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Micro-patterned titanium coatings with a grid-like
structure doped with vancomycin against bacteria
and affecting osteogenic differentiation

Guangchao Wang, (2 ¥2 Hao Zhang,? Qianyun He,? Dake Tong,® Chen Ding,?
Peizhao Liu,® Zequan Zhang,? Youtao Xie*” and Fang Ji*?

Titanium and its alloy are widely used in orthopedic surgery. However, Ti implant-associated infections
continue to be the primary cause of titanium implant failure. The present study aimed to investigate the
effects of micro-patterned titanium coatings doped with vancomycin on antibacterial activity and
osteogenic differentiation and to improve the bioactivity of the inert titanium. A micro-pattern was
fabricated on titanium, then calcium phosphate bone cement and vancomycin were doped on the
micro-patterned titanium with a grid-like structure on the surface for anti-bacterial activity.
Staphylococcus aureus and methicillin-resistant S. aureus were applied to investigate the bacterial
adhesion and biofilm formation at 6 h, 24 h, 3 d and 7 d using the spread plate method, confocal laser
scanning microscopy and scanning electron microscopy. Human bone marrow mesenchymal stem cells
were used for investigating the cell biocompatibility and osteogenic differentiation of the titanium
substrate. The result showed that vancomycin could release on the micro-patterned titanium within 6
d and the burst release was reduced. The calcium phosphate bone cement-vancomycin doped micro-
patterned titanium with a grid-like structure could resist bacterial infection for 7 d. The osteogenic
differentiation of human bone marrow mesenchymal stem cells with the titanium substrate was analysed
by the alkaline phosphatase activity and alizarin red staining semi-quantitative analysis of the micro-
patterned Ti (Tp) and the CPC-VCM doped micro-pattern Ti (TV), and was demonstrated to be higher
than that of the Ti without patterning (TO) at 7 d and 14 d, respectively. The real-time PCR also indicated
that the Tp and TV upregulated human alkaline phosphatase, type | collagen at 7 d and osteopontin were
also upregulated after incubation for 14 d. The in vitro study indicated that calcium phosphate bone
cement-vancomycin doped on the micro-patterned titanium with a grid-like structure surface is
a promising approach to fabricate multi-biofunctional titanium against bacteria and promoting
osteogenic differentiation.

recent years, among various antibacterial metal coatings such
as hydrogel coatings,” plasma coatings,® silver coatings,” etc.,

Despite the wide application of orthopedic implants in the
treatment of various diseases, failure of orthopedic implants
remains a problem. The main causes of failure of orthopedic
implants are aseptic loosening and infection.*” The orthopedic
prosthesis, once implanted, will encounter a risk of occurrence
of microbial infection, especially in open fracture fixation and
arthroplasty operations.>* Therefore, developing novel ortho-
pedic implants to avoid infection is still an urgent need. In

“Department of Orthopedics, Changhai Hospital, The Second Military Medical
University, No. 168 Changhai Road, Shanghai 200433, China. E-mail: doctorjif@
126.com; Fax: +86-21-31161696; Tel: +86-21-31161696

*Key Laboratory of Inorganic Coating Materials, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 200050, China. E-mail: xieyoutao@mail.sic.
ac.cn; Fax: +86-21-52412990; Tel: +86-21-52412990

T These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2017

titanium (Ti) and its alloys have attracted scholars’ attention
and become popular for orthopedic implants in many fields,
such as hip and knee prosthesis, fixation, and dental implants.
As with other orthopedic implants, the ultimate goal of fabri-
cating the orthopedic Ti implant is also to avoid complications
post-implant, and fabricating an anti-bacterial Ti implant is
the primary goal in the prophylaxis of Ti implant-associated
infection.

The surface properties of an implant are correlated with their
biological behavior. A rough surface promotes cell adhesion,
proliferation, and contact osteogenesis.® Surface modification
of Ti is a critical approach for improving the biocompatibility of
Ti. The physicochemical surface properties of Ti, including the
chemical composition, hydrophilicity, surface roughness, and
surface pattern, could affect the cellular response to the Ti
surface and ultimately the in vivo performance.® The micro-
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patterned surfaces on the implant could provide physical
differentiation cues to human bone marrow mesenchymal stem
cells (hBMSCs).">** Our previous study indicated that the micro-
patterned coatings with a grid-like structure on titanium could
enhance the early cellular responses and up-regulate the
osteogenic-related genes.”> However, the simple surface modi-
fication of Ti could directly improve the biocompatibility of Ti,
such as promoting BMSCs adhesion and proliferation or
promoting osteogenic differentiation, and not prove lethal to
the bacteria in contact with the surface.

Two main approaches have been proposed for the bio-
functionality of Ti for anti-bacterial activity, which is dependent
on the ability of the Ti implant surface to locally deliver the anti-
bacterial agents. The implant surface is mainly divided into two
parts: the passive and active antibacterial Ti surfaces.’® Passive
antibacterial Ti surfaces refer to those that can inhibit bacterial
adhesion or kill the bacteria when in contact with the surface.
On the other hand, the active antibacterial Ti surface can locally
deliver the anti-bacterial agents and kill the bacteria around the
Tiimplant.™ The passive coating on the Ti surface is an effective
approach to inhibit bacterial adhesion and biofilm formation
on the Ti surface. It can burst release antibiotics and rapidly kill
the surrounding bacteria in the critical duration of prophylaxis
for the implant-associated infection, which is 4-6 h post
implantation surgery.”® Furthermore, the local controlled
release of the antibiotic can avoid the complication of systemic
administration, thereby representing a promising approach to
biofunctionalize Ti for anti-bacterial activity.

Calcium phosphate bone cement (CPC) is a promising
candidate for bone regeneration owing to its great bone affinity,
injectability, and in situ hardening properties. CPC is also an
excellent antibiotics carrier due to its self-setting in vivo and
injectability.” The antibiotic- (gentamicin and vancomycin)
loaded cement showed a controlled release within several weeks
and high antimicrobial potency against S. aureus.” The Ti
implant coating with CPC can improve the bone-implant
osteointegration.'® Thus, the CPC coating on Ti can not only
function in the loading of antibiotics for anti-bacterial activity
but also improve the bone-implant osteointegration in vivo.

A perfect Ti implant should perform two biofunctions:
prophylaxis to bacterial infection and promotion of osteo-
genesis. The approach to biofunctionalization of Ti should take
these two biofunctions into account.'®? In the present study,
we aimed to fabricate an antibacterial and osteogenic Ti
coating. A micro-pattern was fabricated on Ti for improving the
hBMSCs’ responses such as cell adhesion, spreading, prolifer-
ation, and osteogenic differentiation. We also investigated the
feasibility of doping CPC and vancomycin (VCM) on the micro-
patterned Ti surface for anti-bacterial activity.

Materials and methods

We used 3 samples for every experiment, and all experiments
were conducted in triplicate. Ti6AL4V (Ti alloy, #10 x 2 mm)
and all of the Ti samples were sterilized via ultraviolet (UV)
irradiation for the cell experiment. Other reagents and kits used
were: fetal bovine serum (FBS; Gibico, Australia), trypsin-
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ethylenediaminetetraacetic acid (EDTA, Hyclone), CCK-8 Kit
(Donjindo, Japan), LIVE/DEAD® BacLight. Bacterial Viability
Kits (Molecular Probes), 4',6’-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich), rhodamine phalloidin (Amanita phalloides)
alizarin red, dexamethasone, ascorbic acid, B-glycerol phos-
phate (Sigma-Aldrich), ALP Staining Kit, ALP Quantitative Kit
(Beyotime Biotechnology, China), Pierce™ BCA Protein Assay
Kit (ThermoFisher), Staphylococcus aureus (ATCC 25923) and
methicillin-resistant S. aureus (MRSA, ATCC, 43300).

Preparation of a micro-patterned Ti coating with VCM loading
and characterization

The Ti substrates ($10 mm x 2 mm and 34 mm x 2 mm) were
grit blasted, ultrasonically washed with ethanol and dried prior
to plasma spraying. Pure Ti powder was sprayed onto the
treated substrates using an atmospheric plasma spray system;
the parameters are listed in Table 1. For generating patterns of
various sizes, Ti meshes with different dimensions were used to
block the particles. The Ti particles were only allowed to be
deposited within the open spaces, and the micro-patterned
coating (denoted Tp; the Ti samples without patterns are
denoted T0) was ultimately generated after the removal of the Ti
wire mesh.

The Tp samples were sterilized by high-pressure steam and
drying in a desiccator. The solidified CPC and VCM were mixed
according to the mass ratio 160 mg:1 g,> followed by the
addition of the curing liquid with complete stirring for 30 s. The
samples were denoted CPC-VCM. Then, the Tp sample and
CPC-VCM were mixed as a solution under vacuum control at
0.06 MPa, creating the vacuum while applying the CPC-VCM on
the Tp surface for 3 min and the CPC-VCM mixed solution into
the coating pore. Subsequently, the sample was removed. After
full curing for 24 h, the surface was polished smooth for the
drug-loading pattern sample layer (the Ti samples are denoted
TV). The weights of the Ti and drug-loading Ti were estimated
and the amount of VCM on the Tp was calculated.

Drug release characterization

The VCM released from the interconnected structure of the Ti
coating was determined from samples individually immersed in
1 mL PBS on a 24-well plate at room temperature and agitated at
70 rpm. After 15 min, 30 min, 1 h,2h,4h,8h,1d,2d,4d, and
6 d, 1 mL of solution was sampled, and the PBS was replenished
with fresh solution. The samples were stored at —20 °C. The
VCM concentration was estimated using ultraviolet spectro-
photometry (Inesa Analytical Instrument Co., Ltd, Shanghali,

Table 1 Plasma spraying parameters

Parameters Values Units
Current 650 A
Voltage 72 A%
Spray distance 140 mm
Ar gas flow 40 slpm
H, gas flow 10 slpm

This journal is © The Royal Society of Chemistry 2017
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China) at 237 nm. A standard curve of VCM concentrations was
adopted to determine that in the PBS.

In vitro antibacterial assay

Spread plate method. Since Staphylococci are the most
common micro-organisms causing orthopedic implant infec-
tions, S. aureus and MRSA were chosen to investigate the extent
of bacterial colonization on the T0, Tp, and TV. S. aureus and
MRSA were inoculated in tryptone soy broth (TSB) with agitation
(150 rpm) at 37 °C for 3 h before the antibacterial experiment.
The bacterial density was adjusted to 1 x 10° colony-forming
units (CFU) mL™'. The antibacterial activity was measured
using the method described elsewhere.>* Briefly, various Ti (T0,
Tp, TV) samples were placed in 24-well plates and incubated for
6 h, 24 h, 72 h, and 1 week with bacteria in TSB medium under
agitation (150 rpm) at 37 °C. Each sample was then rinsed with
PBS to remove any non-adherent bacteria. The adherent
bacteria on each Ti sample were detached by ultrasonication for
20 min in a 150 W ultrasonic bath. After serial dilutions, the
number of viable bacteria in the sample suspensions was
determined as the number of CFUs. The number of CFUs on the
TSA plate was counted visually for quantitative analysis. The
bacterial counts were then normalized to log-reduction.

Characterization of the antibacterial property with confocal
laser-scanning microscopy (CLSM) and scanning electron
microscopy (SEM). After 6 h, 24 h, 72 h, and 1 week, the Ti
substrate from each group was rinsed with sterile PBS to remove
any non-adherent bacteria and then transferred to a new 24-well
plate. Subsequently, the Ti samples were stained using a LIVE/
DEAD BacLight bacterial viability kit, according to the manufac-
turer’s instructions. The samples were rinsed twice in sterile PBS
and analyzed with a CLSM (Leica TCS SP2, Germany), wherein the
live bacteria appear green and the dead bacteria appear red.

The antibacterial property of each Ti substrate was also
characterized using SEM. In brief, each Ti substrate was incu-
bated with bacterial suspensions of 1 x 10° CFUmL ™' in TSB in
a 24-well plate. After 6 h, 24 h, 72 h, and 1 week, each of the Ti
samples was fixed in 2.5% glutaraldehyde for 24 h at 4 °C,
washed with PBS, and dehydrated through a gradated series of
ethanol (50%, 70%, 80%, 90%, and 100%). The samples were
subsequently freeze-dried, sputter-coated with gold, and
observed using a SEM (JEOL, JSM-6700F, Japan).

Cell adhesion, proliferation, and morphology. Human bone
marrow mesenchymal stem cells (hBMSCs) were isolated clini-
cally as described elsewhere.>® All experiments were approved by
the Ethics Committee of Changhai Hospital, Shanghai, China
and performed according to the relevant laws and institutional
guidelines of the Ethics Committee of Changhai Hospital. The
cells were digested with trypsin, diluted to a density of 5 x 10*
cells per mL, and then seeded (0.5 mL per well) onto the Ti
samples placed in the 24-well plates. At 4 h, 8 h, 12 h, 1d, 3
d and 5 d after seeding, each Ti sample was washed with PBS.
Cell adhesion and proliferation were recorded using a CCK-8
assay. After 24 h of culturing, each Ti sample was fixed with
4% paraformaldehyde, permeabilized with 0.1% Triton X-100
for 15 min, and gently rinsed with PBS. The samples were

This journal is © The Royal Society of Chemistry 2017
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then counter-stained in 4’,6'-diamidino-2-phenylindole (DAPI; 5
pg mL~ ") for 15 min to stain the nucleus. The cytoskeleton was
stained with rhodamine-phalloidin for 30 min according to the
manufacturer’s protocol and then analyzed using a CLSM.

Osteogenic differentiation of hBMSCs on Ti substrates in vitro

ALP assay. ALP staining and activity were investigated as the
early osteogenic differentiation markers. Briefly, each Ti sample
was placed in a 24-well plate, and the hBMSCs were seeded on
each specimen at a density of 5 x 10" cells per mL (1 mL per
well). After 24 h, the medium was replaced with an osteogenic
differentiation-inducing medium (10% culture medium con-
taining 100 nM dexamethasone, 50 pM ascorbic acid and
10 mM B-glycerol phosphate). Following incubation for 7 d and
14 d, the ALP staining and activity were investigated using an
ALP Quantitative Kit.

Alizarin red staining and semi-quantitative analysis. Extra-
cellular matrix (ECM) mineralization was examined after in vitro
culturing for 7 d and 14 d. The Ti samples were washed twice
with PBS, fixed with 4% paraformaldehyde for 20 min, and then
subjected to Alizarin red staining for 5 min. The excess stain
was removed using 10% cetylpyridinium chloride, and the OD
value at 620 nm was estimated for quantitative analysis.

Real-time PCR for the in vitro investigation of the osteo-
genesis of hBMSCs. For RNA extraction, the Ti substrate size was
®34 x 2 mm. The hBMSCs were seeded at a density of 5 x 10*
cells per well and cultured in 6-well plates prior to the addition of
Ti. After in vitro culturing for 7 d and 14 d, total RNA was isolated
from each Ti sample using TRIzol (Invitrogen). The purity of the
RNA was estimated quantitatively (NanoDrop ND-1000 Spectro-
photometer). Subsequently, 1 ug RNA from each Ti sample was
reverse transcribed into complementary DNA (cDNA) using the
PrimeScript™ RT Kit. The osteogenic-related gene expression of
the hBMSCs was quantified by real-time PCR on an ABI 7500 real-
time PCR System (Applied Biosystems, USA) using a PCR kit. The
comparative C-value method was used to calculate the relative
quantity of human alkaline phosphatase (ALP), type I collagen
(COL1), osteopontin (OPN), and osteocalcin (OC). The gene
primers were obtained from Sangon Biotech and are presented in
Table 2. The expression of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as an internal
control. The 274 method was applied to analyze the data and
all experiments were conducted in triplicate.

Statistical analysis. All of the data are expressed as mean +
standard deviation. One-way analysis of variance (ANOVA) was
performed, and confidence intervals (CI) were determined
using SPSS software (19.0) followed by the Student-Newman-
Keuls test (SNK) to evaluate the differences between the groups.
p-Values <0.05 were considered statistically significant.

Results

Characterization of the micro-patterned Ti coating and the
VCM loading on the micro-patterned Ti coating

The surface morphology of the Ti substrates is shown in Fig. 1.
The micro-patterned Ti (Tp) exhibiting a grid structure on the

RSC Adv., 2017, 7, 19565-19575 | 19567
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Table 2 Primers used in the study
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Osteogenesis

gene F R

COL1 5'-CCTGAGCCAGCAGATCGAGAA-3’ 5'-GGTACACGCAGGTCTCACCAGT-3'
ALP 5'-TTGACCTCCTCGGAAGACACTC-3’ 5'-CCATACAGGATGGCAGTGAAGG-3'
OPN 5'-CTGAACGCGCCTTCTGATTG-3' 5'-ACATCGGAATGCTCATTGCTCT-3’
OC 5'-GGCGCTACCTGTATCAATGGC-3’ 5'-TGCCTGGAGAGGAGCAGAACT-3’
GAPDH 5'-CCTGCACCACCAACTGCTTA-3' 5'-AGGCCATGCCAGTGAGCTT-3'

surface coincided with the substrate. For the CPC-VCM doping
on the micro-patterned Ti (TV), several pores and particles were
observed.

VCM loading and release

The total CPC-VCM loading on the Ti substrates was 660 + 280
ng; according to the mass ratio, the total amount of VCM
loading on the Ti substrates was 568 + 241 pg. As shown in
Fig. 2, the VCM burst release curve was curved inwards not
curved outwards, which indicates that the CPC-VCM on the

A TO Tp

micro-pattern with a grid-like Ti coating could reduce the burst
release of VCM. Furthermore, as shown in Fig. 2, the VCM
release reached a plateau at day 6, which indicates that the VCM
can locally control the release for 6 d.

Antibacterial property against planktonic bacteria

At each time point, TO and Tp did not show any antibacterial
properties against S. aureus and MRSA, while VCM displayed
excellent antibacterial properties within 7 d, as we found fewer
bacteria on the TV surface compared with on the TO and Tp

TV

Fig. 1

(A) Characterization of the micro-patterned surfaces. (B) SEM images of the surface morphologies of the plasma-sprayed Ti coatings,

micro-patterned Ti coating surface, and VCM-doped micro-patterned Ti coating.
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Fig.2 Drug release from the micro-patterned Ti coating: burst release

of VCM from the micro-patterned Ti coating and sustained controlled
release of VCM from the micro-patterned Ti coating.

surfaces (Fig. 3). This result demonstrated that the TV can
controlled release locally and keep its antibacterial property.
The bacteria in the TV group were reduced by 1.79-log, 2.54-log,
2.71-log and 3.98-log compared to the TO group at 6 h, 24 h, 72 h
and 1 week, respectively, for S. aureus. In addition, they were
reduced by 1.73-log, 2.56-log, 2.63-log and 3.07-log compared to
the TO group at 6 h, 24 h, 72 h and 1 week, respectively, for
MRSA (Fig. 4).

CLSM and SEM

CLSM and SEM were used to further investigate the antibacte-
rial properties of the Ti substrates. As shown in Fig. 5, after
culturing on the Ti substrates (T0, Tp, TV) for 4 h, 24 h, 3 d, and
7 d, the green fluorescence intensity (denoting live bacterial
colonies) on the Ti control increased, which indicated remark-
able bacterial growth. Similar results were observed in the Tp
group, whereas the green fluorescence intensity decreased on
the bacteria cultured on the TV group, and the red fluorescence
intensity (denoting dead bacterial colonies) increased. Accord-
ing to Fig. 6, large amounts of bacterial colonies were observed
in the T0O and Tp groups at each time point, while fewer bacteria
were observed in the TV group. These results indicate that the
VCM released from the micro-patterned Ti could effectively kill
the bacteria.

Cell adhesion and proliferation

A CCK-8 assay was used to assess the cell adhesion and prolif-
eration of hBMSCs after being cultured on TO, Tp and TV for 4 h,
8 h,12 h, 1 d, 3 d and 7 d. The results showed that after incu-
bation for 4 h, 8 h and 12 h, the number of cells cultured on Tp
and TV was significantly higher than that cultured on TO (p <
0.05) (Fig. 7). These results demonstrated that the topography of
the micro-patterned Ti could stimulate the adhesion and
proliferation of hBMSCs.

This journal is © The Royal Society of Chemistry 2017
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CLSM to characterize the cell morphology

The morphology and distribution of hBMSC after 24 h of
culturing on the Ti substrate were observed using CLSM. Actin
filaments were stained red with phalloidin. Fig. 8 demonstrates
that the hBMSCs attached on TO, Tp and TV, and spread into
a fibroblast-like morphology.

hBMSC osteogenic differentiation

As shown in Fig. 94, the ALP quantitative assay revealed that Tp
had a higher ALP activity than pure TO and TV, and no signifi-
cant difference was observed between T0 and TV at day 7. On the
other hand, at day 14, Tp displayed the highest ALP activity, and
the TV group had a higher ALP activity than T0. The quantitative
assay of ECM calcium deposition showed that Tp and TV
exhibited a larger calcium deposition area than TO after 14
d culturing. Moreover, Tp displayed greater calcium deposition
than TV. No significant difference was observed between T0, Tp
and TV at day 7 (Fig. 9B).

Real-time PCR for the detection of the genes correlated with
osteogenic differentiation

The expression of the genes related to osteogenesis, including
ALP, COL1, OPN and OC, in the cells cultured on pure TO0, Tp
and TV for 7 d and 14 d were quantified by real-time PCR, and
the results are shown in Fig. 10. The Tp and TV groups upre-
gulated the gene expressions (COL1, OPN and OC) in hBMSCs,
after incubation for 7 d. The cells on Tp expressed the highest
mRNA level of ALP, COL1 and OC among the three groups at day
7. At day 14, the cells on Tp and TV expressed higher mRNA
levels of OPN and OC than TO. The expressions of ALP and COL1
on Tp were also greater than those on TO and TV.

Discussion

Peri-implant infection and loosening are the two most signifi-
cant complications of Ti implant surgery. Therefore, fabrication
of an ideal Ti implant to prevent such complications is essen-
tial. Biofunctionalization of Ti for anti-bacterial activity and
promoting osteogenic differentiation is the ultimate goal of
fabricating a perfect Ti implant.*****” In the present study,
a micro-pattern coating with a grid-like structure was fabricated
on Ti for improving the hBMSCs’ responses such as cell adhe-
sion, spreading, proliferation and osteogenic differentiation.
Then, the micro-patterned Ti coating with the grid-like struc-
ture was doped with CPC and VCM for anti-bacterial activity. In
vitro bacteria co-cultures were established for 4 h, 24 h, 3 d and
7 d time points. These revealed that micro-patterned Ti doped
with CPC and VCM exerts a significant effect on bacterial
adhesion and biofilm formation compared to TO and Tp.

The biofilm formation on the Ti implant is composed of
several steps including bacterial adhesion on the implant
surface followed by the proliferation of the bacteria and biofilm
formation. The biofilm consisting of the extracellular polymeric
substances, after formation, results in peri-prosthetic infection,
rendering the peri-implant infection treatment more difficult.®
The period of 4-6 h post-implant surgery has been identified as

RSC Adv., 2017, 7, 19565-19575 | 19569
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S’aureus

Fig. 3 Spread plate method to observe the bacteria CFU on the Ti substrate at 4 h, 24 h, 72 h and 1 week. The bacteria count was diluted to 10°
for 24 h counting and diluted to 10* for 72 h and 1 week counting. S. aureus 25923 and MRSA were used for the antibacterial assay. Compared to
the Tp and TO substrates, the bacterial colonies on the TV group were fewer. A large number of bacterial colonies were observed on the TO and
Tp groups at each time point.

the “decisive period”, thus, inhibiting the bacterial adhesion in could control the release of VCM within 7 d. These results
the 4-6 h after the implant surgery could inhibit the biofilm revealed the superiority of CPC doped on the Ti surface while
formation in the long-term.*****' CPC-VCM on this coating acting as an antibiotic carrier, which can sustain the release of
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o -4 N ©»w & o o N ©»
| L N ! 1 ! ! I I
*
*
*
Logw CFU
o - N w » o (22} ~
| L 1 1 L 1 1 L
—
e
—

4h 24h 72h 1 week 4h 24h 72h 1 week
Time Time

Fig.4 Spread plate method to characterize the bacterial counts on each Ti surface (TO, Tp and TV). (A) Each time point bacterial (S. aureus) count
on the TV group was significantly lower than that of the TO and Tp groups (p < 0.05); no significant difference was observed between the TO and
Tp groups (p > 0.05). (B) At each time point the number of MRSA on the TV group was significantly lower than that of the TO and Tp groups (p <
0.05); no significant difference was observed between the TO and Tp groups (p > 0.05). The log of the number of bacteria was used on the
standardization plot.
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S’aureus MRSA
Tp

Fig.5 CLSM to observe the bacterial growth on the Ti substrates at 6 h, 24 h, 72 h and 1 week. At 4 h, a large number of viable bacteria (stained
green) were observed while little green fluorescence was seen in the TV group. At 24 h, 72 h and 1 week, the green fluorescence was enhanced,
which indicated the formation of a biofilm. While less green fluorescence was observed in the TV group, the red fluorescence increased.

S aureus MRSA

Fig. 6 SEM to characterize the bacterial colonization on various Ti substrates after co-culturing for 6 h, 24 h, 3d and 7 d.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 19565-19575 | 19571
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Fig. 7 CCK-8 assay to investigate the hBMSC cell adhesion and proliferation on various Ti substrates (TO, Tp, and TV). (A) Adhesion experiment
results showed that Tp and TV could promote cell adhesion at each time point; loading of vancomycine on Tp did not affect the cell adhesion. (B)
Cell proliferation was not apparent after 3 d of culturing; however, at day 7, the cell proliferation on Tp and TV was significantly higher than that of
TO. The results show that the loaded VCM and TV can promote cell proliferation.

VCM locally. The released VCM retains its bactericidal proper-
ties, and the burst release of VCM could ensure the efficient
killing of the bacteria surrounding the Ti implant, thereby
preventing biofilm formation. Our results also showed that the
sustained release of VCM could kill the bacteria and prevent
biofilm formation within 7 d.

Good Ti plays a crucial role in a Ti implant achieving an
excellent osteointegration of the bone implant. The in vitro
osteogenic properties of Tp and TV were found to be superior to
that of TO, except for the expression of ALP at day 14. The ALP
activity and ALP gene expression, as the early markers of oste-
ogenic differentiation, were increased on Tp and TV. Also,

TO Tp TV
| . - .

enhanced bone formation and the late marker of osteogenic
differentiation (OPN and OC) could be observed on the Tp and
TV implant surfaces at 14 d. The improved osteogenic perfor-
mance of Tp and TV could be attributed to the micro-patterned
defined Ti implant, which could modulate the osteogenic
differentiation of MSCs. The mico-patterned Ti coating could
promote the cell adhesion and proliferation of BMSCs, which is
crucial for osteogenic differentiation. On the other hand, the
micro-patterned Ti coating can also promote the osteogenic
differentiation of BMSCs. The results showed that the ALP
activity in TV was not significantly higher than that of TO at day
7 but was upregulated at day 14. We speculate that it may be

Fig.8 Confocal laser scanning images of hBMSCs on the three samples (TO, Tp, and TV) stained with DAPI (blue) and rhodamine phalloidin (red)

after 24 h culturing.
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Fig. 9 Quantitative determination of the osteogenic differentiation of hBMSCs for all kinds of Ti substrates with ALP activity (A) and alizarin red
staining (B). ALP activity in the Tp group was significantly higher than that of the other two groups at day 7, and the ALP activity in the Tp and TV
groups was significantly higher than that of the TO group at day 14; *p < 0.05. The quantitative mineralized nodule formation of Tp and TV was
significantly higher than that of the ordinary TO at day 14, indicating that Tp and TV could significantly promote the mineralization of ECM.

because of the release and effect of VCM on ALP, however, there
are also studies reporting that VCM would not affect osteogenic
differentiation at concentrations lower than 5000 pug mL ™"
thus it is necessary to carry out more investigations to gain
deeper insights into the current results.

The surface properties of implants always influence the
biocompatibility of Ti. For example, the nano-structured Ti
surface can reduce the macrophage migration and activation,
and different sizes of nano-topography on Ti can regulate the
macrophage inflammatory response, thereby improving the

o
J
*
*

Relative expression of ALP mRNA

Time

Relative expression of OPN mRNA
o N IS o » > N

Time

osteointegration of the implant.** The micro-pattern with grid-
like structure Ti can be doped by CPC with antibiotics for
achieving the multi-biofunctionalization of Ti for anti-bacterial
activity and promoting osteogenesis.

Thus, in this study, we designed coatings to prevent infec-
tion and promote bone mineralization, based on the regulation
of the surface topography of the Ti implant combined with
CPC-VCM doping on the Ti surface. They both exhibit
independent advantages while not affecting each other. Our
future studies will investigate whether this biological coating

B :
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Fig. 10 Real-time PCR for the osteogenic gene expression of hBMSCs on various Ti substrates (TO, Tp and TV) under the conditions of the
inducing osteogenic medium after 7 d and 14 d. (A) ALP, (B) COL1, (C) OPN and (D) OC; *p < 0.05.
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continues to preserve the antibacterial activity and promote the
bone-implant osteointegration properties in vivo.

Conclusion

To biofunctionalize Ti for improving the antibacterial property
and enhancing the osteogenic activity, we introduced a micro-
pattern coating on Ti. Furthermore, we doped CPC and VCM
on the coating. The VCM-CPC doped in the micro-pattern
coating on Ti could control the release of VCM for 6 d. The in
vitro results showed that the antibacterial and osteogenic
properties of the VCM-CPC doped on the micro-pattern coating
improved. Our results demonstrated that this technique is
a promising approach to biofunctionalize Ti for anti-bacterial
activity and improving osteointegration.
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