) and reductant (to obtain Ag nanoparticles) and D2
functionalized as a diffusion barrier (to decrease the release rate of
Ag so as to reduce its cytotoxicity) and an inducer (to facilitate the
biomineralization process).Ag has been widely acknowledged as an
effective antimicrobial substance, but also showing cytotoxicity to
some mammalian cell. Therefore, it is of great significance to
mediate the Ag release rate to ensure its initial bactericidaleffect
and maintain its post cell biocompatibility. Ag was reduced and
anchored by D1 on the anodized Ti and being further coated by D2
and Ca/P. The deposited Ca/P was supposed to increase the
biocompatibility of the Ti-D1-Ag. Combined with the observation of
surface morphology and the characterization of the surface
composition, it seems to fall into a dilemma that longer immersion
in SBF could resulting in thicker Ca/P but lower content of Ag. One
possible explanation for this is that the biomineralization process of
Ti-D1-Ag-D2 was also accompanied by the dissolution of Ag. It was
reported that the infection of the implant surgery usually occurred
within 4 hours of the post operation and the prosthetic infections
was initiated by the adhesion of the bacteria. As a result, it is
expected that the composite coating could release higher content
of Ag when the sample was implanted, and then its adverse effects
on the adjacent tissues could be alleviated and compensated by the
Ca/P minerals. Therefore, Ag-D-1CaP was selected for the following
Ag release and in vitro cytotoxicity analysis in order to shed light on
its possible application in bone-related areas.

3.2 Ag ion release

Fig. 5 shows the cumulative Ag release vs. time profiles from the
Ag-D-1CaP samples in 6 mL PBS as described previous. The
precipitated CaP layer on Ag was expected to decrease the dissolve
rate of Ag ions, therefore prolonging the releasing time of this
bacteriocidal substance and enhancing the biocompatibility of the
coatings. Initially, the Ag releasing rate was relatively faster. After
being immersed in PBS for 3 d , the Ag releasing rate was
decreased. From Table 1, Ag-D-1CaP samples occupied 4.12 at.%
Ag, which indicated the actively metallization of Ag through the
interaction between polydopamine and silver nitrate. Such results
indicated the long-term antibacterial activity could be achieved
from Ag-D-1CaP samples. The amounts of released Ag diminished
gradually with immersion time. Silver toxicity was reported to occur
at serum levels as low as 0.3 ug/mL and manifests as argyria,
leukopenia, and alterations in renal, hepatic, and neural tissuessz.By
the end of this immersion test, the Ag concentration is around 2
pg/mL and higher than 0.3 pug/mL. The toxicity of Ag nanoparticles
is closely related to the release of Ag ions % The Ag concentration
in this immersion study was calculated by accumulative Ag release
amount in PBS, and its cytotoxicity might be potentially alleviated
by the dillution of the adjacent biological fluid when putting the
samples into clinical applications.Besides, in biological media, the
dissolution of Ag nanoparticles is strongly influenced by sulfur ions,
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chloride ions, dissolved oxygen and other biological

macromolecules (DNA, protein) that have strong affinityto Ag, as
well as the pH and the lightening conditions®. Therefore more
researches should be conducted to clarify this issue.

2.0

-1
-
n

Ag release/pg-ml,
b

ol
n

0.0 1 1 1
0 5 10 15

Immersion Time/d

Fig.6 The cumulative Ag release vs. time profiles from the Ag-D-1CaP
samples

3.3 Antibacterial properties

SEM is performed to investigate the morphology of S. aureus
bacterial on the polydopamine mediated Ag and CaP samples, with
the untreated Ti as control group. As it is shown in Fig. 7, the S.
aureus cells aggregated together on Ti surface forming into large
culsters. These bacteria were less aggregated and displayed round
intact shape on the TNT surface. The anatase TiO2
photocatalysis promoted peroxidation of the polyunsaturated
phospholipids component of the lipid membrane and induced
major disorder in the bacteria &, Meanwhile, obviously less and

and

dispersive cells were observed on Ag-D-1CaP samples, indicating

that incorporation of Ag nanoparticles can significantly enhance the
antibacterial activity of the TNT coating.

Fig.7 SEM images of Staphylococcus aureus cultured on various
1d

samples for

To further evaluate the antibacterial activity of the TNT-D and
dopamine mediated Ag and CaP samples, their antibacterial rates
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against S. aureus bacteria for adherent bacteria on the specimens
for 3 days and 7 days were evaluated and the results are shown in
Fig. 8. Compared with the TNT-D samples, the Ag-D-1CaP samples
possessed higher antibacterial efficiency since the antibacterial rate
of S. aureus seeded on Ag-D-1CaP coating reached at 72% after 7
days the Ag-D-1CaP samples, the
polymerization of dopamine could reduce more Ag metallic

co-culture. For fully
particles from Ag+ in the solution as shown in Table 1. Moreover,
the CaP the
functionalization are porous. The leaked Ag ions through the CaP

minerals provide the ability to kill the attached bacteria.
100

coatings formed through polydopamine

I TNT-D
I Ag-D-1CaP

80 - *

Antibacterial rate/ % of control

3d 7d
Time/d

Fig.8 The antibacterial rates of the samples against S. aureus bacteria after
co-culturing for 3 d and 7 d.* represents p < 0.01

3.4 Fluorescence staining assay

The ability of the Ag-D-1CaP samples to prevent viable bacteria
colonization was also verified by fluorescence staining as shown in
Fig. 9. TNT samples were used as control group since all the samples
were prepared on the TNTs surface. The samples were stained
using a LIVE/DEAD Baclight bacterial viability kit (L7007, Invitrogen,
USA). The red fluorescent was used to label dead bacterial cells
while the green fluorescent was used to label all the live bacterial
cells. After 3 days of bacteria invasion with fresh LB medium
changed every 24 h, the deadcells were washed away and therefore
the red-stained cells could not observed on all the samples.
Meanwhile, there were relatively large amounts of viable bacteria
on TNT. There also existed several bacterial agglomerations on the
surface, which might further develop into biofilm. Once the biofilm
was formed on the interface, severe infection could occur. The
polydopamine coated TNT showed homogeneous adhered bacterial
equally to the TNT surface. However, all the bacteria were
separated without agglomerations. And the polydopamine coatings
were reported to have the antibacterial ability to some extent & In
comparison, the Ag-D-1CaP samples displayed good antibacterial
ability towards the S. aureus. Particularly, nearly no viable bacteria
could be seen on the Ag-D-1CaP samples. These results are identical
with the antibacterial rate.
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Ag-D-1CaP

Fig.9 Live/dead cells staining on TNT, TNT-D, Ag-D-1CaP samples after 3 d
incubation with S. aureus bacteria

3.5 The osteoblast-like cell viability

The proliferation and vitality of MG-63 cells cultured on the TNT,
TNT-D, and Ag-D-1CaP samples for 1 d, 3 d and 5 d were
determined by CCK-8 assay, and the results are shown in Fig. 10.
Compared with TNT samples, the TNT-D samples showed slightly
higher vitality which was consistent with the previous studies®®.
When the culture time prolonged to 5 d, Ag-D-1CaP samples
exhibited slightly stronger suppression on cell viability than that of
TNT and polydopamine treated samples. Studies performed by Ku
et al.® suggested that polydopamine functionalized surfaces could
support the normal growth of mammalian cells without
cytotoxicity. The reason underlying the observed attenuation of the
in vivo toxicity is supposed to be that the critical surface tension of
polydopamine is 35-40 dyne/cm, which falls into a suitable range
for cell adhesion, minimizing structural changes in the surface-

adsorbed proteinss7' &8,

150

I Negative [l TNT Il TNT-D [ Ag-D-1CaP
B Positive

-

=

S
T

viability/% of control
2

1d 3d Sd

Time in culture/d

Fig.10 Viability of MG-63 cell cultured on TNT, TNT-D, Ag-D-1CaP
samples for 1 d,3 d and 5 d. * represents p < 0.01

It seems to be a dilemma that higher amount of Ag can result in
higher antibacterial rate, but also lead to higher cytotoxicity.
Therefore, more researches should be undertaken to optimize the
Ag dose or release rate to enable the composite coating with
and desired antibacterial

combined well cytocompatibility

properties.

3.6 Cytoskeletal observation
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To examine the influence of the Ag-loaded samples on the
cellular morphology, the fluorescent staining of MG-63 cells were
conducted. Fig.11 displays the morphologies of MG-63 cultured on
different functionalized samples. Cell nhumbers for polydopamine
coated samples TNT-D were not enhanced compared with those of
TNT samples. However, the Ag-D-1CaP samples showed less
attached MG-63 cells but still spread with visible mature F-actin
intracellular stress fibers. The well spread cellular pseudopods
indicated that Ag-D-1CaP samples exhibited relatively good in vitro
cytocompatibility.

Ag-D-1CaP

Positive

Fig.11 Adhesion morphology and actin cytoskeletal organization (green,
labeled with FITC-phalloidin, counterstained with DAPI for nuclei inblue) of
MG-63 cells after incubation with TNT, TNT-D, Ag-D-1CaP samples for 3 d

3.7 Alkaline phosphatase activity

I Ti B TNT I TNT-D [ Ag-D-1CaP
*

0.8 -

ALP activity

Samples

Fig.12 The ALP activity of MG-63 cells cultured on the TNT, TNT-D, Ag-
D-1CaP surfaces for 7 d. * represents p < 0.01

ALP activity of the cells after 7 d culturing with the samples is
shown in Fig. 12. The TNT and TNT-D samples showed slightly
higher ALP activity than that of the pure Ti. The highest ALP activity
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was observed from the Ag-D-1CaP, which demonstrated that the
chemical composition and morphology of the outermost layer had a
great influence on the biocompatibility of the samples.

4. Conclusions

In this study, a novel composite coating with combined
antibacterial and osteointegrated properties was successfully
fabricated on the anodized Ti substrate through a mussel-inspired
facile and simple method. Within this coating, dopamine was
employed by self-polymerization on TiO, nanotubular surface and
functionalized as an adhesion agent of the coatings, a reductant
and diffusion barrier of Ag and an inducer for biomineralization. The
resulting samples (Ag-D-1CaP ) showed obvious antibacterial ability
while maintain good biological performance. It could prevent the
initial and intermediate-stage infection after operation and perhaps
relatively long term infection. The ontop CaP coatings could
alleviate the adverse influences of Ag on the proliferation of the
osteoblasts and achieve a better biological performance through
the synergistic effects of polydopamine and Ag/CaP. The prepared
samples are very promising for biomedical implant applications due
to their potential to prevent implant associated infection and
promote the osteointegration.
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Ag/CaP Coatings Antibacterial

on Titania Nanotubes

Property

A mussel-inspired novel nano silver / calcium phosphate (CaP) composite coating was prepared on the anodized Ti,

with its surface maintaining preferable biological performance and possessing long-term antibacterial ability.



