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Figure 14. (a) EVAHEART VAD in the preferred anatomic placement for left ventricular support. The system consists of the inflow
cannula, pump, outflow cannula, and lubricating purge system. The Cool-Seal purge system consists of a pump, ultrafiltration filter, and
reservoir contained in a small case that can be carried by the patient. Water is recirculated through the system by the Cool-Seal pump, the
ultrafiltration unit ensures sterility of fluid egressing the unit to the blood pump, and the reservoir can be exchanged or refilled as needed. (b)
The concentrations of circulating activated platelets as quantified by annexin V binding or CD62P expression are shown for DLC-coated
(N =4) and MPC polymer-coated (N = 16) components. The days when the MPC values become significantly lower than the DLC values
for annexin V (*) and CD62P ( ’3') are marked above the curves. (c) Pump (MPC polymer coating) after 34 days of support without
anticoagulation treatment. (Reprinted from [146, 147] with permission from Wiley.)
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Figure 15. Spatial maps of wear in CLPE cups grafted with poly(MPC) or other polyelectrolytes after a hip simulator test.

hydrogels are normally prepared by copolymerization of feeling. MPC polymers have been developed for coatings
macromonomers bearing silicone and hydrophilic monomers. to improve the surface wettability of silicone hydrogels; the
The wettability of the silicone hydrogels is sometimes surfaces also show good antifouling properties. Through the
not adequate to provide the wearer with a comfortable formation of interpenetrating poly(MPC) networks, Ishihara
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and co-workers have succeeded in preparing superhydrophilic
silicone hydrogels with a high degree of transparency [52].

5. Conclusions

In this review article, the molecular design and fundamental
properties of cell membrane-inspired phospholipid polymers,
MPC polymers, are summarized. In addition, surface
modification processes using MPC polymers to regulate
biological responses are described. MPC polymers are
suitable for preparing not only nonfouling surfaces but also
platforms of biomolecules and living cells. Through the
combination of nanotechnology and biotechnology, MPC
polymer science has made considerable progress with devices
such as biosensors, biochips and bioimaging tools [154].
MPC and various kinds of MPC polymers are now available
commercially worldwide, and many medical devices treated
with MPC polymers are used in clinics. Therefore, we expect
that the novel biomedical technology based on MPC polymer
science will be further explored.
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The suppression of protein adsorption must be required for a surface of biomaterials to
avoid undesirable biological reactions. Understanding the interactions between
proteins and surfaces is necessary to construct new biomaterials that have ultimate
nonbiofouling property. Protein adsorption causes in an aqueous medium, therefore,
we focused on the hydration state at the interface of the aqueous medium with proteins
and the contacting materials, and investigafed'the effects of hydration state on protein
adsorption behavior towards the surface. We could successfully establish the method
for evaluation of dynamics of water molecules in the vicinity of the surface by using
proton nuclear magnetic resonance spectroscopy for the hydrated polymer brush layer-
modified micro-silica beads, The zwitterionic and cationic polymer brush surfaces
were used for the measurement. The results clearly indicated that the dynamics of
water molecules determined protein adsorption onto the surfaces. Thus, the polymer
brush surfaces with hydration layer and high-diffusion of water molecules in the layer,
such as phosphoryicholine group-bearing polymer brush surface, were effective to
inhibit protein adsorption.

Key words: dynamics of water, protein adsorption, polymer brush structure, nuclear

magnetic resonance, relaxation time

1. INTRODUCTION

Biological reactions, which are induced at a surface
of materials when they contact with blood and tissues,
such as thrombus formation, immunoresponse, and
inflammatoric  response,
adsorption on the surface [1]. Therefore, biomaterials
surface requires quite strong inhibition for protein
adsorption. The proteins interact with the materials
surface by combination of various molecular forces

are initiated by protein

generated in an aqueous medium. There is a hypothesis
that shows protein adsorption would be caused by
hydration layer with low motility [2]. In this regard,
dynamics of water should be considered in order to
realize zero protein adsorption surface. Some reports
have attempted to clarify hydration state, and it was
revealed that hydration state at the surface has strong
effect on protein adsorption [3-8]. Among them,
Ishihara et al. clearly demonstrated that the hydrophilic
polymer surfaces with high-free water fraction reduced
protein adsorption. That is, when the free-water fraction
became up to 0.7, amount of protein adsorbed on the

333

surface reduces below monolayer adsorption [3].
However, the role of water molecules at the
protein-material interface is only guessed from static
information of bulk water. Also, these previous reports
were conducted using polymer coated surfaces, which
have other difficulties for evaluation of water dynamics
due to entanglement of polymer chains and entrapment
of water molecules physically in the hydrated layer.
From these points of view, we applied well-defined
polymer brush surface with the controlled density and
thickness of the polymer layer. The goal of this study is
to understand the dynamics of water molecules focusing
on the surface.

In this study, water that is coexisted with polymer
chains in extended nanometer-space was acquired by
using micro-silica beads covered with polymer brush
layers [9, 10]. High-density polymer brush layers with
various chemical structures were prepared on the
micro-silica beads via surface-initiated atom transfer
radical polymerization (SI-ATRP) [11]. Hydration state
at the surfaces was evaluated by measurement of
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relaxation time and diffusion coefficient using proton
nuclear magnetic resonance spectroscopy ((H-NMR) [12,
13). Protein adsorption onto the surfaces was measured
with a quartz crystal microbalance with dissipation
monitoring (QCM-D} measurement [14, 15]. Finally,
the relationship between protein adsorption and
dynamics of water was discussed.

2. EXPERIMENTS
2.1. Materials

Three kinds of zwitterionic monomers and cationic
one were used for making polymer brush surface.
2-Methacryloyloxyethy! phosphorylcholine (MPC) was
synthesized and purified using a previously reported
method [16]. [2-(Methacryloyloxy) ethyl] dimethyl
(3-sulfopropyl) ammonium hydroxide (SBMA)} was
purchased from Sigma-Aldrich Co. (St. Louis, USA).
N-Methacryloyloxyethyl %N, N-dimethyl ammonium
-a-N-methyl carboxylate (CBMA)} was obtained from
Wako Pure Chemistry (Osaka, Japan).
Trimethyl-2-methacroyloxyethylammonium  Chioride
(TMAEMA) was purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). Copper (I) bromide
(CuBr), 2,2"-bipyridyl (bpy), and  ethyl-2-
bromoisobutyrate (EBIB} were purchased from
Sigma—Aldrich Co. and were directly used as received.
All other reagents and solvents of extra-pure grade were
commercially available and were directly used as
purchased. Micro-silica beads with 10-pm in diameter
were purchased from Fuji Silysia Chemical Ltd. (Aichi,
Japan).

2.2, Preparation of initiator immobilized beads

The surface-immobilizing initiator for
SI-ATRP,  (11-(2-bromo-2-methyl)  propionyloxy)
undecyltrichlorosilane (BrC10TCS) was synthesized
using a previously described method [11, 17]. The
micro-silica beads were etched using piranha solution,
which is consisted of 30 % of hydrogen peroxide and
70 % of sulfuric acid, for 15 min. The silica beads were
removed from the solution and washed with plenty of
distilled water. The cleaned silica beads were immersed
in a 5 mmol/L solution of BrC10TCS in toluene for 24 h.
The BrC10TCS-immobilized silica beads were removed
from the solution, rinsed with toluene and methanol, and
dried in a dry box under reduced pressure,

2.3, Preparation of polymer brush-modified beads

MPC, SBMA, CBMA, and TMAEMA were graft
polymerized from the BrCl10TCS-immobilized silica
beads using SI-ATRP as follows: CuBr, bpy, and each

monomer in a particular molar ratio were placed in a
glass tube and dehydrated; thereafter, degassed solvents
were added into the glass tube. The following solvents
were used: ethanol for MPC and CBMA at a monoemer
corcentration of 0.56 mol/L, a mixture of methanol and
water (50:50 by volume %) for SBMA at a monomer
concentration of 0.38 mol/L, and a mixture of methanol
and water (70:30 by volume %) for TMAEMA at a
monomer concentration of 1.0 mol/L. Sodium chloride
of the same concentration as SBMA (0.38 mol/L) was
added to the SBMA solution to prevent the precipitation
of poly(SBMA) during polymerization. Argon was
bubbled into each monomer solution at room
temperature for 10 min. The BrC10TCS-immobilized
silica beads were then immersed into the solution, and
EBIB was simultaneously added as the free initiator at
one-fiftieth of monomer concentration. After the glass
tubes were sealed, polymerization was performéd at
20 °C with stirring. After 24 h, the obtained silica beads
were removed from the polymerization solution using
centrifugation, rinsed with solvents (ethanol for
poly(MPC} and poly(CBMA), sodium chloride solution
for poly(SBMA), and water for poly{TMAEMA)), and
dried in a dry box under reduced pressure. The structure
of the polymer brush surface was shown in Fig. 1.

1
V\J-fé—o/v’ 1‘ > Poly(MPC}

o o
_.s‘|_AN\N\° ooy V\\{(‘/\cmy Ppolyicama)
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Initiator unit \x I
V\é,... € DPoly(TMAEMA)

Fig. 1. Chemical structures of polymer brush surface.

2.4. Analysis of hydration state

. 2.4.1. Measurement of diffusion coefficient

The polymer brush layer-modified silica beads (500
mg) were packed into NMR tubing (¢ = 10 mm, JEOL,
Tokyo, Japan) and distilled water (500 uL) was added
into the NMR tubing. Diffusion coefficient (D)
measurement of water molecules was performed using
'H-NMR (MU-25, JEOL, Tokyo, Japan) with pulse field
gradient method. The D value is an indication of
motility of water molecules. The interspaces among the
silica beads are extremely small, therefore, we can
investigate only water molecules in the vicinity of the
polymer brush surface [9, 10].

2.4.2, Evaluation of hydration layer

In order to evaluate the diffusing range of hydrated
layers around polymer brush surfaces, relaxation time of
water molecules was measured about three types of



K.Inoueetal. Trans. Mat. Res. Soc. Japan 37[3] 333-336 (2012)

samples as followed (Fig. 2). The polymer brush
layer-modified silica beads were packed into an NMR
tube and distilled and degassed water was added into the
tube (type-1). The polymer brush layer-modified silica
beads were damped with vapor of saturated sodium
chloride solution (RH=75%) and packed into an NMR
tube (type-2). Distilled water was degassed with vacuum,
and poured into an NMR tube (type-3). Spin-lattice
relaxation time (T, value) of water molecules was
measured using 'H-NMR  with inversion recovery
method. We defined T, for type-1 as Tyyq, Ty for type-2
as Tivp, and Ty for type-3 as Tipuu, respectively. We
presumed that hydration state in liquid water around the
polymer brush layer {type-1) would be regarded as a
overlap of hydration state of the polymer brush layer
only (type-2) and that of a bulk water (type-3). In the
case that contains the multi-components of T, value, the
following equation is generally used [9].

1/ Thig= &/ Tyvgp+ (1-0) / Trpui

We hypothesized that the o value would represent the
diffusing range of hydrated layers around polymer brush
surfaces in liquid water. In this study, the o values were
calculated at the several kinds of the polymer brush
surface.

Type-1 Type-2 Type-3
Liquid water + Vapor + Bulk water
beads beads

Fig. 2. Samples for evaluation of diffusing range of
hydrated layer.

2.5. Protein adsorption measurement

The adsorbed amount of proteins from 100% fetal
bovine serum (FBS) on the polymer brush surfaces at
37 °C was quantified using QCM-D measurement
(Q-Sense, Gothenburg, Sweden) [14, 15, 17). To
measure the protein adsorption mass on the surface, the
polymer brush layers were formed at the surface of
QCM-D gold sensor. The following equation was used
to estimate the adsorbed amount of protein on the
polymer brush surface.

Protein adsorption amount (ng/em?) =
17.7 x Frequency shift value (Hz)

3. RESULTS AND DISCUSSION
3.1, Hydration state

®
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Fig. 3. Diffusion coefficient of water molecules in
various hydrated polymer brush system.

Fig. 3 shows the diffusion coefficient (D) values of
water at various polymer brush layer-modified silica
beads system. The zwitterionic polymer brush surfaces
had higher diffusion coefficient compared to the
cationic one. In particular, poly(MPC) brush surface had
a larger D value. This resuit means that water molecules
near poly(MPC) brush surface has a high motility. On
the other hand, the motility of water molecules near
poly(TMAEMA) brush surface was restrained. Recently,
Takahara et al. reports the solubilizing state and
dimension of polymer chains in several polymer brush
layers in an aqueous medium. In this report, the
poly(MPC) chains expanded in the aqueous medium
well and the dimension of poly(MPC) chains was not
changed by the ionic strength of the aqueous medium
[18]. It is well known that the polymer chains shrink in
an aqueous medium with ions because the ions would
extract water molecules hydrated at polymer chains. The
relatively high D value of water molecules and
well-expanded structure of the poly(MPC) chains in
ionic medium indicated that water molecules may be
bounded quite weakly with the poly(MPC) chains.

Fig. 4 shows the diffusing range of hydrated layer (o
values) at several polymer brush surfaces. Cationic
poly(TMAEMA) surface had larger hydration layer than
zwitterionic polymer surfaces. This result can be
explained by two effects. First, the poly(TMAEMA)
chains expands in an aquecus medivm much wider than
zwitterionic polymer chains due to strong electrostatic
repulsion forces among cationic charges. Second, water
molecules  strongly hydrated surrounding  each
poly(TMAEMA) chain [19]. It is difficult to distinguish
these effects in the present time, we are now evaluating

Diffusing range of
hydrated layer @
o o =
» W >

Fod
-

0.0
1Y N (\Y (N
g

o oad® qo\%\@vc (@b"v&

Fig. 4. Diffusing range of hydrated layer at several
polvmer brush surfaces.
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the real number of water molecules bounded on the
monomer unit in the polymer chains.

3.2. Relationship between protein adsorption and
dynamics of water

As seen in Fig. 5, we determined the relationship
between protein adsorption and dynamics of water at the
polymer brush surfaces. The polymer brush surface with
larger diffusion coefficient resisted protein adsorption.
Particularly, large amount of protein adsorbed on
poly(TMAEMA) brush surface, Compared to the
theoretical monolayer adsorption mass, the multilayer
adsorption would occur on the cationic polymer brush
surface. The multilayer adsorption would be promoted
at the cationic surface because of both electrostatic
interaction and its thick hydration layer with lower
motility of water molecules around the cationic surface.
These effects would be due to the outstanding difference
in protein adsorption mass between on the cationic
surface and zwitterionic surfaces.

Py
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g 600l
] Poly(SBMA}
g 00
£ 200 [ Poly(cBMA) 1 Poly(MPC)
= ° L] |
7.0 7.5 8.0 85
Diffusion coefficlent
D x 205 {cm?/sec)

Fig. 5. Relationship between the adsorbed amount of
proteins and diffusion coefficient of water molecules .
4. CONCLUSION

We researched the effect of molecular dynamics of
water on protein adsorption behavior on well-defined
polymer brush surface. First, we could successfully
fabricate the polymer brush layers with varying
chemical structures. Then, the surface-specific hydration
state could be evaluated using the relaxation time
measurement of water enclosed among the micro-silica
beads. It is clarified that the zwitterionic polymer brush
layers would be effective to reduce interaction with
proteins. Interrelation between protein adsorption and
hydration state at the materials surface was suggested.
Control of polymer brush layer at the surface focusing
on the dynamics of water molecules will realize the zero
protein adsorption surfaces.
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Abstract: In this study, a titanium surface was chemically
modified with calcium ions and assessed for its influence on
osteogenic differentiation and molecular responses of human
mesenchymal stem cells (hMSCs). Titanium disks were
treated with NaOH (NaOH treatment), NaOH + CaCl, (CaCl,
treatment), or NaOH + Ca(OH), {Ca(OH), treatment). Ca{OH),
treatment caused significantly greater calcium incorporation
onto the titanium surface and apatite formation than CaCl,
treatment. The morphology of hMSCs differed on CaCl,- and
Ca(OH),-treated disks. The osteopontin (OPN) expression in
hMSCs cultured on CaCly-treated titanium was significantly
higher than that in cells cultured on NaOH-treated disks; OPN
expression was significantly higher in cells cultured on
Ca(OH),-treated disks than on un-, NaOH-, and CaCl,-treated
disks. Osteocalcin {OCN) protein expression in hMSCs cul-
tured on Ca{OH),-treated disks was significantly higher than

that on all the other disks. Comparative expression profiling
by DNA microarray and pathway analyses revealed that cal-
cium modification of the titanium surface induced integrin B3
after OPN upregulation and promoted Wnt/B-catenin signal-
ing in hMSCs. In addition, CalOH), treatment upregulated the
expression of bone morphogenetic protein 2, cyclooxygenase
2, and parathyroid hormone-like hormone in comparison to
CaCl, treatment. These observations suggest that calcium-
modified titanium surfaces affect osteogenic differentiation in
hMSCs and that Ca(OH), treatment induced osteogenic differ-
entiation in hMSCs, whereas CaCl, treatment had a limited
effect. © 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
101A: 2573-2585, 2013.
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INTRODUCTION
Titanium is widely used in orthopedic and dental implants
due to its corrosion and wear resistance, durability, and bio-
compatible interface. The topography of titanium implants
plays a major role in cell-material interaction. Several stud-
ies have shown that surface modifications influence protein
adsorption,*? cell-substrate interactions,® cell adhesion,®>™®
cell morphology,>® osteogenic differentiation,®”™*° and, con-
sequently, the tissue integration of titanium implants.***?
The nanoscale and microscale surface roughness of tita-
nium has been reported to increase osteogenic differentia-
tion in osteoblasts cultured on titanium surfaces’”®™'? and
promote osteogenic differentiation in human mesenchymal
stem cells (hMSCs) in the presence of osteogenic supple-
ments.® Osteoblast response has also been reported to be
modulated by a modified microstructured titanium surface
with increased wettability due to a polyelectrolyte thin film
coating.'® Titanium nanopores also affect osteogenic differ-
entiation and hMSC cell morphology.” Integrin is critical for
the responses of osteoblasts**%** and hMSCs® to some tita-

Correspondence to: R. Sawada; e-mail: rsawada@nihs.go.jp

nium surface modifications. Gene expression studies have
shown an increase in the expression of the osteoinductive
genes RUNX2, osterix, alkaline phosphatase, bone sialopro-
tein, and osteocalcin (OCN) in osteoblasts®*® and hMSCs'®*”
grown on micro- and nanoroughened surfaces in the pres-
ence of osteogenic supplements.

Alkali- and heat-treated titanium forms a bone-like apatite
surface layer in the body and bonds to the bone via this
layer.m‘22 In addition to chemical and thermal treatments,
the porous structure of titanium contributes to its biocompat-
ibility®* and bone formation®* in vivo. Fluoride ion modification
of a TiO, grit-blasted surface enhances osteoblastic differentia-
tion in hMSCs in the presence of osteogenic supplements.® Cal-
cium ion incorporation into a titanium surface by CaCl, treat-
ment yields slightly better apatite formation than altkali (NaOH)
treatment in vitro,2® but the influence of calcium ion modifica-
tions of titanium surfaces on osteogenic differentiation of
hMSCs has not been explored.

hMSCs are pluripotent and can differentiate into cells of
mesodermal origin, for example, bone, cartilage, adipose,

Contract grant sponsor: Health and Labour Sciences Research Grants for Research on Regulatory Science of Pharmaceuticals and Medical
Devices from the Ministry of Health, Labour and Welfare of Japan; contract grant numbers: H22-IlYAKU-IPPAN-009, H24-IYAKU-SHITEI-018
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and muscle cells.?”"3! hMSCs also have the capacity to dif-
ferentiate into myocytes,**>® hepatocytes,?’”** and neural
cells.?® hMSCs are currently being used with biomedical
materials in several clinical studies on bone regeneration.

We aimed to evaluate the influence of CaCly,- or
Ca(OH),-modified titanium surfaces on osteogenic differen-
tiation and molecular responses in hMSCs. We examined the
amount of calcium ion incorporation and apatite formation
on CaCl,- and Ca(OH),-treated surfaces. We investigated the
morphology, proliferation, and osteogenic differentiation of
hMSCs cultured on the chemically modified titanium. To
definitively conclude whether incorporation of calcium ions
on a titanium surface induces osteogenic differentiation in
hMSCs, osteogenic supplements were not used in this study.
Whole genome expression analysis provided a comprehen-
sive understanding of the mechanism of osteogenic induc-
tion by chemically modified titanium.

MATERIALS AND METHODS

Chemical treatment of titanium disks

Titanium disks (grade II commercially pure titanium, 33.5
mm diameter, 2-mm thick) were supplied by Nakashima
Medical Co. (Okayama, Japan). They contain over 99.3075%
of titanium, and their surface roughness (Ra) is 0.4 pm.
NaOH treatment was performed by soaking the disks in 5.0
mol/L NaOH aqueous solution at 60°C for 24 h and then
washing gently with distilled water. CaCl, or Ca(OH); treat-
ments were performed by soaking the NaOH-treated disks
in 0.1 mol/L CaCl, or 0.01 mol/L Ca(OH), at 60°C for 24 h
and then gently washing with distilled water. Untreated tita-
nium disks served as controls.

Scanning electron microscopy

The topography of the chemically modified titanium disks
was characterized by Scanning electron microscopy (SEM)
performed with a JSM-5800 microscope (JEOL, Tokyo, Ja-
pan). Images were recorded with 15 kV accelerating voltage.

Calcium ion incorporation and apatite formation

To investigate apatite formation on the titanium surface,
untreated or chemically modified disks were soaked in
Hanks’ balanced salt solution that included calcium and
magnesium (Life Technologies Co., Carlsbad, CA) for 7 days
at 37°C. The solution was changed every 2 days.

The incorporated calcium ions were dissolved in nitric
acid and their concentration was measured by Agilent
7500ce ORS ICP-MS (inductively coupled plasma mass spec-
trometry; Agilent, Santa Clara, CA) in helium collision mode
with monitoring at m/z 43.

Cell culture

hMSCs derived from bone marrow were purchased from
Lonza (Walkersville, MD). The hMSCs were cultured in
MSCGM BulletKit, a mesenchymal stem cell basal medium
with mesenchymal cell growth supplement, L-glutamine, and
gentamycin/amphotericin-B  (Lonza Walkersville, MD), at
37°C under a 5% CO, atmosphere. The medium was
changed every 3 days. The cells were detached by mild
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treatment with trypsin/ethylenediaminetetraacetic acid so-
lution for hMSCs {Lonza Walkersville, MD) and subcultured
when they were just subconfluent (approximately 80-90%
confluence). Cell passages 2-4 were used for experiments.
hMSCs were cultured on each surface-modified titanium
disk for 1, 4, 7, and 28 days.

Cell morphology and immunofluorescence staining

To analyze the morphology of hMSCs cultured on the chemi-
cally modified titanium disks, the cells were stained with Cell-
Tracker (Lonza) according to the manufacturer’s protocol.

To examine the expression of OCN, cells stained with
CellTracker were fixed with 4% paraformaldehyde in phos-
phate buffered saline (PBS) for 15 min at room temperature
and permeabilized with a blocking solution [10% normal
donkey serum (Jackson ImmunoResearch Laboratories, Bal-
timore,” PA), 0.1% Triton X-100, and 0.01% NaN3 in PBS].
The cells were stained with anti-OCN antibody (Abcam,
Cambridge, MA) in blocking solution without Triton X-100
for 16 h at 4°C for primary staining and were secondarily
stained with Alexa Fluor 647-conjugated donkey anti-mouse
antibody (Jackson ImmunoResearch Laboratories) for 30
min at room temperature.

Images were collected and analyzed by confocal micros-
copy (FLUOVIEW FV1000; Olympus, Tokyo, Japan).

Cell proliferation

The proliferation of hMSCs on titanium disks for 7 days was
determined by using a cell proliferation assay reagent, Tet-
raColor ONE (Seikagaku Co. Tokyo, Japan). Cultures were
incubated for 2 h in medium containing the reagent. The ab-
sorbance was read at 450 nm (reference at 600 nm) on a
plate reader (SH-9000, Corona Electric Co., Ibaraki, Japan).

Preparation of total RNA and real-time polymerase
chain reaction

hMSCs were seeded on untreated and chemically modified
titanium disks in 35 mm culture dishes at an initial seeding
density of 1.2 x 10* cells/em? and cultured for 7 days
before evaluating transcript expression of osteopontin
(OPN), OCN, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The housekeeping gene GAPDH was used as a
control. Total RNA was extracted from hMSCs with the
RNeasy Mini Kit (QIAGEN, Valencia, CA). Total RNA was
eluted in RNase-free water and quantified on a NanoDrop
1000 spectrophotometer (Thermo Scientific, Wilmington,
DE). Total RNA was reverse transcribed with the
SuperScript III First-Strand Synthesis System for real-time
polymerase chain reaction (RT-PCR; Life Technologies Co.,
Carlsbad, CA). Amplification of OPN, OCN, and GAPDH was
performed with LightCycler Primer Sets (Roche Applied Sci-
ence, Basel, Switzerland) and LightCycler Fast Start DNA
Master SYBR Green I (Roche Applied Science) in a Roche
LightCycler instrument (software version 4.0).

Microarray analysis

Whole genome expression was analyzed after 7-day culture
of hMSCs on chemically modified titanium disks. Total RNA
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FIGURE 1. SEM images of the surface of untreated, NaOH-, NaOH + CaCl; (CaCl,)-, and NaOH + Ca(OH), (Ca(OH),)-treated titanium disks (A).
Images are representative of three independent experiments. The amount of Ca?* incorporation into the chemically modified titanium disks (B; left)
and the amount of Ca?* adsorption onto the modified disks after soaking in Hanks’ balanced salt solution including calcium and magnesium at
37°C for 7 days (B; right) were measured by ICP-MS (n = 3). Significant differences between groups are shown as *p < 0.05 and ***p < 0.001.

quantity and quality were assessed on an Agilent 2100 Bio-
analyzer (Agilent, Santa Clara, CA); 100 ng of total RNA was
used to generate biotin-modified amplified RNA (aRNA) with
the GeneChip 3'IVT Express Kit (Affymetrix, Santa Clara, CA).
Reverse transcription of first-strand complementary DNA
(cDNA) with a T7 promoter sequence was performed with T7
oligo(dT) primer. Second-strand cDNA synthesis was used to
convert the single-stranded cDNA into a double-stranded
DNA template. The reaction employed DNA polymerase and
RNase H to simultaneously degrade the RNA and synthesize
second-strand cDNA. In vitro transcription of biotin-modified
aRNA with IVT Labeling Master Mix generated multiple cop-
ies of biotin-modified aRNA from the double-stranded cDNA
templates. The aRNA was purified and quantified; after frag-
mentation, it was hybridized to the GeneChip Human Genome
U133 Plus 2.0 Array (Affymetrix). The arrays were stained
with phycoerythrin and washed at the GeneChip Fluidics Sta-
tion 450 (Affymetrix). The microarrays were scanned and
data extracted using GeneChip scanner 3000 7G (Affymetrix),
image analysis was performed using the Affymetrix GeneChip
Command Console Software and digitized using Affymetrix
Expression Console.

Data processing and pathway analysis

Data analysis was performed with GeneSpring GX 11.0 soft-
ware (Agilent Technologies, Santa Clara, CA). Raw data were
normalized to the 50th percentile per chip and the median
per gene. Normalized means for the four kinds of titanium
disks (un-, NaOH-, CaCl,-, or Ca(OH),-treated) were gener-
ated for the experimental interpretation. Differentially
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expressed genes were selected and flagged for further anal-
ysis. To determine whether particular osteogenic differentia-
tion functions were significantly overrepresented, the data
set was analyzed using Ingenuity Pathway Analysis (IPA)
9.0 (Ingenuity Systems, Redwood City, CA).

Statistical analysis
All results are shown as means = SD. Significance was eval-
uated by the Student’s t test.

RESULTS

Surface characterization of chemically modified
titanium disks

Titanium disks were treated with NaOH (NaOH treatment),
NaOH + CaCl, (CaCl; treatment), and NaOH + Ca(OH),
(Ca(OH), treatment; see Materials and methods section). SEM
demonstrated a porous network structure formed on the surface
of the disks after chemical treatment [Fig. 1(A)]. There were no
significant differences between the chemically treated surfaces.

Calcium ion incorporation and apatite formation on the
titanium surface
We measured the amount of calcium ion incorporation on
the surface of the modified titanium disks [Fig. 1(B)]. As
expected, no calcium ions were incorporated into the
untreated or NaOH-treated disks. Significantly more calcium
ions were incorporated into the Ca(OH),-treated disks than
the CaCl,-treated disks.

To investigate the effects of chemical treatments on apa-
tite formation on the titanium surface, the disks were
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FIGURE 2. Confocal microscopy of hMSCs cultured on untreated, NaOH, CaCl,, and Ca(OH), treated titanium disks for 1, 4, and 7 days (A).
Images are representative of five independent experiments. Cells were stained with CellTrackerTM Green Fluorescent Probe (Lonza). Prolifera-
tion of hMSCs for 7 days was determined with the cell proliferation assay reagent TetraColor One (B). The optical density of each well was
measured at 450 nm (n = 3). Significant differences in comparison to untreated titanium are shown as *p < 0.05 and **p < 0.01. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

soaked in Hanks’ Balanced Salt Solution for 7 days. The
amount of Ca®" on titanium disks treated with NaOH, CaCl,,
and Ca(OH) was directly correlated with apatite formation.
Apatite formation was slightly but significantly greater on
CaCl,-treated disks than on NaOH-treated disks [Fig. 1(C)].
Furthermore, Ca(OH),-treated titanium disk caused signifi-
cantly greater apatite formation than the NaOH- and CaCl;-
treated disks [Fig. 1(C)].
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Cell morphology and proliferation

To understand cell adhesion, we investigated the morpholo-
gies of hMSCs cultured on chemically modified titanium
disks. We labeled the cells with CellTracker (Lonza} and
observed at 1, 4, and 7 days after seeding. Confocal micros-
copy revealed cells on the modified disks showed smaller
spread areas 1 day after seeding, although cells on the
untreated disks exhibited normal cell morphology [Fig. 2(A)

CALCIUM-INCORPORATED TITANIUM SURFACES INFLUENCE
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upper panels]. Cells grown on CaCl,- or Ca(OH),-treated disks
were round in shape. Four days after seeding, the cells on
NaOH- or CaCl,-treated disks were comparable to cells cul-
tured on untreated disks, whereas the cells on the Ca(OH),-
treated disk were not. hMSCs on Ca(OH),-treated disks were
comparable in shape at 7 days after seeding [Fig. 2(A) middle
and lower panels]. hMSC proliferation for 7 days was also
investigated. Culture on chemically modified titanium surfa-
ces decreased hMSC cell numbers [Fig. 2(B)].

Cell differentiation and quantitative real-time PCR

To investigate the osteogenic differentiation of hMSCs cul-
tured on chemically modified titanium disks, OPN and OCN
transcripts were characterized by real-time PCR after cul-
ture for 7 days (Fig. 3). The transcript levels of OPN in
hMSCs cultured on CaCl,-treated titanium disks were signifi-
cantly higher than those on NaOH-treated disks [Fig. 3(A)].
OPN expression was significantly greater on Ca(OH),-treated
disks than on un-, NaOH-, and CaCl,-treated disks [Fig.
3(A)]. OCN expression on Ca(OH),-treated disks was slightly
higher than on the other treated disks [Fig. 3(B)].
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We also examined OCN protein expression by immunoflu-
orescence. We observed hMSCs cultured on chemically modi-
fied titanium for 7, 14, 21 days (data not shown), and 28 days
[Fig. 4(A)}]. Although we did not detect expression on all cells
until 21 days after seeding (data not shown), only hMSCs on
the Ca(OH),-treated disks showed OCN expression 28 days
after seeding [Fig. 4(B}]. The fluorescence intensity of hMSCs
cultured on Ca(OH),-treated titanium was significantly stron-
ger than on the other treated disks [Fig. 4(C)].

Microarray and pathway analysis

To investigate the mechanism of osteogenic induction in
hMSCs by chemically modified titanium, we performed DNA
microarray analysis. We analyzed mRNA extracted from
hMSCs cultured on chemically modified titanium for 7 days.
The top 30 genes significantly upregulated on treated ver-
sus untreated titanium disks are summarized in Tables I-III.
A significant change was defined as a difference of more
than twofold relative to the control. Differentially expressed
genes significantly upregulated on NaOH versus nontreated
disks are shown in Table 1. Interleukin 6 receptor (IL6R)
increases osteoblast differentiation, and integrin, beta 1
(ITGB1) plays a critical role in the process; both were signif-
icantly upregulated on NaOH-treated disks (Table I). Genes
significantly upregulated by CaCl, or Ca(OH); treatments
versus the untreated control are shown in Tables 11 and 1IL
SPP1 (OPN) and MMP13 (matrix metallopeptidase 13),
involved in normal bone remodeling,®® and ectonucleotide
pyrophosphatase (ENPP1) increase osteoblast differentia-
tion®®; all were significantly upregulated by CaCl, or Ca(OH),
treatment (Tables 11 and III). In addition, Ca(OH), treatment
significantly upregulated the expression of IL6R and integrin,
alpha 2 (ITGAZ), which plays a critical role in osteoblast dif-
ferentiation, bone morphogenetic protein 2 (BMP2), and
parathyroid hormone-like hormone (PTHLH), which also
affects osteoblast differentiation (Table III). To differentiate
the effect of different calcium surface treatments on gene
expression, we compared gene profiles in hMSCs cultured on
CaCl; and on Ca(OH),. The expression of 94 genes in hMSCs
cultured on Ca(OH), disks were upregulated more than two-
fold in comparison to cells grown on CaCl, (data not shown).
Six of these genes significantly (p = 3.96 x 10™*) overlapped
with the genes associated with “formation of bone” in the IPA.
The genes were SPP1, PTHLH, FGF1 (fibroblast growth factor
1), BMP2, PTGS1 (cyclooxygenase 1), and PTGS2 (cyclooxy-
genase 2; Cox2) (Table IV).

To determine the significance of the effects of different ti-
tanium treatments on osteogenic differentiation in hMSCs, we
used IPA. Differentially expressed genes that were signifi-
cantly influenced by NaOH, CaCl,, or Ca(OH), treatment were
compared with untreated controls in the canonical pathway
defined by IPA in osteoblast and are shown in Figures 5-7.
Genes that were not detected in untreated controls, but were
detected in hMSCs cultured on chemically modified titanium
are represented as “induced genes” in these figures. Genes
that were detected in untreated controls but not in hMSCs
grown on chemically modified titanium are indicated as “sup-
pressed genes”. The NaOH-treated titanium surface induced
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FIGURE 4. Confocal microscopy of hMSCs (A) and osteocalcin in hMSCs (B) cultured on chemically modified titanium disks for 28 days. Green:
CellTrackerTM Green Fluorescent Probe; red: Alexa Fluor 647 donkey anti-mouse. Images representative of three independent experiments are
shown. Fluorescence intensity of osteocalcin in cells on five random areas was measured with the microscope software (B) (FV10-ASW, Olym-
pus). Significant differences versus cells on untreated titanium are shown as *p < 0.05.

expression of the osteogenic promoter WNT and its cell sur-
face receptor Frizzled. Furthermore, NaOH treatment induced
expression of Axin and adenomatous polyposis coli (APC),
scaffold proteins that bind to intracellular Wnt/f-catenin sig-
naling molecules. The receptor activator of nuclear factor-
kappaB ligand (RANKL) decoy receptor osteoprotegerin
(OPG) was upregulated by NaOH treatment (Fig. 5). CaCl,
treatment induced expression of Frizzled, Axin, APC, and
osteogenic markers BMP and IGF-1. Bone matrix protein OPN
expression was upregulated by CaCl; treatment. Expression
of integrin B3 was also induced following OPN upregulation
by CaCl, (Fig. 6). Ca(OH), treatment induced LRP5/6 and
essential coreceptors of Wnt ligands for canonical B-catenin-
dependent signal transduction, in addition to WNT, Frizzled,
Axin, and APC. RANKL, which functions as a key factor for
osteoclast differentiation and activation, was induced by
Ca(OH),, in addition to BMP, IGF-1, and integrin B3. OCN
expression was also upregulated by Ca(OH), (Fig. 7).
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DISCUSSION

The surface characteristics and chemical composition of tita-
nium are critical in determining biocompatibility. The topog-
raphy of titanium affects protein adsorption™* and cell-ma-
terial interactions and regulates osteointegration,'%?%2437.:38
In this study, we evaluated the influence of chemically modi-
fied titanium surface topography on the incorporation of
calcium ions on osteogenic differentiation in hMSCs. Sodium
hydrogen titanate is formed on the titanium surface by al-
kali (NaOH) treatment; subsequently, apatite formation is
initiated on the chemically treated surface when it is soaked
in simulated body fluid.’®'® Apatite formation is slightly
improved on titanium surfaces treated with CaCl, after
NaOH treatment to incorporate calcium ions into the sur-
face.”® Therefore, we focused on calcium ion incorporation
into the titanium surface and investigated the influence of
that modification on hMSC differentiation toward an

CALCIUM-INCORPORATED TITANIUM SURFACES INFLUENCE



TABLE 1. Significantly Upregulated Genes in Cells Grown on NaOH-Treated Titanium Disks {Top 30)
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Symbol Entrez Gene Name Fold Change
TFPI2 Tissue factor pathway inhibitor 2 4.990
PTGS1 Prostaglandin-endoperoxide synthase 1 4.821
(prostaglandin G/H synthase and cyclooxygenase)
CXCL8& Chemokine (C-X-C motif) ligand 6 4.387
{granulocyte chemotactic protein 2)
PRSS1/PRSS3 Protease, serine, 1 {trypsin 1) 4.290
SERPINB2 Serpin peptidase inhibitor, clade B 3.989
{ovalbumin), member 2
IL6R Interleukin 6 receptor 3.612
PAPPA Pregnancy-associated plasma protein A, pappalysin 1 3.434
AOX1 Aldehyde oxidase 1 3.223
CSGALNACT 1 Chondroitin sulfate N-acetylgalactosaminyltransferase 1 3.197
YTHDC1 YTH domain containing 1 3.169
GPR56 G protein-coupled receptor 56 3.155
OASL 2-5-Oligoadenylate synthetase-like 3.091
C100rf18 Family with sequence similarity 208, member B 3.056
ITGB1 Integrin, beta 1 (fibronectin receptor, beta polypeptide, 2.996
antigen CD29 includes MDF2, MSK12)
HIST1H2BD Histone cluster 1, H2bd 2.992
GALNTL2 UDP-N-acetyl-alpha-D-galactosamine:polypeptide 2.911
N-Acetylgalactosaminyltransferase-like 2
IL17RC Interleukin 17 receptor C 2.892
TNFSF13B Tumor necrosis factor (ligand) superfamily, member 13b 2.736
FAMG65B Family with sequence similarity 65, member B 2.655
RIN3 Ras and Rab interactor 3 2.653
CCL2 Chemokine (C-C motif) ligand 2 2.647
FRAT1 Frequently rearranged in advanced T-cell lymphomas 2.645
CENPM Centromere protein M 2.634
TPD52 Tumor protein D52 2.624
TNFSF15 Tumor necrosis factor {ligand) superfamily, member 15 2.597
SFTPAZ2 Surfactant protein A2 2.574
NR4A2 Nuclear receptor subfamily 4, group A, member 2 2.571
IFI8 Interferon, alpha-inducible protein 6 2.567
SMCHD1 Structural maintenance of chromosomes flexible 2.541
hinge domain containing 1
PLCL2 Phospholipase C-like 2 2.488

osteogenic lineage. We also compared calcium ion modifica-
tion by CaCl, and Ca(OH),.

Experimental titanium disks were treated with aqueous
NaOH, CaCl,, and Ca(OH), solutions. hMSC morphology was
altered and proliferation was significantly reduced by cal-
cium surface treatment of titanium disks [Fig. 2(A,B)]. Sev-
eral studies have demonstrated a link between cell shape
and osteogenic differentiation in hMSCs.*”"*? In addition,
incorporation of calcium ions and apatite formation on the
titanfum surface treated with Ca(OH), were significantly
greater than on CaCl,-treated titanium disks [Fig. 1(B,C)]. To
investigate the osteogenic differentiation of hMSCs cultured
on chemically modified titanium disks, the expression of
structural genes for the bone matrix OPN and the marker of
bone formation OCN and OCN protein expression were
examined (Figs. 3 and 4). OPN transcription in hMSCs was
significantly upregulated by the calcium surface treatment,
and was significantly on Ca(OH),-treated disks than on
CaCl,-treated disks. OCN protein expression was also upreg-
ulated by Ca(OH), treatment; however, CaCl, treatment had
no effect on the transcript and protein expression of OCN.
We conclude that calcium surface treatment of the titanium
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disks influenced the osteogenic differentiation of hMSCs,
and Ca(OH), treatment of the titanium surface induced
osteogenic differentiation, whereas CaCl, treatment had a
limited effect.

To investigate the mechanism of osteogenic induction in
hMSCs by calcium ions, comparative gene expression pro-
files were assessed by DNA microarray and pathway analy-
ses. Several genes involved in osteogenic differentiation and
bone metabolism were significantly upregulated by the
chemical modifications of titanium. IL6R and ITGB1 were
significantly upregulated by NaOH (Table I). SPP1 (OPN),
MMP13, and ENPP1 were significantly upregulated by CaCl,
and Ca(OH); (Tables Il and III). Ca(OH), treatment also sig-
nificantly upregulated the expression of IL6R, ITGA2, BMP2,
and PTHLH (Table III). In addition, to differentiate the effect
of two kinds of calcium surface treatments on gene expres-
sion, we compared CaCl, and Ca(OH), treatments and found
that Ca(OH), treatment significantly upregulated expression
of BMP2, PTGS2 (Cox2), PTHLH, and SPP1 (OPN) in hMSCs
(Table 1V). Previous studies have demonstrated Cox2 func-
tion is essential for bone formation in rats*® and osteoblast
differentiation is stimulated through induction of Cox2 in
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TABLE ll. Significantly Upregulated Genes in Cells Grown on CaCl,-Treated Titanium Disks (Top 30)

Symbol Entrez Gene Name Fold Change
SPP1 (OPN) Secreted phosphoprotein 1 6.252
PRSS1/PRSS3 Protease, serine, 1 {trypsin 1) 4.009
MMP13 Matrix metallopeptidase 13 (collagenase 3) 3.882
GPR56 G protein-coupled receptor 56 3.640
C13o0rf15 Regulator of celi cycle 3.578
IGFBP1 Insulin-like growth factor binding protein 1 3.540
PTGS1 Prostaglandin-endoperoxide synthase 1 3.500

(prostaglandin G/H synthase and

cyclooxygenase)
TFPI2 Tissue factor pathway inhibitor 2 3.406
YTHDC1 YTH domain containing 1 3.371
CENPM Centromere protein M 3.235
COL15A1 Collagen, type XV, alpha 1 3.174
AQP1 Aquaporin 1 (Colton blood group) 3.149
RPL18A Ribosomal protein L18a 3.098
DUSP4 Dual specificity phosphatase 4 3.095
DIXDC1 DIX domain containing 1 3.016
TMEM158 Transmembrane protein 158 (gene/pseudogene) 2.791
C16orf57 Chromosome 16 open reading frame 57 2.787
SMCI1A Structural maintenance of chromosomes 1A 2.761
ARID5B AT rich interactive domain 5B (MRF1-like) 2.655
TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10 2.648
IL17RC Interleukin 17 receptor C 2.624
DCTN4 Dynactin 4 (p62) 2.605
ING3 Inhibitor of growth family, member 3 2.557
NOL6 Nucleolar protein family 6 (RNA-associated) 2.655
PLTP Phospholipid transfer protein 2.555
SLC29A1 Solute carrier family 29 (nucleoside transporters), member 1 2.507
MCM5 Minichromosome maintenance complex component 5 2.502
ENPP1 Ectonucleotide pyrophosphatase/phosphodiesterase 1 2.497
ADAMTS16 ADAM metallopeptidase with thrombospondin type 1 motif, 16 2.493
SMURF1 SMAD specific E3 ubiquitin protein ligase 1 2.491
TABLE Ill. Significantly Upregulated Genes in Cells Grown on Ca{OH),-Treated Titanium Disks {Top 30)
Symbol Entrez Gene Name Fold Change
SPP1 (OPN) Secreted phosphoprotein 1 17.721
MMP13 Matrix metallopeptidase 13 (collagenase 3) 16.725
RGS2 Regulator of G-protein signaling 2, 24kDa 8.677
TFPI2 Tissue factor pathway inhibitor 2 7.763
PTGS1 Prostaglandin-endoperoxide synthase 1 7.343

(prostaglandin G/H synthase and cyclooxygenase)

SLC16A6 Solute carrier family 16, member 6 {monocarboxylic acid transporter 7) 7.286
IGFBP1 Insulin-like growth factor binding protein 1 6.677
DUSP4 Dual specificity phosphatase 4 6.649
PCDH19 Protocadherin 19 5.943
PTHLH Parathyroid hormone-like hormone 5.630
GPRb56 G protein-coupled receptor 56 5.129
SLC29A1 Solute carrier family 29 (nucleoside transporters), member 1 4.924
C130rf15 Regulator of cell cycle 4.750
ENPP1 Ectonucleotide pyrophosphatase/phosphodiesterase 1 4.717
EREG Epiregulin 4.712
TNFSF10 Tumor necrosis factor {ligand) superfamily, member 10 4.436
CXCL86 Chemokine {C-X-C motif) ligand 6 (granulocyte chemotactic protein 2) 4.404
TMEM158 Transmembrane protein 158 (gene/pseudogene) 4.403
PRSS1/PRSS3 Protease, serine, 1 (trypsin 1) 4.397
BMP2 Bone morphogenetic protein 2 4.140
COL10A1 Collagen, type X, alpha 1 3.739
FOXQ1 Forkhead box Q1 3.670
MGP Matrix Gla protein 3.488
PLAU Plasminogen activator, urokinase 3.364
CENPM Centromere protein M 3.288
IL6R Interleukin 6 receptor 3.223
ITGA2 Integrin, alpha 2 (CD489B, alpha 2 subunit of VLA-2 receptor) 3.205
CLU Clusterin 3.163
FPR1 Formyl peptide receptor 1 3.114
ESCO2 Establishment of cohesion 1 homolog 2 (S. cerevisiae) 3.084




TABLE IV. Significantly Upregulated Genes Associated with
‘Formation of Bone’' on Ca(OH),-Treated Titanium Disks vs.
CaCl,-Trated Disks

Symbol Entrez Gene Name Fold Change
SPP1 Secreted phosphoprotein 1 2.835
(OPN) (Osteopontin)
PTHLH Parathyroid hormone-like hormone 2.308
FGF1 Fibroblast growth factor 1 (acidic) 2.202
BMP2 Bone morphogenetic protein 2 2.175
PTGS1 Prostaglandin-endoperoxide 2.098
synthase 1 (prostaglandin
G/H synthase and
cyclooxygenase 1)
PTGS2 Prostaglandin-endoperoxide 2.008

synthase 2 (prostaglandin
G/H synthase and
cyclooxygenase 2)

These genes significantly overlapped with the genes associated
with “formation of bone” by IPA (p = 3.96 x 10™%).
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mesenchymal progenitor cells.** BMP2 induces Cox2 in
osteoblasts*® and in mesenchymal cells.** It was also
reported that extracellular calcium increases expression of
BMP2.*7%%  Furthermore, the calcium-calcineurin-nuclear
factor of activated T-cell signaling pathway has an important
role in the PTH induction of Cox2.*’ Taken together, our
results suggest that Ca(OH), treatment of titanium disks
induces osteogenic differentiation in hMSCs via induction of
BMP2, Cox2, and PTHLH. In contrast, Smad signaling was
downregulated by chemically modified titanium surfaces
(Figs. 5-7). A previous study demonstrated that noncanoni-
cal BMP signaling regulates Cox2 transcription.*® These
observations suggest noncanonical BMP signaling (inde-
pendent of Smad signaling) might mediate the osteogenic
differentiation of hMSCs on Ca(OH),-treated titanium.
Postanalysis of microarray data was performed by IPA.
NaOH treatment induced the osteogenic promoter WNT and
its cell surface receptor Frizzled, as well as Axin and APC,

Oswoblast
diterentation

Ostecbiast

Survival of macrophage/ Osteoblast Osteoclast maturation,
osteaclast progenitor cells proliferation  differentiation and activation
and osteoclast differentiation

FIGURE 5. Differentially expressed genes in the canonical pathway in osteoblasts were significantly changed by NaOH treatment versus
untreated conditions. Upregulated {more than twice), downregulated (less than 1/2), induced, and suppressed genes are indicated in pink, green,

red, and light blue, respectively.
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FIGURE 6. Differentially expressed genes in the canonical osteoblast pathway on CaCl,-treated disks versus untreated disks. Upregulated (more
than twice), downregulated (less than 1/2), induced, and suppressed genes are indicated in pink, green, red, and light blue, respectively.

scaffolding proteins that bind to intracellular Wnt/[-catenin
signaling molecules. RANKL decoy receptor OPG expression
was upregulated by NaOH (Fig. 5). CaCl; treatment induced
expression of Frizzled, Axin, and APC as well as of the osteo-
genic markers BMP and IGF-1. The bone matrix protein OPN
was upregulated, and the expression of integrin B3 was
induced following OPN upregulation by CaCl, (Fig. 6).
Ca(OH); treatment induced LRP5/6 and essential coreceptors
of Wnt ligands for canonical [-catenin-dependent signal
transduction, in addition to WNT, Frizzled, Axin, and APC.
BMP, IGF-1, and integrin 33 were also induced by Ca(OH),. In
addition to OPN, OCN was upregulated by Ca(OH), (Fig. 7).
Wnt/B-catenin signaling in mesenchymal progenitors
controls osteoblast differentiation®’; surface properties of ti-
tanium regulate stem cell fate and induce osteoblast differ-
entiation via the Wnt calcium-dependent pathway and Wnt5a

2582 SAWADA ET AL.

enhanced osteogenesis through positive feedback with integ-
rins.”* Previous studies have shown the integrin family plays
a major role in osteoblastic differentiation on variously modi-
fied titanium surfaces.*>*** We observed that calcium modi-
fication of the titanium surface induced integrin 3 following
OPN upregulation. Wnt/B-catenin signaling in hMSCs was
also promoted by the calcium modification, more by Ca(OH),
than CaCl, treatment. These observations suggest that cal-
cium modification of titanium surfaces induces osteogenic
differentiation in hMSCs in the absence of osteogenic factors
by activation of Wnt/B-catenin signaling.

In this study, Ca(OH), treatment of titanium surface was
more effective to osteogenic differentiation in hMSC than
CaCl; treatment, this might be caused by the difference of the
amount of calcium ions and apatite formation on the titanium
surface between the two kinds of calcium treatments. We

CALCIUM-INCORPORATED TITANIUM SURFACES INFLUENCE
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FIGURE 7. Differentially expressed genes in the canonical osteoblast pathway on Ca(OH), versus untreated disks. Upregulated {more than
twice), downregulated (less than 1/2), induced, and suppressed genes are indicated in pink, green, red, and light blue, respectively.

suggested that Ca(OH), treatment of titanium disks induced
osteogenic differentiation in hMSCs by the upregulation of
BMP2, Cox2, and PTHLH compared with CaCl, treatment, and
the activation of Wnt/f-catenin signaling.

CONCLUSIONS

In this study, we chemically modified titanium surfaces with
CaCl, or Ca(OH), after NaOH treatment to alter the surface
topology and incorporate calcium ions; subsequently, we
investigated the influence of these treatments on osteogenic
differentiation in hMSCs in the absence of osteogenic supple-
ments. Calcium modification by CaCl, or Ca(OH), affects cell
morphology and molecular responses in hMSCs. Whole ge-
nome expression analysis suggested that calcium modifica-
tion of the titanium surface activates Wnt/}-catenin signaling.
In addition, Ca(OH), treatment upregulated expression of

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | SEP 2013 VOL 101A, ISSUE 9

BMP2, Cox2, and PTHLH. Ca(OH), treatment induces osteo-
genic differentiation in hMSCs, whereas CaCl, has a limited
effect; this may depend on whether there are significant dif-
ferences between treatments with respect to the amount of
calcium ions and apatite formation on the titanium surface.
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