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Purpose: Calcium (Ca) and magnesium (Mg) ions have been used as promising bioactive
ions in the surface chemistry modification of titanium (Ti) bone implants to increase bone
regeneration capacity. However, it is not clear which (Ca or Mg) plays the more important
role in the early osteogenic differentiation of mesenchymal stem cells (MSCs) when applied
to the surface of commercially available microstructured Ti implants. This study investigated
the relative effect of these two ions on the early osteogenic functionality of primary mouse
bone marrow MSCs in order to obtain insights into the surface design of Ti implants with
enhanced early osteogenic capacity.

Methods and results: Wet chemical treatment was performed to modify a microrough Ti
implant surface using Ca or Mg ions. Both the Ca and Mg-incorporated surfaces accelerated
early cellular events and the subsequent osteogenic differentiation of MSCs compared with
an unmodified microrough Ti surface. Surface Mg modification exhibited a more potent
osteoblast differentiation-promoting effect than the Ca modification. Surface Mg incorpora-
tion markedly inhibited the phosphorylation of B-catenin.

Conclusion: These results indicate that alteration of the surface chemistry of microstruc-
tured Ti implants by wet chemical treatment with Mg ions exerts a more effect on promoting
the early osteogenic differentiation of MSCs than Ca ions by enhancing early cellular
functions, including focal adhesion development and stabilization of intracellular B-catenin.
Keywords: divalent cations, surface chemistry, nanotopography, bone implant

Introduction

The alteration of surface chemistry using bioactive ions and nano-topographical
modification is believed to be a promising approach to the development of load-
bearing titanium (Ti) bone implants that have enhanced early bone regeneration
capacity.' Ca and Mg ions are basic components of hard tissue and have been
employed in the fabrication of bone replacement materials and also in the surface
modification of metallic implants, including permanent Ti oral implants.>*¢®
These two ions are representative divalent cations that promote the early cellular
events of bone-forming cells, such as attachment and spreading. This results in
enhanced osteoblastic differentiation and ultimately, early bone healing of Ti
implants, when employed as a surface modification.”** '

Although studies have demonstrated the beneficial effects of surface chemistry
23010 it s still

unclear which ion exerts the dominant role in the promotion of early osteogenic

alteration using Ca or Mg in early bone apposition of implants,
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differentiation of mesenchymal stem cells (MSCs) and
implant osseointegration when employed in the surface
chemistry alteration of microstructured Ti oral implants.
Thus, this study aimed to evaluate which ion, Ca or Mg,
is more effective in enhancing the early osteogenic func-
tions of MSCs in surface chemistry in microstructured Ti
implants. Our previous studies have demonstrated that a
simple wet chemical treatment is highly effective for the
delivery of various bioactive ions into the surface of micro-
structured Ti implants without altering underlying original
micron- and submicron-scale surface topography.>’-*!°

In this study, we incorporated Ca or Mg ions into a
commercially available grit-blasted microrough Ti implant
surface by wet chemical treatment, then investigated the
relative effects of these two ions on the early and later
stages of osteogenesis-related cellular functions using
mouse bone marrow-derived MSCs to provide insight
into the future development of oral implants with
enhanced early bone regeneration capacity.

Materials and methods

Sample preparation

Commercially pure Ti disks (ASTM grade 4, 15 mm in
diameter and 2 mm thick) were subjected to grit-blasting
using resorbable blast media (hydroxyapatite particles) to
prepare a microrough surface of a commercially available
Ti oral implant. After grit-blasting, Ti samples were
cleaned in nitric acid (RBM group). Surface modification
was then carried out so as to produce Ca- or Mg-contain-
ing nanostructures in the RBM samples by wet chemical
treatment according to a method described previously.”'”
Briefly, RBM samples were treated hydrothermally using a
mixed solution of NaOH and CaO (Ca group) or MgO
(Mg group) at 160°C for 2 hrs, and then thoroughly
cleaned using deionized water and dried.

Surface characterization

Surface morphology of the investigated samples was eval-
uated by field emission-scanning electron microscopy (FE-
SEM; S-4800, Hitachi, Tokyo, Japan). The micron-scale
surface roughness value was measured by non-contact
optical profilometry (WYKO NT 2000, Veeco,
Woodbury, NY, USA) over a 320 um x 240 pm area
(n=5). The crystalline structure and chemical composition
of the surface layer of the investigated samples were
evaluated by thin-film X-ray diffractometry (XRD;
X’Pert-APD, Philips, Almelo, Netherlands) and X-ray

photoelectron spectroscopy (XPS; K-Alpha, Thermo
Scientific, East Grinstead, UK).

The surface hydrophilicity of the samples was evalu-
ated using an automatic contact angle meter (Phoenix
3000; Surface Electro Optics, Seoul, Korea) by measuring
the static contact angle (at 10 and 30 s) of one drop of
deionized water (5 pL) under normal room conditions
(n=7). The surface energy of the investigated samples
was automatically calculated following the Girifalco-
Good-Fowkes-Young rule using the manufacturer’s soft-
ware (Surface Electro Optics) according to a previously
described method."’

Ca and Mg ions release from the treated samples were
evaluated by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES; Optima 3000, Perkin Elmer,
Norwalk, CT, USA) under two different incubation condi-
tions, ie, a static mode without any shaking and a dynamic
mode with gentle shaking of the samples (at 50 rpm). Each
Ca and Mg samples were soaked in 1 mL of 0.9% NaCl
solution in a sealed bottle at 37°C (n=5). The saline solu-
tion was retrieved and replaced with new solution at the
indicated immersion time-points. The concentration of Ca
and Mg ions released from the Ca and Mg samples into the
saline solution was measured after 4 hrs, and also 1, 2, 4
and 8 days of immersion.

Cell culture
Primary bone marrow MSCs were isolated from the bone
marrow of the tibia and femur of 6-week-old mice. We
used cell stock obtained from previous experiments under-
according to the protocol

went approved by the

Institutional Animal Care and Use Committee of
Kyungpook National University, Daegu, Korea [approval
no. KNU 2011-96]. Korean national regulations (equiva-
lent to NIH guidelines; NIH Publication no. 85-23 Rev.
1985) for the care and use of laboratory animals were
observed. Cells were maintained in o-minimum essential
medium (MEM) (Gibco BRL Life Technologies, Grand
Island, NY, USA) containing 10% FBS (Gibco BRL
100 U/mL penicillin (Keunhwa

Pharmaceutical, Seoul, Korea), and 100 U/mL streptomy-

Life Technologies),

cin (Donga Pharmaceutical, Seoul, Korea). The cells were
cultured under 100% humidity and 5% CO,, at 37°C. The
medium was changed every 3 days, and after the conflu-
ence, cells were digested with 0.25% trypsin/0.02%
EDTA. Cells from passage 2 to 4 were used for experi-
ments. On day 2, post-plating of the cells on the Ti
samples, differentiation was induced by the addition of
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Figure | Flow chart of the cell culture experimental design.

50 pg ascorbic acid/mL and 10 mM B-glycerophosphate.
Cell culture experimental design of this study is summar-
ized in Figure 1.

Evaluation of morphology of spread cells
Confocal laser scanning microscopy (CLSM) and FE-SEM
observation were used to investigate the morphology,
cytoskeletal arrangement and focal adhesion development
in adherent MSCs on the investigated samples at 4 and 24
hrs of culture. Cells were cultured on Ti disks at an initial
seeding density of 1x10* cells/well. The distribution of
vinculin and organization of the actin filaments of the
attached MSCs on the investigated samples was evaluated
by CLSM (LSM700; Carl Zeiss, Oberkochen, Germany),
which were identified following the double staining of
actin (green fluorescence) and vinculin (red fluorescence)
using diluted monoclonal anti-vinculin (Sigma—Aldrich,
St. Louis, MO, USA), goat-anti-mouse IgG (Invitrogen,
Carlsbad, CA, USA), and fluorescein isothiocyanate-
labeled phalloidin (Sigma—Aldrich) according to a method
described previously.” For the FE-SEM observation,
MSCs spread on the investigated samples were fixed
with 2% glutaraldehyde and 1% osmium tetroxide, then
dehydrated using an ascending series of alcohols. After

Determination of the cell perimeter, cell

area and focal adhesion size of MSCs
Quantitative analysis of the cell area, cell perimeter and
focal adhesion contact size of the MSCs on the investi-
gated samples was performed using image analysis soft-
ware (i-Solution, iMTechnology, Suwon, Korea). The
perimeter and spread area of the cells were measured in
50 cells from random CSLM images (at a magnification of
x200) of three Ti samples at 4 and 24 hrs of culture (at an
initial seeding density of 1x10* cells/well). The focal
adhesion size of the spread cells was measured using
magnified CLSM
described elsewhere.

images according to the method
9,12,13

Cell attachment and proliferation assay

Cells were cultured on Ti disks in 24-well culture plates at
an initial seeding density of 2x10* cells/well for the eva-
luation of the initial cell attachment and proliferation. The
initial cell attachment was evaluated after 4 hrs of culture.
Cells were cultured for 1, 3 and 5 days for cellular pro-
liferation assay. Cell attachment and proliferation were
assessed using a cell counting kit-8 (Dojindo Molecular
Technologies, Tokyo, Japan) in accordance with the man-
ufacturer’s instructions

according to a previously

critical point drying and gold-palladium coating, the cell ~ described method (n=7 per group).” The absorbance
morphologies were observed using FE-SEM. value was measured at 450 nm.
International Journal of Nanomedicine 2019:14 submit your manuscript 5699
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Real-time PCR analysis of osteogenesis-

related gene expression

The mRNA expression levels of critical transcription factor
genes regulating osteogenic differentiation (DIx5, Runx2
and osterix) and osteoblast phenotype genes [type I collagen
(COL), ALP, bone sialoprotein (BSP) and osteocalcin (OC)]
in MSCs grown on the investigated samples were evaluated
at 7 days of culture (at an initial seeding density of 2x10*
cells/well). RNA was extracted from the cells cultured on
seven Ti disk samples per group using Trizol reagent
(Invitrogen). Real-time PCR was performed as described
previously” using the primers shown in Table 1. The levels
of genes were expressed as fold differences in gene expres-
sion relative to the unmodified RBM surface.

ALP activity

Total cellular ALP activity in the cell lysates was measured in
2-amino-2-methyl-1-propanol buffer, pH 10.3, at 37°C with
p-nitrophenyl phosphate as the substrate at 7 days of culture
at an initial seeding density of 2x10* cells/well. The absor-
bance change at 405 nm was measured using a microplate
reader (n=7 per group). Total protein was extracted from the
cell lysates using a protein extraction solution (Thermo
Fisher Scientific, Rockford, IL, USA) and quantified with
Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions (n=5 per group).
ALP activity was expressed as nanomoles of p-nitrophenol
liberated per microgram of total cellular protein.

ELISA for the detection of osteoblast-
specific protein production by MSCs

The protein concentration of the osteoblast differentiation
markers produced by MSCs and secreted into the cell
culture media was measured with a commercially avail-
able ELISA kit. The protein concentration of early

Table | Primer sequences for real-time PCR

osteoblast maturation marker secreted by MSCs was mea-
sured with a commercially available type I COL ELISA
kit (Cosmo Bio, Carlsbad, CA, USA) at 7 days of culture
according to the manufacturer’s instructions (at an initial
seeding density of 2x10* cells/well). The protein concen-
tration of terminal osteogenic differentiation markers
secreted by adherent MSCs into cell culture media, ie,
OC and osteoprotegerin (OPG), was measured with com-
mercially available OC (R&D Systems, Minneapolis, MN,
USA) and OPG (Abcam, Cambridge, UK) ELISA kits at
14 days of culture (at an initial seeding density of 2x10*
cells/well). The COL, OC and OPG protein levels in the
supernatant were measured at 450 nm (n=7 per group).
The data were normalized to the total protein content.

Assessment of the total cellular and
phosphorylated B-catenin protein

expression in MSCs

The protein expression level of the total cellular B-catenin
and phosphorylated B-catenin (phosphorylated at Ser 45;
pS45) in MSCs grown on the investigated samples was
semi-quantitively measured using a commercially avail-
able B-catenin ELISA kit (ab205705; Abcam) at 3 and 7
days of culture according to the manufacturer’s instruc-
tions (at an initial seeding density of 2x10* cells/well).
The protein levels of pS45 and total B-catenin in the cell
lysates of adherent MSCs were measured at 600 nm (n=7
per group). The data were normalized to the total protein
content. The protein expression levels of pS45 and total -
catenin were expressed as fold differences relative to the
results from an unmodified RBM surface.

Statistical analysis
Three independent cell culture experiments were per-
formed. Statistical analysis was performed using one-way

Target Forward primer sequence (5'-3') Reverse primer sequence (5'-3")
DIx5 TGT AAC TCG CCA CAG TCACCAG GAA GCC GAG TTC TCC AGG TAG C
Runx2 TAA GAA GAG CCA GGC AGG TG TGG CAG GTA CGT GTG GTA GT
Osterix TCA CTT GCC TGC TCT GTT CC GCG GCT GAT TGG CTT CTT CT
CcoL ATC CAA CGA GAT CGA GCT CA GGC CAATGT CTA GTC CGA AT
ALP CTT GAC TGT GGT TAC TGC TG GAG CGT AAT CTA CCATGG AG
BSP GGA GGA GAC AAC GGA GAA GA CCATAC TCA ACG GTG CTG CT
ocC TGC TTG TGA CGA GGT ATC AG GTG ACA TCC ATA CTT GCA GG
GAPDH GGC ATT GCT CTC AAT GAC AA TGT GAG GGA GAT GCT CAG TG

Abbreviations: COL, type | collagen; BSP, bone sialoprotein; OC, osteocalcin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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ANOVA with Tukey’s multiple comparison tests. P<0.05
was considered statistically significant.

Results and discussion
Surface characteristics of the investigated

samples

Figure 2 shows the surface morphologies of the investi-
gated samples. All of the investigated surfaces displayed
an essentially identical rough surface morphology obtained
by grit blasting at the micro-scale (at a magnification of
1000x). At higher magnifications (x50,000 and x80,000),
the samples exhibited a notable difference in surface mor-
phology at the nanoscale (Figure 2). The RBM surface was
relatively smooth at the nanometer level. In contrast, the
wet chemical-treated samples (Ca and Mg) exhibited the
formation of clearly evident surface nanostructures. There
was an obvious difference in the morphology of surface
nanostructures between the Ca and Mg samples. The Ca
sample exhibited nodular nanostructures <50 nm in dimen-
sion, while the Mg sample surface was covered with
platelet-like nanostructures with a wall thickness of
approximately 10 nm (Figure 2). All of the investigated
samples exhibited an identical micron-scale surface rough-
ness value (Ra of 1.840.2 pm). Thus, wet chemical

treatment produced Ca or Mg-incorporated nanostructures
without altering the typical microtopography of a grit-
blasted Ti implant surface.

Figure 3A shows the results of thin-film XRD analysis
of the Ca and Mg samples. In contrast to the Ca sample that
displayed a crystalline structure of a Ca-containing Ti oxide
layer as CaTiO3 (JCPDS #22-0153), the Mg sample did not
exhibit any peaks displaying the formation of a crystalline
structure treatment.
Deconvolution of the Mg2p spectrum was further per-

oxide after the wet chemical
formed to verify the Mg binding state in the Ti oxide
layer of the Mg sample on XPS analysis. Figure 3B
shows the chemical composition of the unmodified RBM,
Ca and Mg samples determined by XPS analysis. The
atomic percentages of Ti, O, C, Ca and P for the unmodified
RBM surface were 19%, 55.9%, 22.5%, 0.2% and 1.4%,
respectively. A small amount of Ca and P found in the
RBM sample was attributable to minute HA grit remnants
embedded in the surface after the grit-blasting process. The
atomic percentages of Ti, O, C, Ca and P for the Ca surface
were 12.8%, 53.1%, 18.7%, 14.8% and 0.5%, respectively.
The Mg sample had surface Mg content of 6.5%. The
atomic percentage of Ti, O, C, Ca and P of the Mg surface
was 23.7%, 55.8%, 13%, 0.2% and 0.1%, respectively.

Minute amounts of N and Na were detected as surface

Figure 2 (Upper) FE-SEM images showing the micron-scale surface topography at a magnification % 1000. (Middle) Nanoscale topography at magnifications x50,000 and
x80,000. (Lower) Higher magnification images showing the dimension of surface nanostructures of the unmodified RBM, Ca and Mg samples investigated samples.
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Figure 3 (A) X-ray diffraction pattern of the Ca and Mg samples. (B) X-ray photoelectron survey spectra of the RBM, Ca and Mg samples, and the high-resolution spectrum

of the Mg2p peak of the Mg sample were subjected deconvolution.

contaminants in all of the investigated samples. The Mg2p
spectrum was deconvoluted into two peaks (Figure 3B).
The binding energies of Mg2p in the Mg sample were
49.7 and 50.3 eV, which correspond to Mg(OH), and
MgTiO5.° This finding may indicate the Mg sample surface
has a Mg titanate structure, but its crystallinity is too low to
display peaks on XPS analysis. It appeared that the surface
of the MgTiO; layer was covered with a Mg(OH), layer
because of the high reactivity of Mg.

Figure 4A shows the water contact angles of the inves-
tigated samples. The Mg sample displayed hydrophilic

significantly lower water contact angles than the unmodi-
fied RBM and surface Ca-modified nanostructured Ti sam-
ples (P<0.05). There was no difference between the RBM
and Ca samples in terms of water contact angle. The sur-
face Mg-modified Ti sample displayed a notably higher
surface energy than the RBM and Ca samples (P<0.05;
Figure 4B). It is suggested that the hydrated surface chem-
istry and porous platelet-like nanotopography contributed
to the increased surface wettability of the Mg sample.'*
Figure 5 shows the concentration of the Ca and Mg
ions released from the Ca and Mg samples into saline

surface properties. The Mg sample exhibited a solution as determined by ICP-AES analysis. The Ca
A 00 . BReM []ca Mg B 100
80 - n 90 1 ’
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RBM 601 ng -
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Figure 4 (A) Water contact angles of the investigated samples measured at 10 and 30 s. (B) Surface energies of the investigated samples determined at |10 and 30 s. Data are

presented as the mean * SD (n=7). *P<0.05 compared with the other surface.
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Figure 5 Release of Ca and Mg ions from the Ca and Mg samples as determined by inductively coupled plasma-atomic emissionspectroscopy (ICP-AES) analysis. Data are

presented as the mean * SD (n=5).

sample released a higher amount of Ca ions in the dynamic
mode with gentle shaking than in the static mode. The Ca
ions released from the Ca samples in the static and
dynamic modes on the first day of incubation were 3.6
+0.6 ppm and 4.8+0.3 ppm, respectively. The cumulative
concentrations of Ca ions released from the Ca samples in
the static and dynamic mode for 8 days of incubation were
7.3+0.6 ppm and 9.6+1.0 ppm, respectively. The Mg sam-
ple released a higher amount of Mg ions under the gentle
shaking condition than the static condition (Figure 5). On
the first day of incubation, the Mg ion concentrations in
the static mode and under the gentle shaking condition
were 0.74£0.1 ppm and 0.89+0.14 ppm, respectively. The
total concentrations of Mg ions released from the Mg
samples in the static and dynamic modes for 8 days of
incubation were 1.9+0.1 ppm and 2.9+0.5 ppm, respec-
tively. Thus, these findings suggest that in vivo ion release
from the surface ion-modified Ti implants after placement
in bone tissue would be much higher than under the 2D
static cell culture experiment condition because of the
continuous circulation that occurs in the physiological
setting.

Studies have suggested that that small deviations in the
extracellular Ca concentration from the physiological
value directly regulate osteoblast functions.'>'® It has
been reported that extracellular Ca uptake by cells facil-
itates intracellular Ca signaling that regulates osteoblast
cell fate.'>!”'® Mg jons are known to activate the transient
receptor potential melastatin 7/phosphoinositide 3-kinase
signaling pathway and then subsequently induce the

recruitment and osteogenic differentiation of hFOB1.19

human osteoblast cells'® as well as rat calvarial

osteoblasts.?’ Studies have reported that Mg supplementa-
tion enhances focal adhesion formation, ALP activity and

osteoblast  gene

20,21

expression in primary human

osteoblasts. Mg supplementation dose-dependently
promotes the osteogenic differentiation and mineralization
of rabbit bone marrow MSCs.?> Mg coating and Mg-based
alloys are suggested to have the potential to enhance the
bone regeneration effect of implants.®

Thus, it may be reasonably expected that Ca and Mg
ion release from the modified Ti surface increases the
extracellular ion levels, which would subsequently affect
the intracellular ion concentration of adherent cells on the
Ti implant surfaces and as a result positively modulate the
osteogenic functionality of bone-forming cells, including
MSCs, through the activation of osteogenesis-related intra-
cellular signaling. Thus, a Ti implant surface modified to
have sustained Ca and Mg release would be beneficial for
inducing a favorable osteogenesis outcome.

The cell morphology and focal adhesion
formation of MSCs adhering to the

investigated samples

The morphologies of the bone marrow MSCs spread on
the investigated surfaces evaluated by CLSM are shown in
Figure 6. At 4 hrs, they displayed weak cytoplasmic exten-
sions and focal adhesions. Surface ion-modified nanostruc-
tured Ti samples supported better cell spreading compared

International Journal of Nanomedicine 2019:14
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Figure 6 Merged confocal laser scanning microscopy (CLSM) images of the spread mesenchymal stem cells (MSCs) on the investigated surfaces showing actin cytoskeleton

(green) and focal adhesions (red) at 4 and 24 hrs of incubation.

with the unmodified RBM sample. Cells on the Ca and Mg
samples were larger than on the RBM sample, and also
displayed more cytoplasmic extensions. At 24 hrs, the
MSCs on all of the investigated surfaces had entered the
advanced stages of cell spreading, ie, they were larger, and
had more accentuated cytoplasmic extensions and stronger
focal adhesions compared with these samples at 4 hrs.
However, the cells on the Ca and Mg samples exhibited

0 kV

15.0 kV

x 600

better spreading and focal adhesion formation compared
with the RBM sample. Cells on the Mg surface displayed
numerous filopodial attachments and markedly enhanced
focal adhesions compared with the Ca and RBM surfaces.

Figure 7 shows the FE-SEM images of the spread
MSCs on the investigated samples at 4 and 24 hrs of
incubation. The MSCs on the Ca and Mg samples exhib-
ited better-spread morphology than the RBM sample, ie,

Figure 7 Field emission-scanning electron microscopy (FE-SEM) images showing the morphology of spread mesenchymal stem cells (MSCs) on the investigated surfaces at 4

and 24 hrs of incubation.
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polygonal shape cells with a larger cell body and more
extensive cytoplasmic extensions.

The results of quantitative measurements of the cell
size, perimeter and focal adhesion size of MSCs adhering
to the investigated samples are shown in Figure 8. At 24
hrs, the spread MSCs exhibited an increased cell size and
perimeter in all of the investigated samples compared
these features at 4 hrs (Figure 8A). Cells on the Ca and
Mg-modified nanostructured Ti sample surfaces displayed
significantly increased cell area and cell perimeter at both
the 4 and 24 hrs of incubation time-points compared with
the unmodified RBM surface (P<0.05; Figure 8A). At 24
hrs, the focal adhesion size was increased in the MSCs
grown on the Ca and Mg samples compared with the
unmodified RBM sample (P<0.05; Figure §B). Mg incor-
poration further increased the focal adhesion size of MSCs
when compared with the results of Ca incorporation in the
microrough Ti surface (P<0.05; Figure 8B). Focal adhe-
sion size was increased in the MSCs in both the Ca and
Mg samples with increased incubation time, but there was
no difference in focal adhesion size in the cells grown on
the RBM surface between the two incubation time-points.

Studies have demonstrated that a polygonal cell shape
along with a better spread morphology, ie, strong cyto-
plasmic extensions, accentuated filopodial attachments

and greater focal adhesions, are indicative of cells having
a high osteogenic potential.”**-** Thus, these findings
suggest that modification of a microrough Ti implant
surface using Ca and Mg ions is beneficial for obtaining
favorable cell functions and inducing the osteogenic dif-
ferentiation of MSCs during early stages of implant-bone

healing.

Cell attachment and proliferation

Surface Mg modification enhanced early cell spreading
and the development of focal adhesions, but resulted in a
decreased number of early attachments of MSCs. The
Mg-treated surface displayed a lower level of early cell
attachment (4 hrs) compared to unmodified RBM and Ca
surfaces (P<0.05; Figure 8C). This lower early attach-
ment of MSCs on the Mg-modified surface at 4 hrs
resulted in subsequent decreases in cell proliferation at
1 and 3 days (P<0.05; Figure 8D). No differences were
found in cell attachment (4 hrs) or early cell proliferation
(24 hrs) between the RBM and Ca surfaces, but surface
Ca modification increased the proliferation of MSCs
compared to the unmodified RBM sample at 3 days
(P<0.05; Figure 8D). At 5 days, the Ca surface supported
better cell proliferation compared with the RBM and Mg
surfaces (P<0.05; Figure 8D), but no difference was

400 - - 2500 - . 3 -
—_ B *
£ 300 2000
= &< —~ 2
g £ 1500 | E
£ 200 1 8 ke
b & 1000 A 3
o 3 <
= 1 &) w
8 100 —_—
0 0
4n 4h
1000 - 3500 - *
*
- . ]
E 500 - 3000
5 E 2500 ~
& 600 s e
£ 8 2000 A E
g = 1500 8
3 400 3 2
1000 - w
200 4
500
0 0
24h 24h

Figure 8 (A) Quantitative measurements of the cell area and perimeter of the spread mesenchymal stem cells (MSCs) on the investigated surfaces at 4 and 24 hrs of
incubation. *P<0.05 compared with the RBM surface. (B) Quantitative measurements of size of focal adhesions in the spread MSCs on the investigated surfaces at 4 and 24
hrs of incubation. *P<0.05 compared with the other surface; #P<0.05 between the two surfaces. (C) Early cell attachment expressed by absorbance value (at 4 hrs). *P<0.05
compared with the RBM surface. (D) Cell proliferation (at |, 3 and 5 days) expressed by the absorbance value. *P<0.05 compared with the other surface; “P<0.05 compared
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to the Mg surface. Values are the mean + SD of three independent experiments.
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found in cell proliferation between the RBM and Mg
surfaces.

This finding is somewhat in agreement with the results
of previous studies reporting increased osteoblast cell pro-
liferation with surface Ca incorporation in the Ti implant
surface.”>° In contrast, the lower attachment and prolif-
eration with Mg incorporation does not coincide with a
previous report.”” We suppose that these discordant results
between the studies are attributable to differences in cell
functions between osteoblastic cell lines and primary
MSCs employed in our test system. Further, detailed stu-
dies are needed to resolve this issue.

Osteogenic differentiation of the MSCs
affected by surface divalent cation

modification

After assessing the early cellular events evoked by surface
chemistry modification using Ca and Mg ions on a micro-
rough Ti implant surface, we investigated the osteogenic
potential of modified Ti surfaces. We first evaluated the
osteogenic functionality of MSCs by assessing the osteo-
genesis-related gene expression, ALP activity and type I
COL protein production at 7 days of culture.
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The expression levels of transcription factors regulat-
ing osteogenesis (DIx5, Runx2 and osterix) in MSCs
grown on the investigated samples are shown in
Figure 9A. DIx5 expression was upregulated on the Mg
surface compared with the RBM and Ca surfaces
(P<0.05). Surface Ca and Mg modification notably upre-
gulated gene expression of two critical transcription fac-
tors (Runx2 and osterix; P<0.05), but expression levels of
these two genes in the Ca sample were lower than in the
Mg sample (P<0.05). Thus, Mg incorporation induced
higher mRNA expression of DIx5, Runx2, and osterix
than Ca incorporation when applied to a microrough Ti
surface with additional changes in nanotopography.

The mRNA expression levels of the marker genes
indicating the stages of early (COL and ALP), intermedi-
ate (BSP) and terminal (OC) osteogenic differentiation are
shown in Figure 9A. The mRNA expression of the marker
genes for osteoblast differentiation exhibited was mostly
similar to those of the transcription factor genes (DIxS5,
Runx2 and osterix). Surface modification of a microrough
Ti sample using Ca and Mg ions upregulated the expres-
sion of osteoblast marker genes (COL, ALP, BSP and OC)
in primary bone marrow MSCs (P<0.05; Figure 9A). Mg

ion modification evidently increased COL, ALP and BSP
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Figure 9 (A) Quantitative real-time PCR analysis of the mRNA levels of the transcription factor genes for osteogenic differentiation (DIx5, Runx2 and osterix) and
osteoblast phenotype genes (type | collagen [COL], ALP, bone sialoprotein [BSP] and osteocalcin [OC]) at 7 days of culture. *P<0.05 compared with the other surface;
#P<0.05 between two surfaces. (B) ELISA result for the detection of type | COL protein levels secreted into the cell culture media by MSCs grown on the investigated
surfaces after 7 days of incubation. *P<0.05 compared with the other surface. (C) ALP activity of MSCs at 7 days of culture. *P<0.05 compared with the other surface;
#P<0.05 between the two surfaces. The values are the mean * SD of three independent experiments.
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expression more than the Ca ion modification did in the
microrough Ti surface (P<0.05). OC expression in cells
grown on the Ca and Mg surfaces were markedly higher
than on the RBM surface (6- to 6.5-fold), but there was no
difference in the OC mRNA expression level between the
Ca and Mg surfaces.

We then assessed the COL protein secretion level by
ELISA. MSCs grown on the Mg surface secreted mark-
edly more COL into the cell culture media compared with
the RBM and Ca surfaces (P<0.05; Figure 9B). Although
the Ca surface displayed increased COL expression at the
mRNA level compared with the unmodified RBM surface,
there was no difference in COL production at the protein
levels between the RBM and Ca surfaces.

ALP activity is an important indicator of early osteo-
blast differentiation. Cells were grown on the surface of
the divalent cations-modified Ti samples (Ca and Mg)
exhibited significantly greater ALP activity than those on
the RBM sample (P<0.05; Figure 9C). Surface Mg mod-
ification notably increased ALP activity more than Ca
modification did (P<0.05; Figure 9C).

Divalent cation incorporation by wet chemical treat-
ment increased the expression of terminal osteogenic mar-
kers in MSCs at the protein level (OC and OPG) at 14
days (Figure 10). MSCs grown on the Ca and Mg surfaces
secreted significantly higher OC and OPG into cell culture
media compared with the RBM surface (P<0.05). There
was no difference in the OC or OPG production level
between the Ca and Mg surfaces.

Studies have demonstrated that surface chemistry mod-
ification using bioactive ions, such as Ca and Mg, has the
capacity to promote the bone formation of Ti implants by
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enhancing early cellular events and subsequent osteogenic
differentiation.>*!>-17-1921.2627 1y this study, Ca and Mg-
containing nanostructures produced on a microrough Ti
implant surface by wet chemical treatment displayed sus-
tained ion release and promoted the osteogenic differentia-
tion of primary MSCs.

In this study, total concentration of Ca ions released
from the Ca samples at static and dynamic mode was 7.3
ppm (0.18 mM) and 9.6 ppm (0.24 mM), respectively, with
similar Ca concentration showing enhanced osteogenesis
capacity reported in another study.?® Increased Ca concen-
tration by the dissolution of bioactive glass sample (8 ppm
= 0.2 mM) enhanced ALP activity and OC expression of
osteoblastic MC3T3-E1 cells.®® Ca ion delivery to a chemi-
cally treated nanoporous Ti surface at a very low concen-
tration (approximately at 0.45 pM) enhanced OC expression
in human bone marrow MSCs.?’ Chitosan-TiO, nanotubes
scaffolds adsorbed with 0.5 mM CaCl, improved prolifera-
tion and differentiation of human MG63 cells, in which in
vitro biocompatibility of Ti nanotubes scaffolds was
improved by Ca ion incorporation in a non-dose dependent
manner.*® In contrast, extracellular Ca>* stimulated prolif-
eration and osteogenic differentiation of C3H10T1/2 MSCs
in a concentration-dependent manner (1.8-8 mM).*! Maeno
et al reported that low Ca®" concentration enhanced cell
functions of osteogenic cells.*? 2-4 mM Ca ion concentra-
tion in cell culture medium increased proliferation, OC
mRNA expression and matrix mineralization of mouse pri-
mary osteoblasts.*

In contrast to Ca ions, there are more conflicting results
on optimal Mg ion concentration for enhancing the osteo-
genic function of bone-forming cells.'”?%%33* In this

4500
4000 - *

3500 A +
3000 A
2500 A

2000 -

OPG (pg/mL)

1500 A
1000 A

500 A

14d

Figure 10 ELISA results for the detection of the protein levels of terminal osteogenic markers [OC and osteoprotegerin (OPG)] secreted into the culture media by
adherent mesenchymal stem cells (MSCs) at 14 days of culture. The values are the mean * SD of three independent experiments. *P<0.05 compared to the RBM surface.
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study, the total concentration of Mg ions released from the
Mg samples at static and dynamic mode was 1.9 ppm
(0.08 mM) and 2.9 ppm (0.12 mM), respectively, which
are lower than that reportedly enhanced osteoblast func-
tion in other studies.'® 2333 Mg ion supplementation (up
to 1.8 mM) dose dependently promoted osteoblast differ-
entiation and mineralization of rabbit bone marrow
MSCs.?? Osteogenic differentiation such as ALP activity,
OC gene expression and mineralization was notably
increased in primary human osteoblasts with 1 mM and
2 mM Mg ion supplementation, but was markedly
impaired with high Mg concentration of 4 mM above.?
Zhang et al reported that a low Mg concentration (1.3
mM) inhibits matrix mineralization of human bone mar-
row MSCs.>® In contrast, 10 mM Mg treatment increased
proliferation and matrix mineralization of human bone
marrow MSCs.** In addition, Mg-based extracts at a high
Mg content in culture media (26 mM) enhanced focal
adhesion development and osteoblast gene expression of
primary human osteoblasts.?! Although studies have
demonstrated that Mg ion supplementation into culture
medium and extracts from Mg-based alloys increase osteo-
genic potential and bone formation, optimal dose of Mg
ions and related molecular mechanism for beneficial bone
healing effects are still unclear.

It seems that differences of the way of Mg delivery into
test system (ie, as culture media supplement and direct
incorporation into materials surface) and cell types
between studies are possible reasons for the conflicting
biologic effect of Mg ions. However, it is worth paying
attention to the results of other studies reporting that small
deviations of extracellular ion concentrations from physio-
logical value directly controls osteoblast functions.'!'%*
When considering the concentration of Ca®* (1.8 mM) and
Mg** (0.8 mM) ions in a-MEM,*® we may reasonably
suppose that a minute increase of Ca and Mg ion concen-
tration in culture medium through the ion release from the
modified Ti surface enhanced osteogenesis-related cell
functions of MSCs in this study. However, further detailed
studies are needed to clarify this.

It is known that certain external features of implant
surface such as surface chemistry, nanotopography and
hydrophilicity play critical roles in the regulation of osteo-
genic  cell functions and  ultimate implant
osseointegration, >89 11172427 Ty we cannot rule
out the contribution of surface nanotopography and wett-
ability in the enhanced osteogenic capacity of the modified

Ti implant surface, possibly acting in a synergistic manner.

Thus, it is not possible to determine the precise extent of
the effect of ion release solely based on the enhanced
osteogenic capacity of the modified Ti implant surface
found in this study. Only our supposition is that ionic
release from the modified Ti surface increases the extra-
cellular ion concentration in the culture media and this
alters the intracellular ion concentration of adherent cells,
which consequently activates critical intracellular signal-
ing related to osteogenic differentiation.'>'”** In this
study, the Mg surface modification exerted a more potent
capacity for promoting the osteogenic differentiation of
MSCs than the Ca surface modification at the early incu-
bation time-points.

We previously showed that Ca chemistry is a more
potent factor than hydrophilicity or nanoscale surface
area in promoting early osteogenic differentiation of
human MSCs.’ In addition, a previous study reported
that better wettability enhances the early osseointegration
of Ti implants having the same bioactive ion chemical
composition in rabbit cancellous bone.*” We suppose that
the better wettability of the Mg surface also contributed to
the enhanced osteogenic capacity of the Mg surface mod-
ification. Thus, it is expected that surface chemistry altera-
tion using Mg ions by wet chemical treatment will prove
useful in accelerating early osseointegration of microrough
Ti implants at the interface between the bone and implants
by enhancing spreading, the development of focal adhe-
sions and the subsequent osteogenic differentiation of
MSCs.

These findings indicate that early the osteogenic func-
tionality of bone marrow MSCs may be enhanced by sur-
face modification wusing Ca- and Mg-containing
nanostructures in a clinically available grit-blasted micro-
rough Ti implant surface. More importantly, Mg modifica-
tion appears to be more potent than Ca modification in
promoting early osteogenesis-related cellular functions at
least in mouse bone marrow MSCs.

Total and phosphorylated B-catenin
protein expression in MSCs induced by
Ca and Mg modification

After confirming the relative osteogenic capacity of sur-
face chemistry modification of a microrough Ti implant
surface using Ca and Mg ions, we further investigated
whether divalent cation chemistry affects B-catenin activ-
ity. There are several important signaling networks
involved in the regulation of osteogenic differentiation.*®
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It is known that B-catenin activity is essential for osteo-
blast differentiation and bone formation.***° Inhibition of
B-catenin phosphorylation stabilizes intracellular f-
catenin.’’** It is well known that phosphorylation of
B-catenin at the Ser 45 residue triggers subsequent phos-
phorylation by GSK3p at the Ser 33, Ser 37 and Thr 41
residues,®® which in turn results in the proteolytic degra-
dation of PB-catenin. Accumulation of unphosphorylated
B-catenin molecules in the cytoplasm facilitates its trans-
location into the nucleus. Stabilization of PB-catenin is
known to positively regulate the osteogenesis-related cell
functionality of MSCs by binding to TCF/LEF transcrip-
tion factors in the nucleus.*'

The results of semi-quantitative measurement of the
protein amount of total cellular B-catenin and phosphory-
lated B-catenin (pS45) in the cell lysates of MSCs deter-
mined by ELISA are shown in Figure 11. At 3 days, there
were no differences in the protein levels of the total cellular
B-catenin and pS45 in the investigated surfaces. At 7 days,
the Mg surface exhibited an increased protein level of total
cellular B-catenin compared with the RBM and Ca surfaces
(P<0.05). Interestingly, surface Mg modification notably
decreased [-catenin phosphorylation. The pS45 protein
level in MSCs grown on the Mg surface was significantly
lower than the RBM and Ca surfaces (P<0.05). The Ca
surface displayed decreased pS45 protein expression com-
pared with the unmodified RBM surface (P<0.05). In
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addition, the relative percentage values of the amount of
the phosphorylated B-catenin protein in the total amount of
cellular B-catenin protein were calculated. There was no
difference in the relative percentage values of pS45/total
B-catenin between the RBM and Ca surfaces. The Mg sur-
face exhibited a significantly lower value in the relative
percentage of pS45/total B-catenin compared with the
RBM and Ca surfaces at 7 days (P<0.05; Figure 11).
These findings indicate that surface Mg modification
inhibits
increased amount of unphosphorylated B-catenin accumu-

B-catenin phosphorylation. Consequently, an

lated in the cytoplasm of MSCs would be expected to
subsequently increase the translocation of B-catenin into
the nucleus, which in turn would trigger certain osteogen-
esis-related intracellular signaling cascades. Thus, the sta-
bilization of PB-catenin appears to be one of the critical
mechanisms underlying the enhanced osteogenic capacity
of the surface Mg incorporation observed in this study.

Conclusion

This study evaluated which of the divalent cations exam-
ined in this study, Ca or Mg, plays the more dominant role
in the early osteogenic functionality of MSCs when
employed in the surface chemistry modification of
microstructured Ti implants. In this study, Ca- and
Mg-containing nanostructures produced by a wet chemical
treatment enhanced early spreading, the development of
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Figure 11 ELISA results for the detection of the protein expression levels of total cellular B-catenin, phosphorylated B-catenin (pS45), and the relative percentage of
phosphorylated p-catenin (pS45) in the total cellular B-catenin (expressed as a percentage of the unmodified RBM surface) in the cell lysate of MSCs adhering to the
investigated samples at 3 and 7 days of culture. The values are the mean % SD of three independent experiments. *P<0.05 compared with the other surface; *P<0.05 between

the two surfaces.
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focal adhesions and the subsequent osteogenic differentia-
tion of primary bone marrow MSCs in microrough Ti
implant surface. Surface Mg modification exhibited a
more potent capacity in promoting early osteogenic differ-
entiation of MSCs than the Ca modification. It is expected
that a Mg-containing surface nanostructure with its better
wettability would be more beneficial for driving the early
osteogenic differentiation of MSCs in a microrough Ti
implant surface by enhancing spreading, focal adhesion
formation and stabilization of intracellular P-catenin
when compared with a Ca-containing nanostructure with
its lower surface wettability.
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