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Background: Next generation of coating materials on the surface of implants is designed
with a paradigm shift from an inert material to an osteoimmunomodulatory material.
Regulating immune response to biomedical implants through influencing the polarization
of macrophage has been proven to be an effective strategy.

Methods: Through anodization and hydrothermal treatment, magnesium ion incorporated
TiO, nanotube array (MgN) coating was fabricated on the surface of titanium and it is
hypothesized that it has osteoimmunomodulatory properties. To verify this assumption,
systematic studies were carried out by in vitro and in vivo experiments.

Results: Mg ion release behavior results showed that MgN coating was successfully fabricated on
the surface of titanium using anodization and hydrothermal technology. Scanning electron micro-
scopy (SEM) images showed the morphology of the MgN coating on the titanium. The expression
of inflammation-related genes (IL-6, IL-15, TNF-o) was downregulated in MgN group compared
with TiO, nanotube (NT) and blank Ti groups, but anti-inflammatory genes (/L-10 and IL-1ra)
were remarkably upregulated in the MgN group. The in vitro and in vivo results demonstrated that
MgN coating influenced macrophage polarization toward the M2 phenotype compared with NT
and blank-Ti groups, which enhanced osteogenic differentiation of rat bone mesenchymal stem
cells BBMSCs in conditioned media (CM) generated by macrophages.

Conclusion: MgN coating on the titanium endowed the surface with immune-regulatory
features and exerted an advantageous effect on osteogenesis, thereby providing excellent
strategies for the surface modification of biomedical implants.

Keywords: TiO, nanotube, magnesium ions, osteoimmunomodulation, macrophage

Introduction

It was widely recognized that titanium (Ti) and its alloys could be applied to dental
and orthopedic implants. The insufficiency between the extraneous implant surface
and the bone remains unsolved. In order to successfully install the implants,
researchers make efforts to create bioactive coating materials on titanium surface
using different techniques.'~ In these studies, favorable osteogenic, angiogenic and
antibacterial capacities of coating materials have been widely explored.>* However,
many coating materials with excellent properties mentioned above could not
achieve satisfactory results in the subsequent in vivo studies in terms of the
regeneration of bones.”® This inconsistency may be attributed to the ignored
function of the immune cells which arrive at the implant-host interface before the
osteoblastic cells and affect the in vivo fate of the implants.”
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With the progress in understanding the reactions
between the implant and host tissues, researchers began
to realize that the responses of the immune system exert a
profound impact on the osteogenesis stimulated by bioma-
terials. The cells from the immune system play an active
part in bone dynamic activities via numerous transcription
factors, cytokines, signalling molecules, and receptors.®
Thus, the concept of osteoimmunology has been proposed
and changed the design paradigm of biomaterial implants,
from inert materials to implants with immunomodulatory
function.”'® Optimal osteoimmunomodulatory properties
facilitate an immune response to balance the osteogenesis
and osteoclastogenesis that favors the regeneration of bone
tissues.'' In previous studies, cells in the osteoblastic line-
age are often applied as the only choices to assess the
effect of osteogenesis in cell experiments when developing
novel implant biomaterials.'> Since immune cells play
such an essential part in the regeneration of bone tissues,
a novel evaluation system involving both immune cells
and bone cells is required to be constructed aiming to
develop optimal implant biomaterials.

Of all cells in the immune system, macrophages, which
are innate immune cells, play an important part in the
immune responses induced by materials. Macrophages par-
ticipate in the process of bone physiology and secrete some
important regulatory molecules to influence bone
remodeling.'>'* Biomaterial implants induce polarization
of macrophages towards different phenotypes, M1 and
M2. M1 is a kind of pro-inflammatory macrophage, which
could be “classically activated”, and M2 is a kind of anti-
inflammatory macrophage which could be “alternatively
activated” in response to their microenvironment.'*'> The
interaction between polarization of macrophages and com-
position of biomaterials significantly influences the bone
regeneration.'® Therefore, macrophages can be utilized as
a cellular model to evaluate the osteogenesis process with
implanted biomaterials in vitro.

Development in osteoimmunology investigation has
gained a common view that the surface morphology and
chemistry of implant materials, especially nanotopogra-
phy, can directly modulate the macrophage response.'”"'®
Recent studies have found that nanotopography could
facilitate macrophage functions, including adhesion, pro-
liferation, differentiation and the secretion of inflammatory
cytokines.'” ! Hence, a significant portion of the current
implant materials research has now started to explore
various surface modification strategies to fine tune the
either to eliminate the unwanted

immune system,

inflammation or to reprogram the immune cells to contri-
bute to the osteogenesis process.

Nanostructured materials have a wide range of applica-
tions in biomedicine, and can be used to improve the surface
biological activity of materials, cancer treatment, and bio-
marker detection.” > Among the various biomimetic nano-
topographical surfaces, microporous titanium dioxide (TiO5,)
fabricated by simple electrochemical anodization, has been
demonstrated to improve the healthy tissue biomaterial inte-
gration through regulating the expression of cellular signal
molecules.?® This nanoscaled topography mimics the micro-
structure of bone tissues to promote cellular activities.”’**
Many nanostructured materials have drug-carrying capacity
and large loading capacity.”>**** The hollow and highly
ordered TiO, nanotubes (NTs) were shown to form an ideal
surface facilitating the release of functional substances, par-
ticularly the bioactive elements such as cytokines, growth
factors, and inorganic ions.>'**> Among them, inorganic ele-
ment ions have been demonstrated to be extensively involved
in bone tissue and many cellular functions. Xin et al have
reported an effective method of implanting bioactive ions
into the well-ordered NTs which are released at a low rate.*
This strategy helped the surface architecture perform the
functions of nanoscaled topography and inorganic ions.
According to the design paradigm of the next generation,
the foremost consideration for the surface design of implants
is to construct multifunctional implants with surfaces which
have osteogenesis properties and the ability of immunomo-
dulation. Hence, the inorganic ions which are released at
nanostructured surface on titanium implants stimulate
immune responses and also promote osteogenesis.

Magnesium ions (Mg>") play essential roles in skeletal
system, and their amount ranks fourth among all the ele-
ments in human body.** Magnesium ions are involved in
bone metabolism by enhancing the differentiation and pro-
liferation of osteoblastic cells.® Recently, accumulating
research has discovered that Mg®" fight against inflamma-
tion and are used in clinical practice. For example, Mg”" are
used to ameliorate seizure prophylaxis in obstetrics.>® These
results suggest that the cooperation of TiO, nanotubes and
Mg ions may endow the surface of the implant with the
properties of immunomodulation. In the previous study, Mg
ions were doped in the TiO, NTs or other nanotopographic
surfaces and tested to promote osseointegration using
a conventional approach which focused on osteoblastic
cells.*”*® Nonetheless, in order to fully understand the
mechanisms of nanostructure incorporated with Mg ions
in the regeneration of bone tissues, it is far from enough
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to just focus on the interactions within the cells of osteo-
blast lineage and biomaterials. The immune cells are
required to be taken into account.

Accordingly, we fabricated a bioactive coating on the
surface of titanium—Mg ions incorporated TiO, nanotubes
(MgN), and it was hypothesized that it relatively conferred
anti-inflammation effects and ameliorated host immune
responses on the implants, which could ultimately promote
the osteogenic properties on the Ti surface. To prove our
assumption, systematic studies through biological assess-
ments in vitro and histological evaluations in vivo were
used to further explore the relation between immune
responses and MgN coating, and also the influence of the
microenvironment on immune system by MgN coating in
osteogenesis.

Materials and Methods

Preparation of the Materials

Titanium plates with a size of 10X10%1 mm and cylind-
rical implants made of titanium (2%X5 mm) were used.
TiO, nanotubes were developed by electrochemical ano-
dization. At room temperature, the platinum plate was
used as the cathode, the titanium plate was used as the
anode, and the electrolyte contained NaHSO,, HF, and
NaF. A constant potential was applied using a direct cur-
rent (DC) power supply, with a voltage set at 12 V. The
anodization time was 20 h. After electrochemical anodiza-
tion, samples were ultrasonically cleaned in deionized
water, and then dried in a vacuum drying oven for one
hour (110°C). Samples of TiO, nanotubes were then
cooled and treated by magnesium acetate solution with a
concentration of 0.4 M for three hours at 200°C in auto-
claves lined with Teflon to develop MgN coating via
hydrothermal method. Before cell culture, all the speci-
mens were sterilized using autoclaves. Smooth foil made
of Ti was applied as the negative control in our

experiments.**’

Depiction of the Materials

The surface topography of the samples was observed with
an electronic microscope for scanning (SEM, Hitachi S-
4800, Japan). The amount of Mg®" leached from TiO,
nanotubes was detected via inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Multiple sam-
ples were infused in 10 mL of phosphate buffered saline
(PBS) solution without stirring at 37°C for 7, 14 21, and
28 days, respectively. The number of Mg2+ released in the

solutions mentioned above was detected by ICP-AES
(Varian Liberty 150, USA). The contact angles between
simulated body fluid (SBF) and various surfaces were
measured by the optical contact
(JC200D3, POWEACH Inc., China).

angle apparatus

Cell Culture

We applied RAW 264.7 cells (RAW cell, a macrophage
cell line) and rat bone mesenchymal stem cells (rBMSCs)
(obtained from Cell Culture Center, Peking Union Medical
College, China) in vitro study. Both kinds of cells were
incubated at 37°C in a humidified CO, environment.
Dulbecco’s modified eagle medium (DMEM, Thermo
Scientific, MA, USA) supplemented with 10% fetal bovine
serum (FBS, Thermo Scientific) and 1% (v/v) penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA) was used
for cell culture. When the confluency was about 90%,
RAW 264.7 cells were passaged via gentle scraping,
while tBMSCs by trypsinization (Beyotime, China). The
third to sixth passages of cells were utilized in the in vitro
experiments.

Flow Cytometry

Flow cytometry analysis was applied to detect the surface
markers of M1 (CCR7) and M2 (CD206) of macrophages.
RAW264.7 cells were seeded on the surface of different
samples in 24-well plates (1x10*well) and cultured for
four days. Afterwards, they were scraped and collected.
Samples were incubated with CCR7 (1:25) (GeneTex,
Irvine, CA) and CD206 antibody (1:100) (AbD Serotec,
Raleigh, NC) for 30 min at 4°C, followed by incubation
with Dylight 488-antimouse and DyLight 405-antigoat
secondary antibody (DAKO, Multilink, CA) for 30 min
at 4°C. Then, the cells were washed with 1% BSA for
three times and transferred into fluorescence activated cell
sorting (FACS) tubes with 200 pL in each tube.
Expressions of the surface markers in RAW264.7 cells
were measured with flow cytometry (A50-Micro, UK).

The Expression of Inflammatory Genes

Raw274.6 cells were seeded on different samples at a density
of 1x10*well. After four days of culture, the total RNA of
cells was collected by using RNeasy Mini Kit (Qiagen,
Germany). Total RNA (500 ng) was extracted for synthesiz-
ing the complementary DNA with the kit of PrimeScript
cDNA synthesis (Qiagen, Germany) according to instructions
of the manufacturer. The expression levels of the inflamma-
tion-related genes (IL-Ira, IL-10, TNF-a, IL-1b, IL-6) were
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detected by reverse transcription-polymerase chain reaction
(RT-PCR) assay, and the primers are shown in Table 1.
GAPDH was choosen as the housekeeping gene in our study.

Enzyme-linked Immunosorbent Assay
(ELISA)

The concentration of vascular endothelial growth factor
(VEGEF, pro-angiogenic) and bone morphogenetic pro-
tein-2 (BMP2, pro-osteogenic) in the culture medium
of RAW264.7 cells was measured by ELISA assay
(eBioscience, USA). After the samples were cultured
for four days, the supernatants of RAW264.7 cells were
obtained. The concentration of each factor mentioned
above was measured at an absorbance of 450 nm with
a microplate reader, and the standard curve was
plotted.

Western Blot

Western blot was conducted to determine the expression levels
of VEGF and BMP2. After being cultured for four days,
RAW264.7 cells were lysed using lysis buffer. The protein
levels were quantified with the bicinchoninic acid (BCA) kit
(Thermo Scientific). Electrophoresis was conducted by the gel
made of sodium dodecyl sulfate-polyacrylamide. Then, the
proteins were transferred onto the nitrocellulose membranes.
Afterwards, 5% (w/v) nonfat milk (dissolved in Tris-buffered
saline (TBS)-Tween 20 buffer) was used to block the mem-
branes for one hour. The membranes were co-incubated with
specific primary antibodies, including B-actin, VEGF and
BMP2 (1:1000; Servicebio, China) at 4°C overnight. On the
next day, the membranes were washed with TBS-Tween 20
three times, and secondary antibodies conjugated with horse-
radish peroxidase were used for incubation at room tempera-
ture for one hour. After washing with TBS-Tween 20 three
times, AlphaEaseFC (Alpha Innotech, San Leandro, CA,
USA) was used to visualize the protein bands in darkness.

Adobe Photoshop software was applied to quantify the inten-
sity of the proteins.

Features of rBMSCs in Conditioned

Medium (CM) on Multiple Surfaces
Collecting and Preparing CM

RAW264.7 cells were cultured in multiple samples pre-
pared previously (blank Ti group, MgN group, NT group)
in the 24-well plates with a concentration of 1x10* cells/
well for 1- 14 days. The supernatant in each well was
obtained and stored at 4°C in a refrigerator. The super-
natant was diluted using DMEM (added 5% FBS) at a
ratio of 1:1 for subsequent use.*’

Proliferation Ability of rBMSCs in CM on Multiple
Surfaces

BMSCs (2x10* cells per well) were cultured on various
samples (10x10x1 mm) in CM for 1, 3, 5, or 7 days,
respectively. Cell Counting Kit-8 (CCK-8) (Beyotime,
China) solution (10 pL) was added in each well, and the
cells were incubated for 1-4 h in an incubator. The optical
density (OD) values at 450 nm were measured for cell
viability with a microplate reader.

Morphology of rBMSCs on Different Surfaces in CM
BMSCs (2x10* cells per well) were cultured on various
samples (10x10%1 mm) in CM for 1, 3, 5, or 7 days, respec-
tively. Samples were fixed by formaldehyde (4%) for 30 minat
room temperature, and washed with phosphate buffered saline
(PBS) five times. Cells were added to the samples with 200 pL
TRITC-labeled phalloidin working agent (Solarbio, China),
and incubated for 30 min at room temperature in darkness. The
samples were washed with PBS for three minutes, five times,
and the nuclei were counterstained with 200 uLL. DAPI (Sigma,
USA) solution (100 nmol) for 10 min. They were then rinsed
three times with PBS. The samples were observed with a
fluorescence microscope (the emission/excitation filter for

Table | Primers Used for Quantitative Reverse Transcription Polymerase Chain Reaction

Gene Forward Primer Sequence (5-3) Reverse Primer Sequence (5-3)
ILIra CTCCAGCTGGAGGAAGTTAAC CTGACTCAAAGCTGGTGGTG
ILI0 GAGAAGCATGGCCCAGAAATC GAGAAATCGATGACAGCGCC
TNFa CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
ILIB TGGAGAGTGTGGATCCCAAG GGTGCTGATGTACCAGTTGG

IL6 ATAGTCCTTCCTACCCCAATTTCC GATGAATTGGATGGTCTTGGTCC
GAPDH ATCCCATCACCATCTTCC GAGTCCTTCCACGATACCA
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TRITC: Em/Ex =570/540 nm, The emission/excitation filter
for DAPI: Em/Ex=454/364 nm).

Osteogenesis Differentiation Process of

rBMSCs on Different Surfaces

ALP Activity Assay

The rBMSCs (5%10%cells/well) were cultured in CM for
three and seven days, respectively, and alkaline phosphatase
(ALP) was measured. Following PBS washing for three
times, the cells were lysed by lysis buffer (2 mM NaCl, 10
mM Tris-HCI, and 1% Triton X-100, pH=7.5) and freeze—
thaw cycle was repeated three times. Biochemical colori-
metric test was used to determine the activity of ALP follow-
ing instructions of the manufacturer (Solarbio, China). The
activity of ALP was quantified at an absorbance of 510 nm.

Expressions of the Genes Related to Osteogenesis in
CM Compared with Standard Medium

The rBMSCs (5x10cells/well) were cultured in CM or
standard medium for seven days, respectively. Then the
expressions of osteogenesis-associated genes runt-related
transcription factor 2 (RUNX2), type 1 collagen (COLI),
osteocalcin (OCN), ALP were measured. The results were
standardized according to the GAPDH expression, which
was a housekeeping gene. Total RNA was extracted from
rBMSCs with the RNeasy Mini Kit (Qiagen). The extracted
RNA was reversely transcript to obtain cDNA with a reverse
transcription reagents kit (Takara, Japan) following instruc-
tions of the manufacturer. Real-time PCR assay was con-
ducted with the Maxima SYBR- I Green/ROX qPCR
(Thermo Scientific) on a Rocha-LightCycler 96 (ABI7500
fast, Singapore). Gene expressions were calculated accord-
ing to the method of 2—AACt. The sequences of the primers
and the genes selected in this experiment are list in Table 2

The in vivo Experiments

Animal Experiments

The investigation conformed to the regulations of the experi-
mental animal administration issued by the Ministry of

Table 2 Primers sequences

Science and Technology of China (http:/www.most.gov.

cn), and the protocol was evaluated and accepted by the
Institutional Ethics Committee of the Tianjin Medical
University before the animal experiments. The specimens
(cylinder, 2 mm in diameter and 5 mm in diameter, respec-
tively) were cleaned by ultrasonic wave for five minutes
before being autoclaved for 20 cycles at 121°C for 20 min.
21Twenty-one Wistar rats (10 weeks) were used in the
experiment and randomly divided into three groups: blank
Ti, NT, and MgN. All the rats were kept in a 12/12 hour day/
night cycle room with air conditioner. Sterilized food and
water were given per day and cages were changed weekly.
The specimens were implanted into the tibia in each animal.
Rats were euthanatized at four weeks after operation, and the
tibia samples were prepared for histological analysis.

Histology Analysis

The samples of bones with implants were fixed using for-
malin for 24 h at room temperature. Decalcified with 15%
EDTA-2Na (Solarbio, China) until fine needle aspiration
was conducted at the decalcification endpoint. After embed-
ding in paraffin and fixed, the samples were sliced (vertical
to the implants’ long axis) into 4 um sections. Afterwards,
these sections were divided into four groups randomly for
histological assessment. Tissue sections in Group 1 were
stained with hematoxylin and eosin and observed under a
microscope. Tissue sections in Group 2 were stained with
Masson’s Trichrome Stain Kit (Solarbio) to stain calcified
bone (green) and muscle fibers (red), and observed under a
transmitted light microscope. Immunofluorescent staining of
tissue sections in groups 3 and 4 were performed to evaluate
the level of CD206 and CCR7. After dewaxing and dehy-
dration, primary antibodies for CCR7 (ab221209, AbCam)
and CD206 (ab125028, AbCam) were used, and the sections
were incubated at 37°C for one hour. Alexa Fluor® 488
(1:500, AbCam) or Cy3 with the conjugation of goat anti-
rabbit IgG (1:100, AbCam) was applied as the secondary
antibodies for CCR7and CD206, respectively. The tissues
sections were incubated with the secondary antibodies for 30

Gene Forward Primer Sequence (5-3) Reverse Primer Sequence (5-3)
RUNX2 CGGACGAGGCAAGAGTTTCA GGATGAGGAATGCGCCCTAA
coLl GCAGACTGGCAACCTCAAGA CAGGGCCAATGTCTAGTCCG
OCN TAGTGAACAGACTCCGGCGCTA TGTAGGCGGTCTTCAAGCCAT
Alp TCATTCCCACGTTTTCACATTC GTTGTTGTGAGCGTAATCTACC
GAPDH ATCCCATCACCATCTTCC GAGTCCTTCCACGATACCA
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min at 37°C. Later, 4'-6-diamidino-2-phenylindole (DAPI)
was utilized for the staining of nuclei. Then the laser con-
focal microscopy (Zeiss710, Germany) was used to obtain
images.

Statistical Analysis

The results were described as average value +standard
deviation (SD). The data were analyzed with one-way
analysis of variance (ANOVA) and Student's z-test. SPSS
17.0 software (SPSS 14.0, Chicago, IL, USA) was
employed for statistical analysis. Differences between
groups of p<0.05 were considered statistically significant,
p<0.01 was considered highly significant.

Results

Specimen Depiction

Mg-incorporating TiO, nanotubes (MgN) were successfully
fabricated on the surface of titanium using anodization and
hydrothermal technology (Figure 1A). The surface morphol-
ogy of samples detected by SEM is shown in Figure 1B.
Well-ordered TiO, NTs with a diameter of approximately
100~200 nm were produced by anodization of the highly
polished titanium plate (Figure 1B(i—ii)). To obtain MgN,
the TiO, NT was subsequently hydrothermally treated in a

Mg(Ac)2 solution, and the original nanostructure was
retained while the diameter of the NTs decreased slightly
(Figure 1B(iii-iv)). The release kinetic ability of Mg*" was
regulated by controlling the concentration of Mg?" in the
hydrothermal treatment procedure. As shown in Figure 1C,
the release of Mg ions sustained in MgN group over 28 days.
An initial Mg release burst phenomenon was seen in the
plates within three days, and an equilibrium release was then
achieved after three days. The angle of static contact mea-
sured by SBF showed the following trend: MgN< NT
<blank Ti (Figure 1D). The angle of contact in the various
stages of multilayers reduced dramatically from 89.25°+1.7°
to 50.68°+1.6°.

In vitro Responses of RAW264.7 Cells
To explore the polarization of macrophages on the surface
of different samples, RAW264.7 cells’ polarization
towards the phenotypes of M1 and M2 was detected by
flow cytometry using CCR7 and CD206, respectively. The
results suggested that RAW cells tended to express
CD206, the M2 marker, in MgN group compared to NT
and blank-Ti groups. Nonetheless, less RAW cells tended
to express CCR7, the M1 marker, in the MgN group
compared to the NT and blank-Ti groups. (Figure 2)

=4
o
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o
IS
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o
N

Mg concentration (mg/ml)

e
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days

Figure | Surface characteristics.

Average contact angles(’ )

100+

Notes: (A) the process of fabricating MgN coating on the titanium. (B) SEM images of (i, i) NT and (ii, iv) MgN coating on the titanium. (C) Release kinetics of Mg ion from
MgN sample at day 3, 5, 7, 14, 21, and 28. (D) Contact angle of SBF on the surface of blank-Ti, NT and MgN samples. *p <0.05.
Abbreviations: MgN, magnesium ion incorporated TiO, nanotube arrays; NT, TiO, nanotube; SEM, scanning electron microscopy; SBF, simulated body fluid.
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Figure 2 FACS results of RAW 264.7 cells cultured on different sample surfaces.
Notes: The mean fluorescence intensity of M2 marker (CD206) was increased after
stimulated by MgN group compared with that by NTand blank-Ti groups; however, the
mean fluorescence intensity of M| marker (CCR7) declined under the same treatment.
Abbreviation: FACS, fluorescence activated cell sorting.

The phenotype of M1 secreted multiple inflammatory-
related cytokines including tumor necrosis factor-a
(TNF-a), interleukin-6 (IL-6) and interleukin-1§ (IL-1p),
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however, M2 type generated interleukin-1ra (IL-1ra) and
interleukin—10 (IL-10). The expression levels of these
inflammatory genes were detected by RT-PCR. In compar-
ison with NT and blank Ti groups, the IL-6, IL-1p and
TNF-a were downregulated in the MgN group, but the
genes with anti-inflammatory effects, such as IL-10 and
IL-1ra, were remarkably upregulated in the MgN group
(Figure 3A).

VEGF and BMP2 expressions in RAW264.7 cells were
measured through ELISA and Western blotting. The
results of ELISA showed that VEGF and BMP2 concen-
trations in the culture supernatant were higher in the MgN
group compared with the NT and blank Ti groups (Figure
3C and D). The results of Western blot were consistent
with those of ELISA (Figure 3B).

In vitro Responses of rBMSCs in

Conditioned Medium (CM)

rBMSC Proliferation and Morphology on Different
Surfaces in CM

The rBMSC proliferation was assessed by CCK-8 assay. The
results revealed that the cell proliferation of rBMSCs on MgN
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Relative intensity
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Relative intensity
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Figure 3 In vitro responses of RAW 264.7 cells cultured on different samples for four days. (A) The expression of inflammation-related genes TNF-q, IL-6, IL-1f, IL-10 and
IL-Ira were detected by RT-PCR (blank-Ti group has been standardized as ). (B) Western blotting analyses of VEGF and BMP2 respectively and their corresponding gray

values. (C, D) ELISA determination of cytokines: (C) BMP2 (D) VEGF.

Notes: **denotes highly significant difference between groups; *denotes the statistically significant difference between groups; (*p <0.05, **p <0.01).
Abbreviations: TNF-0, tumor necrosis factor-a; IL-6, interleukin-6; IL-1p, interleukin-1p; IL-1ra, interleukin-Ira; IL-10, interleukin—10; VEGF, vascular endothelial growth
factor; BMP2, bone morphogenetic protein 2; ELISA, enzyme-linked immunosorbent assay.
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surfaces was significantly higher compared with the NT and
blank Ti groups at the three specific time points (Figure 4A).
The morphology of rBMSCs cultured in CM on different
surfaces was evaluated after staining with DAPI and rhoda-
mine-labeled phalloidine. The rBMSCs attached well and
kept a normal shape on the three surfaces. Compared with
NT and blank Ti groups, rBMSCs stretching on the MgN
surfaces were facilitated to different degrees. (Figure 5).

Osteogenic Differentiation of rBMSCs on Different
Surfaces in Standard Medium and CM

After BBMSCs were treated with or without the exposure to
CM, the osteogenic features on different surfaces were
assessed by determination of the expression of genes related
to osteogenesis via RT-PCR analysis and ALP activity. The
ALP activity of rBMSCs was remarkably upregulated on day
seven following the stimulation by macrophage-conditioned
MgN compared with the NT and blank Ti groups, and the
difference was not significant between the NT and the blank
Ti groups (Figure 4B). In CM or standard medium, osteogenic
gene expression in culture supernatants showed the following
trends: MgN> NT >blank Ti groups. However, the mRNA
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expressions of RUNX2 and OCN in rBMSCs were remark-
ably raised on day seven in the MgN group with macrophage-
conditioned medium compared with standard medium. No
significant difference was seen between the NT and blank Ti
groups. Moreover, it was observed that the expression of ALP
and COL! gene in BMSCs on the NT and blank-Ti surface
cultured in CM was downregulated on day seven compared
with the rBMSCs cultured on standard medium but slightly
upregulated on MgN surface (Figure 4C).

In vivo Study

To explore if the incorporation of Mg into TiO, NTs might
affect the regeneration of bone tissues via changing the
polarization of macrophages, an in vivo experiment was
conducted to figure out the function of macrophages in the
regeneration of bone tissue. The sections of the tissue were
detected by CCR7 (M1; red) and CD206 (M2; red) immuno-
fluorescent labelled staining with laser confocal microscopy.
The CD206-positive and CCR7-positive sites are shown in
Figures 6 and 7, respectively. The area of CCR7-positive
sites was the smallest in MgN group and the largest in the
NT and Ti groups (Figure 7). On the contrary, the area of

Fold change

Figure 4 (A) Cell proliferation of rBMSCs cultured for one, three, five, and seven days in CM on various samples. (B) ALP activity of rBMSCs cultured for three and seven
days in conditioned medium on various samples. (C) mRNA expression of osteogenic genes (ALP, RUNX2, OCN, COLI) of rBMSCs cultured on various samples in standard

culture medium vs in CM after osteogenic induction for seven days.

Notes: *Statistically significant difference between groups (p <0.05); **highly significant difference between groups (p <0.01); #no significant difference between groups (p >0.05).
Abbreviations: rBMSCs, rat bone mesenchymal stem cells; RUNX2, runt-related transcription factor 2; COLI, type | collagen; OCN, osteocalcin; CM, conditioned

medium.
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Blank-Ti

NT

7days

Figure 5 Morphology of rBMSCs on different surfaces of Ti, NT and MgN in CM by fluorescence microscopy.
Notes: The rBMSCs attached well and kept a normal shape on the three surfaces. Compared with NT and blank Ti groups, rBMSCs stretching on MgN surfaces were

facilitated to different degrees.

Abbreviations: rBMSCs, rat bone mesenchymal stem cells; CM, conditioned medium.

CD206-positive sites was the smallest in the blank Ti and NT
groups and the largest in the MgN group (Figure 6). The
interface of bone implants was assessed with sections stained
by H&E and Masson staining (Figure 8). Four weeks after
implantation, cubic and short pre-osteoblasts were lined sur-
rounding the trabecular bone and MgN implants. On the
same day, newly generated small vessels were scattered in
the trabecular bone. Angiogenesis and osteogenesis were
intricately modulated in the formation of bone tissues. The
MgN group showed robust new formation of bone tissue,
which delimited the defected area with the implantation of
MgN implant. The defected area filled by the blank Ti and
NT groups showed less bone area than that of the MgN
group, indicating that MgN could enhance the formation of
bone tissues compared with the NT and blank-Ti group.
Moreover, H&E staining showed more fibrillar connective
tissue was found around the defect area filled by the NT and
blank-Ti implants compared with the MgN implant.

Discussion

The ideal implants for dental use require multiple proper-
ties including excellent bioactivity, outstanding mechan-
ical strength, and satisfactory biocompatibility.*' With the

progress in biological material design paradigms, the
implant materials are required to regulate local immunity
and promote the connection between the host and
implants. The significant advantage of TiO, NTs is that it
can be used as a good delivery platform including drugs
(photocatalysis for cancer treatment), growth factors, and
inorganic bioactive elements (Sr, Zn and Mg).***
Therefore, it is necessary to fabricate a bioactive coating
surface of the implant for favorable osteogenic activity and
immunomodulatory effects. In this work, bioactive Mg-
doped TiO, NTs are generated on Ti implants through
anodic oxidation and hydrothermal treatment. The results
suggest that the coating of titanium with MgN can influ-
ence macrophage polarization and induce a favorable
immune environment for osteogenesis.

Macrophages are involved in the response of immune
system to the implanted biomaterials. After implantation,
macrophages rapidly migrate to the surface of implants and
differentiate into different phenotypes (M1 or M2 pheno-
type) in response to the physicochemical properties of
biomaterials.** M1 macrophages secrete numerous inflam-
matory-related cytokines (such as IL-6, IL-1p, TNF-q, etc),
which increase the activity of osteoclasts and eventually
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Figure 6 Detection of M2 marker (CD206) in tissue sections from rat bone by immunolabeling and confocal immunofluorescence imaging.
Notes: The area of CD206-positive sites (M2; red) was the smallest in blank Ti and NT groups and the largest in the MgN group.

Abbreviation: CD206, the surface markers M2 of macrophages.

lead to bone resorption. However, M2 macrophages are
mainly involved in the mid-late stage of bone tissue regen-
eration and induce the bone formation by secreting vascular
endothelial growth factor (VEGF), bone morphogenetic
protein 2 (BMP-2) and other cytokines.*>*¢

An experimental model can be established when design-
ing biomaterials of the implants. A beneficial immune status
regulated by biomaterials could result in an enhanced osteo-
genesis activity. However, a harmful immune response may
result in implant failure. Thus, systematic studies are
required to assess the osteogenic ability and immune system
participation of biomaterials of implants.*’ Compared with
the NT group, MgN showed a satisfactory effect on switch-
ing the macrophage phenotype toward M2 type. After
induction by MgN, fewer macrophages expressed CCR7
and more expressed CD206. Furthermore, after incubated
on the surface of MgN, the inflammatory genes IL-6, TNF-
o and ILIP were reduced, however, the expressions of
genes related to anti-inflammation such as IL-10 and
IL1ra were significantly increased in comparison with the
NT and blank Ti groups. The results clearly indicated that

macrophages were polarized to M2 type due to the stimula-
tion of MgN. Based on the result of Mg ion release kinetics
shown in Figure 1, the release of the Mg ions increased
with time, but there was no Mg ion in the NT group. Some
studies revealed that free Mg ions could reduce the produc-
tion of inflammation-related cytokines through inhibiting
the TLR receptor signaling pathway.*® Other studies sug-
gested that the incorporation of Mg in calcium phosphate
could modulate the immune environment, in agreement
with our results.* Therefore, it was speculated that suppres-
sing the inflammation in MgN might result in Mg release.
Moreover, the concentration of Mg ions which were applied
as anti-inflammation factors in other studies was relatively
high (60 mg/L).>® The concentration was considered effec-
tive in clinical practice but also pretty close to its toxic
dosage. Titanium dioxide NTs serve as an ideal carrier to
deliver Mg locally. The Mg-incorporating TiO, nanotubes
release magnesium ions in local areas at a fairly low level
and hypermagnesemia is not a concern.

The results above support our hypothesis that incorpor-
ating Mg ion into TiO, NTs may be beneficial in the
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Figure 7 Detection of M| marker (CCR7) in tissue sections from rat bone by immunolabeling and confocal immunofluorescence imaging.
Notes: The area of CCR7-positive sites (MI; red) was the smallest in MgN group and the largest in NT and Ti group.

Abbreviation: CCR7, the surface markers M| of macrophages.

polarization of macrophages toward M2 type. The amount
of M2 phenotype increased in MgN group, which contrib-
uted to the accumulation of the factors related to osteo-
genic growth including VEGF and BMP2. These two
factors are known to promote wound healing and forma-
tion of bone tissues.”'>> BMP2 is known as an essential
member in the BMP family and also an ideal osteogenesis
agent.”> VEGF is an important pro-angiogenic protein
which could bind with VEGFR to stimulate the down-
stream adaptors and promote angiogenesis.’* MgN
remarkably increased the gene expression of VEGF and
BMP2 in macrophages, indicating that the variation of
macrophage polarization could be the molecular mechan-
isms contributing to the osteogenesis influence of Mg.
Further studies are required to investigate the underlying
mechanisms of Mg affecting the polarization of macro-
phages and osteogenesis.

Most previous in vitro studies using the conventional
“one-cell type” approach for evaluating the biocompatibil-

ity of materials have not precisely simulated the

environment in vivo. Since the term “osteoimmunomodu-
lation” was raised, researchers have focused on the impor-
tant role of regulatory immune cells in generating a
beneficial osteoimmune environment to improve the
osseointegration ability of the implants.”® To assess the
influence of the cytokines generated by macrophages on
multiple surfaces, we established a culture system in
which rBMSCs were cultured in CM on the specific sur-
faces. The results suggested that MgN coating and corre-
sponding CM worked together to facilitate the osteogenic
process of rBMSCs. ALP, OCN, COL1 and RUNX2 are
markers in osteoblast lineage.’® A significant increase was
found in the expression levels of genes related to osteo-
genesis in the MgN group with macrophage-conditioned
medium compared with standard medium, while this
increase was not obvious in NT and blank Ti groups and
even the trend of suppression appeared. This result was
likely because the bioactive proteins generated by macro-
phages were exposed on multiple surfaces. The available
evidence has suggested that the immune environment
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Figure 8 H&E staining and Masson’s trichrome staining evaluation of the effects of MgN, NT and blank-Ti on bone regeneration.

Notes: Four weeks after implantation, cubic and short pre-osteoblasts were lined surrounding the trabecular bone and MgN implants. On the same day, newly generated
small vessels were scattered in trabecular bone. Angiogenesis and osteogenesis were intricately modulated in the formation of bone tissues. The MgN group showed robust
new formation of bone tissues, which delimited the defected area with the implantation of MgN implant. The defected area filled by the blank Ti and NT groups showed less
bone area than that of MgN group, indicating that MgN could enhance the formation of bone tissues compared with the NT and blank-Ti groups.

Abbreviation: H&E staining, hematoxylin and eosin staining.

around the implant created by the coating of MgN
improves osteogenesis. In addition, MgN promoted
rBMSC proliferation and CM spreading compared with
NT group, which may be attributed to higher hydrophilic
surfaces of MgN. It has been reported that high hydrophi-
licity of the substrates can improve cell spreading, adhe-
sion, and proliferation.”’

The in vitro data showed that MgN manipulated macro-
phage polarization and enhanced osteoimmunomodulation.
However, we have to point out that immune responses are
complicated, and cannot be easily mimicked in in vitro
experiments. Further in vivo experiments are required to
prove the in vitro results. The immunofluorescence staining
results of cells adhering to the sample surfaces indicated that
MgN tended to induce the generation of M2 cells rather than
M1 cells compared with the NT group. The histological
results demonstrated that MgN contributed to a remarkable
reduction in the amount of inflammation cells accumulating
near the implant, and a higher proportion of M2 cells was
indicated by immunohistochemistry. The interface of the
bone implant was detected by H&E and Masson staining,
and the results showed that the formation of bones was
increasingly promoted by MgN compared with the NT

group. The in vivo results were consistent with those of in
vitro experiments. The data demonstrated that the MgN-
treated titanium had an osteoimmunomodulatory effect on
the polarization of macrophages.

The paradigm shift for developing implant materials
emphasized the essential role of osteoimmunomodulation,
which indicated that the features should be indispensable para-
meters in evaluating and developing the advanced implant
biomaterials. In our research, osteo-immunomodulation was
defined as the modulation of inflammation reaction with the
implants and also the influence of immuno-microenvironments
on the biological activities of bone marrow mesenchymal stem
cells. In this study, the strategy of incorporating Mg into TiO,
NTs was proven capable of modulating the immune reaction to
enhance the regeneration of bone tissues. Our results will
promote the development of immune-regulatory coatings
which could enhance the osseointegration abilities of the ortho-
pedic implants.

Conclusion

In this study, Mg-incorporated NT array (MgN) on the tita-
nium implants was successfully prepared by hydrothermal
treatment and anodization processes. MgN coating on the
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titanium endowed the surface with immune-regulatory fea-

tures and exerted an advantageous effect on the inhibition of

the inflammation responses in macrophages. The in vivo and

in vitro data suggested that MgN-loaded Ti surface showed

excellent performance in osteoimmunomodulation and

osteogenesis, thereby providing a potential choice for the

surface regulation of biomaterial implants.
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