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Laboratory of Craniomaxill of Acial Development and Diseases, Fudan University, Shanghai, China

In order to enhance osteogenic differentiation and antibacterial property of
dental implants, volcano-shaped microporous TiO, coatings doped with Cu
were fabricated via micro-arc oxidation (MAO) on Ti. Cu-doped coating with
different mass ratios of Cu were obtained by changing the concentration of
copper acetate in the electrolyte. The structure of Cu-TiO, coatings were
systematically investigated. Element Copper was uniformly distributed
throughout the coating. Compared with TiO, coating, the Cu-doped can
further improved proliferation of bone mesenchymal stem cells (BMSCs),
facilitated osteogenic differentiation. The bacteriostasis experiments
demonstrated that Cu-doped TiO, coating possess excellent antibacterial
property against Staphylococcus aureus (S. aureus) and Porphyromonas
gingivalis (P. gingivalis).
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1 Introduction

Titanium and titanium alloys are widely used for orthopedic implants including joint
prostheses, fracture fixation devices and dental implants, due to their excellent mechanical
properties and biocompatibility (Elias et al., 2008). In dental implants, Ti implants are used for
missing teeth replacement more frequently (Qi et al., 2019). Dental implants have shown high
survival rates of up to 99% over 10 years. Despite the high success rates of dental implants, the
major reason for implant failure is peri-implantitis, which affect both the surrounding hard
and soft tissue. Due to prevalence rates up to 56%, peri-implantitis can lead to the loss of the
implant without multilateral prevention and therapy concepts (Smeets et al,, 2014). The
treatment of peri-implantitis infections comprises conservative (nonsurgical) and surgical
approaches, while the prognosis of peri-implantitis therapy is far away from satisfactory today
(Heitz-Mayfield et al, 2014). Especially for serious cases, the only way is to remove
contaminated implants from the patient (McConoughey et al, 2014; Tsutsumi et al,
2021). The primary etiologic reason for the inflammation of peri-implant tissues is the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.941109/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.941109/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.941109/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.941109/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.941109/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.941109&domain=pdf&date_stamp=2022-09-01
mailto:Xh_Chen@163.com
mailto:dentistqi@163.com
https://doi.org/10.3389/fbioe.2022.941109
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.941109

kang et al.

oral biofilm (Sanz et al.,, 2012). Once bacteria adhere to the surfaces
of dental implants, a biofilm which makes the bacteria highly
resistant will be formed (Zhu et al., 2013). The formation of the
biofilm usually includes the initial fast stage attached by the microbe
on the surface, multi-layered bacterial proliferation, intracellular
adhesion in an extracellular polysaccharide matrix and the
intercellular adhesion stage (Trampuz et al, 2003). Therefore,
inhibiting bacterial adhesion and initial proliferation are essential
to prevent infection around implants (Thukkaram et al., 2020).
The surround tissue integration and antibacterial property
at the hosting tissue-implant interface are important to the
performance life of an implant (Brunello et al., 2019). The
remarkable bio-compatibility and convenient osseointegration
is needed for the implant. The coating on dental implant will
modify the surface topography and chemistry to improve
thereby
predictability (Milleret et al., 2019). The appropriate surface

osseointegration  and increase  treatment
topography affects the biological viability of tissue and bone
cells to promote osseointegration (Elter et al., 2008). There are
many methods to modify the surface of dental implant, such as
loading with biocompatible coating (Wei et al.,, 2022), like
polydopamine (Zeng et al., 2020), sintering (Maniére et al.,
2020), HA coating (Kim et al., 2021; Montoya et al.,, 2021),
Titanium Plasma Spray (Wang et al., 2020), Sandblast Large
grit and Acid-etching (SLA) (Kim et al, 2017), anodic
(Wu et al, 2019) and micro-arc oxidation
(MAO). Among these techniques, MAO maybe one of the

most cost-effective and versatile ways to modify the surface of

oxidation

metallic implants with complex geometries (Durdu, 2018).
MAO results in a changed surface topography and an
increased thickness of the native oxide layer, which is
suitable for osseointegration. The most striking character of
MAQO is the formation of interconnecting pores, which can
increase protein adsorption and stimulate osteoblast migration
resulting in faster osseointegration (Hu et al, 2010a).
Therefore, MAO maybe a potential technique to modify the
dental implant.
addition
properties also needed for the implant. The strategy to

In to good bio-compatibility, antibacterial
prevent biofilm formation is the application of antibacterial
coating on the dental implant for prevent the peri-implantitis.
Addition of antimicrobial coating of biomaterial surfaces is
highly desirable to offer antibacterial activities and prevent
implant-associated infections (Zhu et al, 2013). Generally,
inorganic antibacterial metallic like Ag, Au, Cu, Zn, and Mn,
are among the most widely used antimicrobial agents (Mei et al.,
2014; Zhang et al,, 2018a; Alqattan et al., 2021; Gui et al., 2021).
Among these elements, Ag cannot be used due to the potential
issues of biosafe, while Cu, an essential trace element for human
body generally has limited in vivo cytotoxicity, which also
possesses an increased antibacterial efficacy in vivo (Zhang
et al., 2021). Besides, Cu is one of essential elements in living
organisms and also play diverse roles in human health (Jia et al.,
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2012). Hence, Cu was used in original electrolyte to form the Cu-
doped coating improve the antibacterial capability of implants by
MAQO in our study.

In this paper, the crateriform nanostructured Cu doped
titanium dioxide coatings (Cu-MAO) were prepared on Ti by
the MAO process. The characterization of Cu-MAO was
evaluated by SEM, EDS, XRD, XPS, CLSM, and ICP-OES.
The proliferative and osteoblastic capacities of BMSCs were
investigated in vitro. The antibacterial capacity of the coatings
against P. gingivalis and S. aureus were also evaluated in vitro.

2 Experimental

2.1 Materials and preparation of Cu-doped
TiO, coating (Cu-MAO)

Titanium samples were cut from commercial pure titanium
(cp-Ti, TA4) rod and gradually polished by 1200 # SiC
sandpaper. Then the samples were ultrasonically washed with
acetone, absolute ethanol and distilled water prior to treatment.

An aqueous electrolyte consisting of 20g/L trisodium
phosphate dodecahydrate (Na;PO,012H,0), 4g/L sodium
hydroxide (NaOH), 10g/L EDTA
disodium was prepared as the original electrolyte (Group
MAO), while the experimental electrolytes (Group 0.5Cu-
MAO, Group 1Cu-MAO, and Group 2Cu-MAO) were
prepared by adding 0.5 g/L, 1 g/L, and 2 g/L of copper acetate
[Cu(CH5CO0),-H,0] into the original electrolyte.

MAO was carried out by a DC power supply. A stainless-steel

5ml/L  glycerol and

plate was used as the cathode plate and the titanium sample as the
anode. The temperature of electrolyte was maintained at 30°C via
circulating water treatment system. The fabrication was
conducted under the constant voltage of 400V for 5 min.
After that, the samples were ultrasonically washed with
deionized water for 5min, dried and stored at room

temperature until use.

2.2 Characterization of Cu-MAO

The surface and cross-sectional morphologies of coatings
were observed by a scanning electron microscope (SEM, Quanta
FEG 450). The element compositions of the coatings were
analyzed by an energy dispersive X-ray spectroscopy (EDS).
X-ray diffraction (XRD, D8 ADVANCE, Bruker, Germany)
was conducted to analyze phase composition. Using X-ray
microanalysis system (XPS) analyzed superficial composition
of the coatings. The hydrophilicity of Cu-MAO was analyzed
using a contact angle meter. Three samples from each group were
measured to obtain the average. Besides, the surface roughness of
those coatings was measured using confocal laser scanning
microscope (CLSM). Those Cu-doped samples were immersed

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.941109

kang et al.

in 10 ml physiological saline solution at 37°C for 28 days, and the
concentrations of Cu*" ions in each coating immersed solution
were measured via inductively coupled plasma-optical emission
spectrometry (ICP-OES).

2.3 In vitro cell compatibility assay

BMSCs were isolated and cultured from the bone marrow of 4-
week-old Sprague-Dawley (SD) rats. Briefly, bone marrow was
isolated from tibias of mice and then suspended in alpha minimum
essential medium (a-MEM, Gibco, United States) containing 10%
fetal bovine serum (FBS, Gibco, United States) and 1% penicillin-
streptomycin (PS, Gibco, United States). Primary cells were
cultured for 48h at 37°C in a humidified atmosphere of 5%
CO,. Then BMSCs adhered to the bottom of the dishes were
collected. The medium was replaced every 3 days. Cells between
passage 3 and 6 were used for the following experiments.

Osteogenic differentiation was induced by osteogenic medium,
which contains 10% FBS, 1% penicillin/streptomycin, 50 pg/ml
ascorbic acid (Sigma, United States), 10mM sodium [-
(Sigma,  United  States) 10 nM
dexamethasone (Sigma, United States). The cells were maintained

glycerophosphate and

by the addition of fresh osteogenic induction medium every 3 days.

2.3.1 Cell viability, adhesion and morphology
assays

For cell viability assays, all the sterilized Cu-MAO samples
(Diameter = 14 mm) were placed individually into the 24 well
plates. After samples were rinsed twice with PBS, cells were seeded
onto the samples at a density of 7x10* cells/ml. Cytotoxicity was
measured after 1, 3, and 5days of culture. The medium was
changed every other day during proliferation trials. After the
prescribed incubation time, CCK-8 dye was added to each well,
then the plates were cultured for another 2 h at 37°C. At last, the
optical density (OD, n = 5) was measured at 450 nm by a plate
reader. Five samples were employed for each coating for the test.
The cell viability was calculated using the following equation:

ODsample - ODblunk

Cell Viability (%) =
y ( 0) ODcuntrol - ODbllmk

1

The cells after incubated for 3 days were washed with PBS,
fixed with 4% Paraformaldehyde for 10 min at room temperature
and then dehydrated in ethanol for 10 min per gradient, followed
by vacuum drying. After gold sputtering, the samples were
observed via SEM (Quanta FEG 450) for cell growth morphologies.

2.3.2 Osteogenic differentiation assays of
antibacterial coatings

The sterilized Cu-MAO samples (Diameter = 30 mm) were
placed individually into the 6-well plates. 2ml of the BMSCs cell
suspension was plated into the 6-well plates at a density of 1 x
10° cells/ml overnight. Then each well was replaced with the
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osteogenic medium for 0 and 7 days. After 7 days induction,
Total RNA was isolated with the
United States) extraction method according to the manufacturer’s

Trizol  (Invitrogen,
protocol and measured by a Nanodrop system (Thermo Fisher
Scientific, United States). CDNA was reverse transcribed with a
PrimeScript™ RT Master Mix (TaKaRa, Japan). RT-PCR was
conducted with Hieff® qPCR SYBR Green Master Mix (Yeasen,
Shanghai). Relative gene expression was calculated using the

27*Tmethod. The primers sequences are listed in

comparative
Table 1.
Gene abbreviation: Alkaline phosphatase (Alp), Osteopontin
(Opn), Osteocalcin (Ocn), Runtrelated transcription factor 2 (Runx2).
Meanwhile, total protein was isolated after culturing with the
osteogenic medium for 0 and 7 days with RIPA lysis buffer
(biosharp, Shanghai) containing protease inhibitor (biosharp,
Shanghai) and phosphatase inhibitor (Beyotime, Shanghai). The
protein concentration was measured using a BCA assay kit
(Beyotime, Shanghai). GAPDH (Abcam, United States), ALP
(Genxspan, Shanghai) and RUNX2 (CST, United States) were
diluted at 1:5000, 1:500, 1:500 respectively in the nonfat powdered
milk TBST solution and incubated with the membrane overnight
ina4°C chamber. After washing by 0.5% TBST, the membrane was
incubated with rabbit anti-mouse IgG conjugated to HRP (Abcam,
United States) diluted 1:2000. The bound antibody was detected
using enhanced chemiluminescence. Three samples for each group
were tested, and each test was repeated Three times. (n = 3)
Alkaline phosphatase (ALP) staining was performed using an
ALP staining kit (Beyotime, China). After 7 days of induction,
the cells were washed with PBS for 3 times. Then fixed with 4%
Paraformaldehyde for 10 min and stained with ALP reagent for
10 min. After washed with PBS,
subsequently observed. For Alizarin Red Staining, cells were

the stained cells were

cultured with the osteogenic differentiation medium for
14 days, and mineralization level in cells were determined by
Alizarin red staining kits (Solarbio, Shanghai). After fixation, the
cells were stained with 1% solution of Alizarin red for 10 min and
washed with distilled water for three times. The stained cells were
subsequently observed, with representative images captured.

2.4 In vitro antibacterial assay

The Gram-negative P. gingivalis (ATCC 33277) and Gram-
positive S. aureus (ATCC 25923) were used to assess the
antibacterial properties of the coatings. After cultured in brian
heart infusion (BHI) at 37°C for 12 h. P. gingivalis and S. aureus
were adjusted to a concentration of 10° CFU ml™. The diluted
cell suspension (0.2 ml) was inoculated onto the surface of Cu-
MAQO. A sterilized sealing film was covered tightly on the surface
of the sample to insure the anaerobic environment. Each sample
was incubated in anaerobic incubator for 24 h. The micro-
organisms were removed from the samples by 1 ml of PBS in
a cell culture dish. Then, the above surplus diluted bacterial
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TABLE 1 Nucleotide sequences of primers used for RT -PCR.

10.3389/fbioe.2022.941109

Gene Forward primer (5'-3") Reverse primer (5'-3")
Alp AACGTGGCCAAGAACATCATCA TGTCCATCTCCAGCCGTGTC
Opn CCATTTACGGAGACCCAC TCTGAGCGGCAACTTTAT
Ocn TGAGGACCCTCTCTCTGCTC GGGCTCCAAGTCCATTGTT
Runx2 GCACCCAGCCCATAATAGA TTGGAGCAAGGAGAACCC

suspensions were spread on a columbia agar plate and were
further incubated for 24 h anaerobic (P. gingivalis) or aerobic (S.
aureus) culture. Finally, the colony-forming units (CFU) on the
agar plate was counted for each group, and the antibacterial rate
was calculated by the following formula (Su et al., 2022):

CF Usam ple

Antibacterial rate = | 1 - ————
CF Ucnntrol

> x 100% )
Where CFUgumple stand for the number of bacterial colonies on
the 0.5Cu-MAO, 1Cu-MAO and 2Cu-MAO coating and
CFU,onuor stand for the number of bacterial colonies on the
0Cu-MAO coating. The experiment was carried out three times,
and CFU was the average of three results.

The Live/Dead staining was used to assess the antibacterial
capacity of Cu-MAO against S. aureus biofilm. After incubation
for 24 h, the samples were washed by PBS and stained by a Live &
Dead Bacterial Staining Kit according to the manufacturer’s
protocol with three replicates. The results were examined and
photoed under the laser scanning confocal microscope (LSCM).

The bacterial growth morphology on Cu-MAO was observed
by SEM. The bacterial cells after incubated on the surface for 24 h
were washed with PBS, fixed with 4% Paraformaldehyde for
10 min at room temperature and then dehydrated in ethanol for
10 min per gradient, followed by vacuum drying. After gold
sputtering, the samples were observed via SEM (Quanta FEG
450) for bacterial growth morphologies.

2.5 Statistical analysis
All the assays were conducted in triplicate and repeated at least
three times. Data were collected and the significant differences

were assessed using ANOVA followed by one-tailed Student’s
t-tests. Statistical significance was considered at p < 0.05.

3 Results
3.1 Structure of Cu-MAO

Figure 1 shows the surface morphologies of TiO, coatings
doped with different amounts of Cu under SEM, which indicated
that all the Cu-MAO have a microporous structure. There was no
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significant difference in the surface morphology among 0Cu-
MAO, 0.5Cu-MAO and 1Cu-MAO coatings (Figures 1A-C).
Whereas, after the addition of 2 g/L copper acetate into the
electrolyte, the TiO, coating exhibited larger pore size and
lower porosity in 2Cu-MAO (Figure 1D).

It can be seen from Table.2, EDS surface scanning analysis
that the coating surfaces all contain Ti, O and P. As the increased
concentrations of copper acetate added in the electrolyte, the
amount of Cu increases from 0.47 (0.5Cu-MAO) to 2.87 Wt%
(2Cu-MAO).

The cross-section morphologies were shown in Figure 2.
Both TiO, coating and Cu-MAO coatings have a cross-sectional
thickness of about 9~10 um, and the crater-like porous
structure is clearly visible. There is no crack between the
coatings and Ti substrates, indicating high adhesion of TiO,
and Cu-doped coatings. The EDS analysis of cross-sectional
showed that Cu, Ti, O and P were uniformly distributed
throughout the film in 2Cu sample (Figure 3A). The results
of XRD showed that 0Cu-MAOQO, 0.5Cu-MAQO, 1Cu-MAO, and
2Cu-MAO coatings mainly consisted of anatase and rutile
(Figure 3B), and none of Cu contained compound is
detected by XRD. The doping of copper did not alter phase
compositions of the coatings.

For the purpose of analyzing the chemical statements of Cu
in those coatings, XPS analysis was carried out. Figure 4A is the
full spectra of different coatings, showing that the elements of
0.5Cu-MAO, 1Cu-MAO and 2Cu-MAO coating surface were Ti,
O, P, and Cu. According to the full spectrum XPS results, we
found that different copper acetate comcentrations did not
change the XPS spectrum peaks in the four group of coatings.
Beside the strength of Cu peak increases with the increased
content of Cu in the coating. To further identify the chemical
configurations of Cu, XPS high-resolution spectra are shown in
Figures 4B-D. As for 0.5Cu-MAO coating, Cu 2p,, and Cu 2p;,
appeared at 952.48 and 932.78 eV, respectively. There are three
peaks of 1Cu-MAO at 953.08, 934.88 and 931.68 eV in Cu 2p
high-resolution XPS spectrum. There were no shake-up peaks in
the XPS spectrum of 0.5Cu-MAO and 1Cu-MAO coatings,
indicated that Cu exsited primarily in Cu,O or metallic Cu
(Rokosz et al., 2016). As indicated in Figure 4D, the binding
energies of Cu 2p peaks at 955.9 + 0.2 and 934.9 + 0.2 ¢V and
other satellite peaks suggest that Cu bond with O and exist as
CuO in 2Cu-MAO coating (Wang et al.,, 2015).
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FIGURE 1

Surface morphologies of different coatings: (A) 0Cu-MAO, (B) 0.5Cu-MAO, (C) 1Cu-MAO, (D) 2Cu-MAO.

TABLE 2 Element component (wt%) on the surface of different
coatings.

Sample Element component (wt%)

Ti Cu (0] P
0Cu 72.68 17.23 10.09
0.5Cu 71.44 0.47 16.20 11.90
1Cu 70.84 1.04 15.54 12.58
2Cu 63.73 2.87 17.54 15.86

The results of CLSM revealed that there was no significant
difference among 0Cu, 0.5Cu and 1Cu groups in the surface
micro-roughness, and the value of Ra are all about 1 um as
shown in Figure 5 A. However, the addition of 2 g/L copper
acetate into the electrolyte reduced the surface micro-
roughness of the coatings. In additon, the 3D images
intuitively revealed that a volcano structure appears on the
surface of the coatings. The wettability of the coating was
determined by water contact angle shown in Figure 5B. The
contact angle of 0Cu-MAO, 0.5Cu-MAO and 1Cu-MAO
coatings were in the range of 43-45°. Compared with 0Cu-
MAO group, adding Cu do not obviously alter their
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hydrophilicity. But the contact angle of 2Cu-MAO coating
was rised to 60.25".

The coatings (0.5Cu-MAO, 1Cu-MAO and 2Cu-MAO) were
immersed in 0.9 Wt% NaCl for 1-28 days, and the cumulative
amount of Cu** released from different coatings were evaluated
and shown in Figure 6. With the prolonged immersion process, Cu
ions released fast at initial and then continuously in a low level. At
the same immersion time, the cumulative concentrations of Cu**
increased with the added amount of Cu in TiO, coating.

3.2 The cell biocompatibility and
osteogenic ability of Cu-MAO

The cell viablity was test by CCK-8, the result of which showed
the OD value was increased significantly in 0Cu-MAO, 0.5Cu-
MAO, 1Cu-MAO and 2Cu-MAO groups at 1, 3, 5 days (p < 0.05)
(Figure 7A). Compared with 0Cu-MAO group, the 0.5Cu-MAO,
1Cu-MAO and 2Cu-MAO groups showed much higher viability at
3 and 5 days. All the resutls present the good cell biocompatibility of
Cu-MAO coatings in our study. As shown in Figure 7B, the cell
morphologies on different coatings after incubation for 3 days were
observed by SEM. Cells were spread better on the surface of 0Cu-
MAO and 1Cu-MAO. However, compared with 0Cu-MAO, more
cells adhered on the 1Cu-MAO.
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FIGURE 2

10.3389/fbioe.2022.941109

Cross-section morphologies of different coatings: (A) 0Cu-MAO, (B) 0.5Cu-MAO, (C) 1Cu-MAO, (D) 2Cu-MAO.

FIGURE 3
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XPS survey spectrum (A) and Cu2p high-resolution spectra of the 0.5Cu-MAO (B),1Cu-MAO (C), 2Cu-MAO (D) coating.
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FIGURE 5
Confocal Laser Scanning Microscope images (A) and digital photograph of water droplets of different coatings (B).

The ostegenic differentiation of BMSCs on 1Cu-MAO significantly higher in 1Cu-MAO group than the MAO group
coatings were evaluated by Real time PCR and Western Blot (p < 0.05), the Protein levels of ALP and RUNX2 showed the
(Figure 8A). The mRNA of Alp, Opn, Ocn and Runx2 were same trend (Figures 8B-E). The results of ALP and Alizarin red
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Cu?* release kinetics from different coatings after immersed
in 0.9 wt% NaCl for 1-28 days.

staining showed that Cu-MAO coating can enhance the ALP
activity and mineralized nodules formation of BMSCs

(Figure 8F).
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FIGURE 7

The cell biocompatibility of Cu-MAO. (A) Cytotoxicity was measured after 1, 3, and 5 days of culture. (B) SEM images of cell morphologies
culture on different surface for 3 days. Data are presented as mean + SD; (*p < 0.05, vs. Ti group).
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3.3 Evaluation of antibacterial property

The antibacterial properties of contact-killing of P. gingivalis
and S. aureus for 0Cu-MAO, 0.5Cu-MAO, 1Cu-MAO and 2Cu-
MAO after 24h of incubation were measured as shown in
Figure 9. Figures 9A,B shows the total CFU of the MAO
coating and Cu-MAO groups. The number of CFU in 1Cu-
MAO coating was significantly less than in other coatings (p <
0.05). The antibacterial rates of 1Cu-MAO coating against P.
gingivalis and S. aureus were 80.74 and 73.26%, respectively. It
indicated that the 1Cu-MAO coating exhibits powerful
antibacterial activities, compared to the other coatings.

As showed in Figure 9C, the effects of those Cu-MAO
coatings on bacterial morphology and cell wall integrity were
observed via SEM. The S. aureus grown on the surface of 0Cu-
MAO coating are rounded with integrated membranes, while
there were some bacterial display collapsed, corrugated and
fractured on the surface of Cu-MAO coatings (marked with
arrows in Figure 9C). The viability of S. aureus cultured on
different surfaces were observed by Live/Dead staining, as shown
in Figure 9D. The green and red fluorescence intensity reflects the
numbers of live and dead bacterial colonies on the coatings,
respectively. The biofilm formed on the surface of 0Cu-MAO
coating, while viable bacteria stained in green were reduced, and

500 pm

1Cu-MAO

500 um
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Ocn, and Runx2) expression level. (F) ALP and Alizarin red staining of different surface at day 7 and day 14, respectively. Data are presented as mean +

SD; (*p < 0.05, vs. Ti group).

while the dead bacteria stained in red were increased on the Cu-
MAO with Cu groups, among which 1Cu-MAO showed the best
antibacterial effect in Figure 9D.

4 Discussion

MAO is a conventional and effective surface modification
of based
electrochemical reaction (Kim et al., 2009; Zhang et al,,

process titanium-based  materials on

2020). Under high voltage, porous oxide layer with
the
(Tsutsumi et al., 2021). The content of each element

elements incorporated from electrolyte solution

doped in the coating can be controlled by adjusting the
The
structure and elements doped via MAO onto the surface

electrolyte composition. micro/nanoscale porous
of the titanium can cnfer the coating bidirectional regulatory
functions and improve the implant compatibility and
antibacterial property (Hu et al., 2010b).

In this study, Cu-MAO coatings were sucessfully constructed
after characterization analyse. Cu-MAO coatings showed the
good compatibility and promoted the ostegenic differentiaiton of
BMSCs in vitro and antibacterial effects on P. gingivalis and S.
aureus, which suggest the potential application in dental implant
in future.

Trisodium phosphate was used as the electrolyte to introduce
the phosphorus, which can promote the proliferation of
osteoblasts (Takebe et al., 2000). Copper acetate was selected
as a Cu-containing component, and EDTA was added to chelate
with positively charged cupric ions. The addition of KOH can
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increase the PH and conductivity of the solution. Cu-MAO
coatings (0.5Cu-MAO, 1Cu-MAO, 2Cu-MAO) were fabricated
via adding different mass fractions of copper acetate into
electrolytes by MAO (Figures 1, 2). EDS demonstrated the
copper has been successfully dopes into TiO, coatings
(Table 2; Figure 3A).

In addition, the thickness of Cu-MAO coatings was from
8 to 11 um (Figure 2). The appropriate dental implant
surface topography and chemistry will improve the
osseointegration in clinic (Milleret et al., 2019). The
surface topography affects the biological functions of peri-
implant tissue and bone cells (Elter et al., 2008). Moderately
Sa =
and nanoscale

(surface roughness, 1~2 um)
2009)
characteristics promote osseointegration (Wang et al,
2021). In our study, the surface topography of 0Cu-MAO,
0.5Cu-MAO and 1Cu-MAO coatings showed the crater like

structures, the diameters were less than 10 um. While 2Cu-

rough surfaces

(Wennerberg and Albrektsson,

MAO coating exhibited larger pore size and lower porosity
values (Figure 1D). CLSM results suggested that adding
excessive copper could change the morphology and
roughness of implants, the surface roughness of the 2Cu-
MAO coating dropped from 0.928 to 0.77 pum (Figure 5A),
which showed the moderately rough surfaces. Hydrophilic
surfaces are beneficial in early phases of osseointegration
(Buser et al., 2004), which will be suitable for cells adhension
on the implant surface. The contact angles of the Cu-MAO
coatings were from 43° to 65.25° (data in brief Figure 5B),
which was depend on the copper concentration in coatings.
Judging from the results of XPS, the Cu in the 0Cu-MAO,
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0.5Cu-MAO and 1Cu-MAO coatings existed mainly as
Cu,0, while in 2Cu-MAO coating existed primarily in
CuO (Figure 4). The cell viability of BMSCs on 0Cu-
MAO, 0.5Cu-MAO and 1Cu-MAO coatings was much
higher than the Ti group and 2Cu-MAO, which proved
that the surface topography of Cu-MAO coatings was
relative appropriate and suitable for BMSCs proliferation.
Moreover, the osteoblastic markers (ALP, OPN, OCN, and
RUNX2) were upregulated in 1Cu-MAO coating after 7 days
cultured, which showed the promotion of osseointegration of
1Cu-MAO. All of which showed the good physical and
chemical properties and predominant cell biocompatibility
and osteogenic ability of 1Cu-MAO in our study. These
results illustrated that the addition of excessive copper
acetate could evidently modify the surface morphology,
roughness, hydrophilia and superficial composition of the
coatings. This is due to the addition of copper acetate
increased the conductivity of the electrolyte. Compared
with 1Cu-MAO, the increase concentration of copper
acetate in 2Cu-MAO coating leads the increasing Cu®*
concentration of the solution.
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Cu** + EDTA* & CuEDTA* 3)

According to Eq. 3, copper reacts with EDTA to form
CuEDTA?. The increase of copper acetate will increase the
CuEDTA> the
developed electric field between the anode and the cathode

concentrations. During MAO process,
pushes the negatively charged CuEDTA*>" complexes toward
the anode (Li et al, 2019). At this moment, the main
reactions on the anode may be described as follows (Zhang
et al., 2018b):

Ti — 4e” = Ti*" (4)

Ti** + 20> = TiO, (5)
Cu’** +20H = Cu(OH), (6)
Cu(OH), = CuO + H,0 (7)

According to Eqs 6, 7, the CuO content in the TiO, coating
increased with increasing Cu2" concentrations. The ionic release
of the 1Cu coatings after immersed in 0.9wt% NaCl for 28 days
was examined by ICP mass spectrometry, the result shows no
detectable Cu ionic release into the surrounding solution
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(Figure 6), which suggest the stability and insolubility of the Cu-
MAO coating.

Peri-implantitis is an inflammatory disease that promotes
the bone absorption after osseointegrate on dental implant,
which is the mainly reason that interfere with the long-term
stability of the implant. With the high prevalence, peri-
implantitis is initial induced by the oral micrograms.
Therefore, the antibacterial function of dental implant
should be paid major attention in clinic research. P.
gingivalis, a group of bacteria known as the red complex, is
considered to be major pathogen to cause Peri-implantitis (Ito
etal., 2014). S. aureus is a frequent commensal of the nares and
skin and is considered transient oral residents, which is found
identified at higher numbers in biofilm obtained from implants
with peri-implantitis than peri-implant health (Renvert et al.,
2014; Zhuang et al., 2016). The biological rationale of S. aureus.
In peri-implantitis is the capacity to attach onto titanium
surfaces (Harris and Richards, 2004), and contribute to
the
(Costerton et al., 2005). P. gingivalis and S. aureus were
chosen in our study. The OD600, CFU and direct contact
results exhibit desirable antibacterial capabilities of Cu-MAO
coatings (Figure 9). More interesting, the 1Cu-MAO coating
showed the best antibacterial effect among them. The difference

biofilm-associated on medical device infections

of antibacterial efficacy may be mainly ascribed to the effect of
chemical configurations of copper in Cu-incorporated TiO,
coatings.

As revealed by XPS, the copper in 1Cu-MAO existed mainly as
Cu,0, while in 2Cu-MAO existed primarily as CuO. It has been
widely discussed that Cu* is considered to be a more effective
antibacterial agent than Cu®', which is associated with their
different pathways of antibacterial activity (van Hengel et al.,
2020). The antimicrobial effect of copper oxides (I and II)
differs by the oxidation state. For Cu™, its biocidal effect is the
involvement of reactive oxygen species. In contrast to Cu®,
intracellular proteins have an enhanced affinity toward Cu,
which could inactivate the vital enzyme and DNA in bacteria
and finally disable their replica capability (Meghana et al., 2015).

5 Conclusion

In this work, the influence of copper acetate contents on the
microstructure and biological performances of Cu-incorporated
TiO2 (Cu-MAO) coatings was systematically studied. in vitro
The following conclusions could be achieved:

« Different contents of copper element were successfully

controlled doped on the surface of porous TiO, coating
via facile MAO technique.
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o The 1Cu-MAO coating possesses a higher antibacterial
capability compared to 0.5Cu-MAO and 2Cu-MAO
coatings, which is associated with the Cu,O
concentration of TiO, coatings.

o The 1Cu-MAO coating exhibits an excellent bioactivity
and to be able to promote cell proliferation and

adhesion.
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