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Purpose: Micro-arc oxidation (MAO) is a fast and effective method to prepare nanoporous
coatings with high biological activity and bonding strength. Simple micro/nano-
coatings cannot fully meet the requirements of osteogenesis. To further improve the biolo-
gical activity of a titanium surface, we successfully added biological magnesium (Mg>") to
a coating by micro-arc oxidation and evaluated the optimal magnesium concentration in the
electrolyte, biocompatibility, cell adhesion, proliferation, and osteogenesis in vitro.
Methods: Nanoporous titanium coatings with different concentrations of magnesium were
prepared by micro-arc oxidation and characterized by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS). The Mg?" release ability of the magne-
sium-incorporated nanoporous titanium coatings was determined by inductively coupled
plasma emission spectrometry (ICP-OES). The cytotoxicity of the magnesium-incorporated
nanoporous titanium coatings was detected with live/dead double-staining tests. A CCK-8
assay was employed to evaluate cell proliferation, and FITC-phalloidin was used to deter-
mine the structure of the cytoskeleton by staining P-actin. Alkaline phosphatase (ALP)
activity was evaluated by alizarin red S (ARS) staining to determine the effect of the coatings
on osteogenic differentiation in vitro. The mRNA expression of osteogenic differentiation-
related markers was measured using qRT-PCR.

Results: EDS analyses revealed the successful addition of magnesium to the microporous
coatings. The best magnesium concentration of the electrolyte for preparing the new coating
was determined. The results showed that the nano-coatings prepared using the electrolyte
with 2 g/L magnesium acetate best promoted the adhesion, proliferation, and osteogenic
differentiation of bone marrow mesenchymal stem cells (BMSCs).

Conclusion: These results suggest that the new titanium metal coating with a dual effect of
promoting bone morphology and supplying the biological ion Mg>" can be beneficial for
rapid osseointegration.

Keywords: micro/arc oxidation,

magnesium-incorporated nanoporous coating,

osteoinductivity

Introduction

In addition to excellent deformation properties and fatigue resistance, titanium is
nontoxic, noncarcinogenic, and biocompatible, allowing it to be widely used in the
medical field. Since Professor Branemark proposed the theory of osseointegration,
titanium has been introduced into the field of dental restorations.' However,
titanium-based implant materials have limitations, including limited osteoinductive
capability and high elastic modulus. At least 3 months after titanium-based implants
are implanted, adequate osseointegrated fixation can be obtained.” Titanium is
a biologically inert material,” and due to its poor surface bone conductivity, it
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cannot be sufficiently osseointegrated. Owing to these
shortcomings, the interface between bone tissue and tita-
nium is not strong enough to achieve a mechanical seal
and fixation, and it takes a long time to stabilize.

To improve the surface activity of titanium implants
and strengthen the binding ability of materials and bone
tissue, various modifications have been added to the sur-
face of titanium implants.4 Micro-arc oxidation (MAO)®
uses the combination of an electrolyte and corresponding
electrical parameters to grow in situ ceramic coatings
mainly composed of substrate metal oxides on the surfaces
of metals, such as aluminum, magnesium, titanium, and
their alloys, via the instantaneous high temperature and
high pressure that are generated by an arc discharge.
Ceramic coatings have been widely used in the surface
modification of titanium and its alloys.®® MAO can allow
the surface of titanium to form a microporous structure,
letting cells better adhere to the material surface and fully
stimulating bone formation. Nanostructured surfaces can
directly interact with certain proteins and cell membrane
receptors, effectively enhancing cell function. Micro/nano-
structures have a certain positive effect on osteogenesis.’
MAO can not only change the surface morphology of the
metal substrate but also add various nutritional elements,
such as copper, silver, zinc, strontium, and silicon, depend-
ing on the characteristics of its electrolyte.”'* The addi-
tion of these chemical elements changes the biological
properties of the material and improves the antibacterial,
adhesion, and osteogenic activities.

Magnesium is an important component of bone tissue.
The concentration of Mg”" ranks fourth among all cations
in the human body. More than half of the magnesium in
the human body is stored in bone tissue in the form of
biological magnesium.'®> Mg®" are the most abundant diva-
lent cations in cells, regulating multiple cellular functions,
including cell signaling, cell growth, metabolism, and
proliferation. High concentrations of magnesium ions can
activate calcium ion channels on cell membranes'* and
promote calcium deposition, and magnesium is required
for bone growth.

In this study, MAO was used to prepare magnesium-
containing nano-coatings on a titanium surface. In this
coating, the advantages of the two metals, Mg and Ti,
are complementary. The dual effect of the nanostructure
of the coating and the release of Mg ions induce bone
formation. By the addition of magnesium, the coating not
only retains the excellent mechanical properties of tita-
nium but also possesses the enhanced biological activities

of titanium. We further determined the optimal electrolyte
concentration in the preparation of magnesium-containing
nano-coatings, and observed the activity, adhesion, and
osteogenic differentiation of osteoblasts on the magne-
sium-containing nano-coatings to determine whether the
material can be applied in clinical practice.

Materials and Methods

Fabrication and Characterization of
MAO-Mg Coating

The titanium sheets (20x20x1 mm and 10x10x1 mm) used
in the experiment were cut from commercial TC4 titanium
alloy. The cut sample was sequentially cleaned in acetone,
ethanol, and distilled water in an ultrasonic cleaner.

Then, the samples were micro-arc-oxidized in an elec-
trolyte solution composed of 17.6 g/L calcium acetate
monohydrate (Ca(CH;COO),-H,0, Sinopharm, Shanghai,
China) and 4.74 g/L sodium phosphate dibasic dihydrate
(NaH,PO4-2H,0, Sinopharm, Shanghai, China) to fabri-
cate a porous surface layer (the MAO coating). The vol-
tage, frequency and time parameters of the pulsed AC
power were 420 V, 50 Hz, and 10 min, respectively. To
load magnesium into the porous surface layer (the MAO-
Mg coating), magnesium acetate (C4Hgs MgO,4-4H,0,
Sinopharm, Shanghai, China, 1 g/L, 2 g/L, 4 g/L, 8 g/L)
was added to the electrolyte. The MAO microporous coat-
ings incorporated with different amounts of Mg®" were
named M1, M2, M4, and MS, respectively.

Material Characteristics

Scanning electron microscopy (SEM, JEOL, Japan) was
used to scan the surface morphology of the samples, and
the coating roughness was measured by the Perthometer M1
(Marl, Germany) measuring instrument. Then, ImageJ soft-
ware (National Institutes of Health, USA) was used to
analyze the distribution of pore sizes of the coatings. The
wettability of the coating surface was determined using
a contact angle meter (SL200B, Solon, China). The elemen-
tal composition of the samples was determined by energy-
dispersive X-ray spectroscopy (EDS, EPMA, Japan).

Magnesium lon Release

The samples were immersed in 4mL of standard phosphate
buffer saline (PBS) and then incubated at 37°C under
gentle shaking. The Mg®" concentration of the buffer
solution at different time points (1, 4 and 7 days) was
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measured by inductively coupled plasma/optical emission
spectroscopy (ICP-OES, Varian, USA).

Culture of Murine BMSCs

Four-week-old Sprague—Dawley (SD) rats provided by the
Central Laboratory of Shanghai Ninth People’s Hospital
were used to collect bone marrow mesenchymal stem cells
(BMSCs). The rats were sacrificed by spinal dislocation and
placed in 75% alcohol for 3 min. The tibia and femur were
removed, and the bone marrow cavity was washed with
Dulbecco’s Modified Eagle’s Medium (DMEM) medium
containing 1% penicillin-streptomycin (Thermo Fisher
Scientific, USA) and 10% fetal bovine serum (FBS, Gibco,
USA). The collected bone marrow washings were centri-
fuged at 1000 rpm for 10 min. Cells were cultivated in
DMEM in an incubator at 37°C with 5% CO,. After 5
days of cultivation, nonadherent cells were removed, and
fresh medium was added. The remaining adherent cells were
mainly BMSCs. Subculture was conducted when the cells
reached 80—90% confluence. BMSCs at passage 2 to 4 with
strong growth activity were used as the experimental cells.

Cell Activity and Proliferation Experiment
BMSCs were seeded on samples of the six groups. Twenty-
four hours later, to assess cell viability on the different sub-
strates, the Calcein-AM/PI Double Stain Kit (Yeasen,
Shanghai, China) was applied. Cell adhesion and proliferation
were evaluated by the Cell Counting Kit-8 (CCK-8, Beyotime,
Shanghai, China). The density of the cell suspension was
2x10* cells/mL. Cells were incubated with the different
metal samples (10x10x1 mm) for 1 day, 3 days and 7 days
at 37°C, 5% CO,. At the required time point, Samples were
washed three times by PBS. Then, 500 pL of serum-free
medium and 50 pL of CCK-8 mixed reagent were added to
each well, and the plate was incubated for 1.5 h. Next, 100 uL/
well supernatant was pipetted to 96-well plates. The optical
density of the culture was determined by spectrophotometry in
a microplate reader. To observe the cell coverage area, FITC-
phalloidin (Enzo Life Science Ltd, Exeter, UK) was used to
determine the structure of the cytoskeleton by staining B-actin.

Table | Primers for qRT-PCR

The cells were seeded on samples for 6 h, then fixed with 4%
paraformaldehyde (Sigma, St Louis, MO, USA) and permea-
bilized with 0.5% Triton X-100 (Sigma). The cytoskeleton and
nuclei were stained with phalloidin and DAPI (Invitrogen,
Carlsbad, CA, USA), respectively. The extension area of
cells was measured by Imagel]. Cell fluorescence area is
expressed as total area/cell number.

ALP Activity and Calcium Deposition
BMSCs were fixed and stained with an ALP kit (Beyotime,
Shanghai, China) after culture in DMEM for 7 days. At the
same time, the ALP was quantitatively analyzed by p-nitro-
phenyl phosphate (pNPP) (Sigma). The ALP activity is pre-
sented as optical density (OD) value at 405 nm per milligram
of total protein. After culture in DMEM for 7 days, calcium
deposition assays were further performed. First, the cells
were fixed with 70% ethanol and stained by 40 mM alizarin
red S (ARS, Sigma) solution. Then, the staining “hole” was
eluted with 10% cetylpyridinium chloride (Sigma) solution,
and OD values were measured at 590 nm for quantitative
analysis. The results of calcium deposition were normalized
by total protein content and are expressed as OD value at 590
nm per milligram of total protein in the cells.

Expression of Osteogenic-Related Genes
BMSCs were cultured on substrates for 7 days, and total
RNA was extracted with TRIzol reagent (Invitrogen,
Thermo Fisher Scientific, USA). cDNAs were synthesized
using a PrimeScript 1-strand cDNA synthesis kit (Takara,
Japan). The expression of osteogenic genes Runt-related
transcription factor 2 (Runx2), ALP and OCN was detected
by gRT-PCR (Bio-Rad, MyiQ, USA). The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used for standardization. The primers are listed in
Table 1.°

Statistical Analysis

All the data are presented as the mean + standard deviation
(SD), The data were analyzed using GraphPad Prism
(GraphPad Software, USA). One-way ANOVA followed

Gene Prime Forward Primer Reverse Primer Product Length Accession

ALP ACCGCAGGATGTGAACTACT GAAGCTGTGGGTTCACTGGT 90 XM_006253120.2

OCN ATTGTGACGAGCTAGCGGAC GCAACACATGCCCTAAACGG 83 NC_005101.4

Runx2 CCTTCCCTCCGAGACCCTAA ATGGCTGCTCCCTTCTGAAC 90 NM_001278484.2

GAPDH CAGGGCTGCCTTCTCTTGTG AACTTGCCGTGGGTAGAGTC Il NM_017008.4
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by the Tukey’s post hoc test was used to determine the
level of significance. p<0.05 was considered significant.

Results

Surface Morphology

Figure 1A shows the surface morphology of all groups.
Compared with the Ti group, other coatings had similar
microporous structures without significant differences.
Figure 1C shows the frequency distribution of the pore
size. The minimumpore size and maximum pore size
were 0.34 pm and 4.2 um, respectively, and the average
was 2.01 pym. Compared with the MAO group, there was
no significant difference in the pore size of the coating
with magnesium (Figure 1D). The roughness results
(Figure 1B) showed that the surface roughness of the
MAO-treated groups (MAO, M1, M2, M4, MS8) was

significantly higher than that of Ti, but there was no
significant difference among the MAO-treated groups.
As shown in Figure 2, compared with the Ti group, the
surfaces of MAO-treated groups exhibited larger contact
angles, but no significant difference was observed among
the MAO-treated groups.

We analyzed the element composition of the material
surface by EDS (Figure 3) and found that the Mg”" was
successfully incorporated into the microporous coating.
The Mg?>" content in the coating could be controlled by
adjusting the magnesium acetate concentration. As the
concentration of magnesium acetate increased, the concen-
tration of Mg”" in the coating increased (Figure 3).

As shown in Figure 4, Magnesium ions were success-
fully released from the material into the solution from

magnesium-incorporated coatings and the concentration
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Figure | (A) SEM images of six sample surfaces. (B) The roughness of the five coatings (C) The frequency distribution of the pore size. (D) The pore size of the five

coatings.
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Figure 2 The contact angle of the six sample (*p<0.05 compared with Ti).

EEENSTHNPRSSCSs Y- CN—— )

wt%
161

At%

At% Element

4.26 3.58

34.15 57.07

Lot S

0.36 0.4

9.31

7.68 6.63

8.78 5.86

47.42

26.47

M8

Element  Wt% At%

cK 235 5.16
oK 3367 55.61
Mgk 1.84 2
PK 6.64 567
877 5.78
25.78

ss
Element  Wt% At%

3.28 s
56.73
1.32
e
592 [xcot
5.96
26.8

1er =
Element we% At% » Element wt %
n
s K 1.92 6.93 K 193
NK 204 63 oK 3352
. TiK 9604 8676 . Bk 1089
g
Cak 1166
c o
i 42
s s
b
L | .
T 20 300 4w Sk ek W sw W Ww neo D R )
Energy vy eneray ke
P
cK 135 2.99 cK 1.47
oK 346 57.71 oK 3381
Mgk 061 0.67 Mgk 119
PK 7.53 6.49 PK 6.83
Cak 9.17 6.11 Cak 8.89
TiK 46.74 26.04 TiK 47.81
OO — I T )

Energy -keV.

Figure 3 EDS and elemental analysis of the six sample.

of Mg*" in solution increased with the increasing of mag-

nesium content in the material.

Cell Cytotoxicity and Proliferation

Figure 5A presents images of the live/dead staining of cells
on the all samples. Almost all cells were alive in the Ti,
MAO, M1, M2, M4, and M8 groups. Compared to the Ti
group, there was no significant decrease in the number of
living (green) cells in the M1, M2, M4, or M8 group. While
sporadic dead cells (red) were present on the all surfaces,
there was no obvious increase in the number of dead cells in
the M1, M2, M4, and M8 groups. The statistical results

showed that all groups were similar (Figure 5B), which
confirmed that Mg?" had no lethal toxicity to cell growth.

The result of the cell proliferation test (Figure 5C)
showed that the low-concentration Mg®" layer performed
significantly better than Ti alone and MAO. As Mg
quantity increased, a trend of first rising and then falling
was seen. As cell culture time went on, the MAO, M1,
M2, and M4 groups promoted cell proliferation. The opti-
mal concentration for cell proliferation was M2 (magne-
sium acetate in the electrolyte at 2 g/L).

The coverage area of BMSCs was observed after incu-
bating on the titanium plates for 6 h (Figure 5D). More
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Figure 4 ICP detection of magnesium ion release from various coatings.

BMSCs adhered to the surface of the M2 group during the
initial 6 h. As shown in Figure 5D, actin protein expres-
sion was clearly observed in the osteoblasts in all groups.
Compared with the other groups, cytoskeleton staining on
the surface of the M2 materials showed better extension
(Figure 5E).

ALP Activity and Calcium Deposition

In the ALP activity assay, the low-concentration magne-
sium coatings (M1 and M2 groups) showed deeper ALP
staining than other groups. Moreover, the M2 group
showed the best results (Figure 6A). ALP quantitative
results indicated that the M2 group had significantly
more ALP than the other groups (Figure 6B). Similar
results were observed by alizarin red S staining and quan-
titative calculation via the calcium deposition assay
(Figure 6C and D). All of the above results indicated that
as the magnesium ion concentration in the coating
increased, the osteogenesis showed a trend of first increas-
ing and then decreasing, and the M2 group had the best
effect on osteogenic differentiation of BMSCs.

Expression of Osteogenic-Related Genes
Runx2 is a key transcription factor in osteoblast differen-
tiation, qRT-PCR showed that M2 had significantly higher
Runx2 mRNA expression than the Ti, MAO, M1, M4, and
M8 groups (Figure 7A). As shown in Figure 7B, the
expression level of ALP in the M2 group was significantly
higher than that in the Ti, MAO, M4 and M8 groups.
MIlgroup and M2 group showed an upward trend com-
pared with the M4, and M8 groups, while the M2 group
showed the highest upward trend. OCN quantification
(Figure 7C) indicated that the M2 group and M1 group
had significantly more than the control group. Moreover,
the OCN expression level in the M2 group was higher than

that in the other groups. The above results indicate that the
magnesium-incorporated nanoporous titanium coating
(M2) was most beneficial to osteoblasts.

Discussion

To improve the biological and mechanical properties of
titanium implants, many studies have been conducted on
the modification of titanium and titanium metal surfaces.
The surface modification of materials mainly involves

1516 and chemical

modifying its surface morphology
composition.*'” There are various methods for generating
micro-scale morphological features of titanium implant
materials, such as machining, acid etching, sandblasting,
plasma spraying, and MAO."®'” MAO can produce
a micro- or nano-porous coating to build a cellular micro-
environment with pore size on the nano-, sub-micro-, and
micro-scales. The multiscale porous structure can provide
the necessary space and environment for the growth of
different cells and tissues, promote the formation of extra-
cellular matrix, the transport of nutrients, and the growth
of nerves and blood vessels.”” The coating is considered to
be a bionic coating that can effectively increase the bio-
compatibility of the alloy substrate, reduce the rejection
generated by the body, and allow the osteoblasts to pro-
liferate more easily and adhere to the surface of the
material.*!

The simple microporous nano-morphology cannot fully
meet the needs of osteogenesis. The addition of biological
elements (specifically, ions) gives the material better bio-
logical properties. Mg2+ ions are abundant in cells. Mg2+
participates in various biological mechanisms, such as
regulation of ion channels, DNA stabilization, enzyme
activation, and cell growth, metabolism, and
proliferation.'*'* Mg®" ions can promote the expression
of integrin in human osteoblasts and enhance the adhesion
of osteoblasts.”> Magnesium-containing implants can pro-
mote osteoblast maturation.?****

MAO can deposit the bioactive elements in an electro-
lyte onto the surface of titanium implants. After an appro-
priate amount of magnesium acetate is added to the
electrolytic solution, the magnesium acetate can be dis-
solved in water and form a clear and uniform solution
without turbidity. In this study, the EDS scan found that
the proportion of magnesium on titanium sheets increased
with increasing magnesium concentration in the electro-
lyte, and the ion distribution on the surface of the material
could be adjusted by adjusting the ion concentration in the

electrolyte.”> The SEM images revealed that the addition
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Figure 5 (A) Live/dead assay of cells cultured for 24 h on the samples. Scale bar = 100 pm. (B) Statistical results of the live/dead assay. (C) Cell proliferation measured by
CCK-8 assay after |, 3, and 7 days of culture. (D) Fluorescence images of actin (red) and nuclei (blue) in cells cultured on the samples for 6 h. Scale bar = 100 um. (E) The
average area of cell actin was determined by Image] (*p<0.05 compared with Ti and MAO; #p<0.05 compared with Tl, MAO, M1, M4, and M8).

of Mg”" ions did not destroy the microporous morphology
formed by MAO. The roughness and contact angle of the
material do not change with the increasing of magnesium.
The addition of magnesium ions simply changed the ion
distribution on the coating surface, in line with the results
of other studies.'” In this study, the magnesium-containing

microporous coatings prepared by MAO not only had
micro/nano-pores but also released Mg>" ions to form
a local high-magnesium microenvironment for cell growth
(Figure 4).

The successful addition of magnesium to the coating
lays the foundation for later research; a higher magnesium

International Journal of Nanomedicine 2020:15

submit your manuscript

6599

Dove


http://www.dovepress.com
http://www.dovepress.com

Li et al

Dove

A

ARS

B ALP
5_
E/‘\
°%
>a
23
o ©
(“-o—l
2_.
2
581_
gL
0_
Q N
T P&
D ARS
3- #
@A
<5
© o
28 27
s
83
=
2 E 11
T O
3 O
mv
0_

&\QVO @'\ @Q/ @V @‘b

Figure 6 ALP activity and calcium deposition. (A) After 7 days of culture, BMSCs on the different coatings were stained with ALP. (B) ALP activity was measured was
assayed using a quantitative colorimetric assay. (C) After 21 days of culture, BMSCs on the different coatings were stained with ARS. (D) Calcium deposition activity was
assayed using a quantitative colorimetric assay (*p<0.05 compared with Ti and MAO; #p<0.05 compared with Tl, MAO, MI, M4, and M8).

content on the titanium surface does not lead straight to
a better result. We studied various concentrations of Mg*",
and adhesion and proliferation experiments showed that
with the increase in the Mg®" concentration on the material
surface, the biological properties of the material showed
a downward trend after an initial increase. High concen-
tration of Mg®" was not favorable for cell adhesion and
proliferation. The intermediate-concentration coating (M2
group) provided the best result. As the Mg?" ions released
by the material form a biological microenvironment suita-
ble for cell growth, the concentration of Mg”* ions affects
the substrate proteins and transcription factors, thus
increasing the osteogenic effect.”® The microenvironment
formed by Mg>" ions also has certain concentration
requirements: it is difficult to achieve the osteogenic effect
at a low concentration, and a high concentration is not

favorable for cell growth.”” An appropriate Mg®" concen-
tration is critical for the application of the material. We
found that although high magnesium was not toxic to the
cells, it affected the overall cell proliferation. Because
magnesium is easily degraded, a high Mg®" concentration
around the material affects the pH and is not favorable for
the growth of osteoblasts.”®° The results of ALP staining
and calcium deposition revealed that the optimal magne-
sium-containing coating (M2 group) also showed a good
osteogenesis trend, significantly better than in other
groups. In summary, an appropriate Mg>" concentration
can not only promote the adhesion and proliferation of
osteoblasts but also accelerate their osteogenic
differentiation.

Runx2 is a key transcription factor for osteoblast differ-

entiation and plays a role in the early stage of new bone
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formation.>%3!

ALP is an important marker of pre-
osteogenic differentiation and osteogenic mineralization.*>
Osteocalcin (OCN) appears in the late period, and OCN is
an important gene in the process of mineral deposition and is
expressed in the late stage of osteogenesis.*>** qRT-PCR
results also showed that the expression of Runx2, ALP, and
OCN genes in the magnesium-containing porous nano-
coatings (M2) were higher than those in the pure MAO
group (MAO) and pure titanium group (Ti). This finding
demonstrates that a magnesium-containing coating can pro-
mote BMSC differentiation into bone in the early, middle,
and late

stages of osteogenesis by both physical-

morphological and chemical modifications.

Conclusions

The new magnesium-containing nano-coating prepared in
this study was successfully doped with magnesium, and
the optimal concentration of magnesium acetate in the
MAO electrolyte was 2 g/L. The magnesium-containing
porous micro/nano-coating was beneficial to the adhesion,
proliferation, and osteogenic differentiation of BMSCs.
These results suggest that a new titanium metal coating
with a dual effect of promoting bone morphology and
providing the biological ion Mg*" can be beneficial for
rapid osseointegration.
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