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Abstract

Stimulation of osteoblast proliferation and diffetiation is important to thén vivo

bone-bonding ability of biomaterials. Previomsvitro studies have used biochemical

assays to analyze osteoblast-specific gene expressicultured osteoblasts. In this

study, we generated transgenic mice harboring aomernic red fluorescent protein 1

transgene under the control of a 2.3-kb fragmenthefCollal promoter, which is

active specifically in osteoblasts and osteocyWes.established a fluorescent primary

osteoblast culture system to allow noninvasive niag®n of osteoblast proliferation

and differentiation on opaque materialsvitro. We used this system to evaluate alkali-

and heat-treated titanium, which has a strong lameling abilityin vivo, and we

observed a rapid increase in fluorescence inteasity characteristic multifocal nodule

formation. A cell proliferation assay and RT-PCRetaamine osteoblast-specific gene

expression showed increased osteoblast proliferatinal differentiation consistent with

the fluorescence observations. This mouse modelwall us to use fluorescence

intensity to visualize and quantifin vivo newly formed bone around implanted

materials in femurs. The use of these fluorescetegablasts is a promising method for

simple screening of the bone-bonding ability of maaterials.



Introduction

Various biomaterials are available for joint imgknbone substitutes, and fixation

devices. Many alloys and surface treatments haem lakeveloped to improve their

affinity with bone tissue. The bone-bonding abilay these biomaterials is usually

evaluated using animal experiments in which themairial of interest is implanted

into bones of large animals, such as dogs andtsaland the bonding force is measured

mechanically using a detaching test [1] and theenwdtbone interface is evaluated

histologically. In practical terms, large animalpexrments are the most valid method

for predicting outcomes in humans. However, becaigbe high cost of the animals,

long experimental periods, and time-consuming agsagedures, such models are not

ideal for screening a large number of new biomaleri

To overcome these problems,vitro methods have been introduced to measure

proliferation and osteoblastic differentiation afitared cells on biomaterials. However,

there remain several drawbacks. First, to evalweoblastic differentiation by

analyzing osteoblast-specific marker genes anceproevels, cell cultures need to be

stopped at each examination time point, and thispeais time-lapse observations of the

same sample. Second, the cultured cells do nardiifiate uniformly on the material of

interest, and the positional information is inebljalost by homogenization of the cells



to extract proteins and mRNA. Third, because masinhterials are not translucent,

cells growing on the material cannot be visualizsihg standard light microscopy.

Fourth, most of the biochemical assay procedurescambersome and require many

reagents and complex equipment, which introduceptitential risk of contamination

and technical errors.

In this study we established a new evaluation sydte 1) simplify thein vitro

assay procedure to facilitate high-throughput strggand 2) enable serial evaluation

of cell differentiation on the same metal samplthaiit losing positional information.

Fluorescent proteins are used widely in noninvasimaging of living cells.

Fluorescence imaging systems are useful in thd 6€biomaterial evaluation because

the opacity and the surface roughness of most lgmats prevent the use of light

microscopy to obtain focused images. High-resotutinages from selected depths can

be obtained using fluorescence bioimaging with af@cal laser scanning microscope.

Several applications of fluorescence biocimagindmetogy for biomaterial evaluation

have been reported. Blum et al. used a rat fibsbislzell line transfected by retroviral

vectors harboring enhanced green fluorescent prdegsFP) and luciferase expressed

through the cytomegalovirus promoter to visualieiscseeded in a hydrogel material

and on titanium fiber mesh [2]. Xia et al. visuahlizcell survival in scaffolds aften



vivo implantation of human mesenchymal stem cells temtsd by retroviral vectors

encodingeGFP [3]. These methods are useful for evaluatatigsbhapes and numbers on

materials but they do not provide information abtet differentiation status of the cells.

To visualize the differentiation of cells grown biomaterials, it is necessary to restrict

the expression of fluorescence to specific stafjeslbdifferentiation.

The 2.3-kb fragment of the promoter@béllalis an osteoblast-specific promoter,

which was reported by Dacic et al. [4] to becomBvacspecifically in differentiated

osteoblasts and osteocytes [5]. In this study, eerated transgenic mice harboring a

monomeric fluorescent protein MRFPJ transgene under the control of t@ellal

2.3-kb promoter Qollal(2.3kb)-mRFPnice). Using calvarial osteoblasts harvested

from this mouse line, we established a primary alstest culture system to visualize

osteoblast differentiation on biomaterials.

To validate this system using fluorescent ostedblase evaluated alkali- and

heat-treated titanium as a positive control becdlisesurface treatment improves the

bone-bonding ability of titanium metal. We have agpd excellent bone-bonding

ability with this treatment evaluated by mechanitests using large animals [6] and

favorable clinical outcomes of hip implants thatvéareceived this treatment [7].



Enhanced osteoblastic differentiation of osteoblast titanium plates after alkali- and

heat- treatment has been reported by Isaac é]al. |

By analyzing the fluorescent images obtained lamytally from the same

samples, we quantified fluorescence as an indicafoigene expression and the

development of mineralized nodules. This systemeakd a rapid increase in

fluorescence intensity and a characteristic muéafalevelopmental pattern of calcified

nodules in cells grown on alkali- and heat-tredtishium plates. We performed vivo

evaluations of alkali- and heat-treated titaniuradus transgenic mice, and we obtained

similar results to those obtained from omrvitro evaluation. This is the first report to

show: 1) thein vitro andin vivo use of a fluorescence bioimaging system estalalishe

from transgenic mice harboring atRFP1transgene under the control of the osteoblast

specific 2.3-kb fragment of th€ollal promoter for biomaterial evaluation and 2) the

pattern of longitudinal nodule development on bitenals using images obtained

noninvasively from the same samples.

M aterials and methods

Preparation of titanium materials

Commercially pure (99.5%) titanium (CpTi) platésléco Co., Tokyo, Japan)



were cut to the sizes of 2818 x 1 mm for 6-well culture plates and %414 x 1 mm

for 12-well culture plates, and the titanium platgere polished with number 400

diamond plate. Alkali- and heat-treated titaniumhTA samples were produced as

described previously [6]. Briefly, titanium plate®re soaked in 5 M NaOH at 60 °C for

24 h and subsequently heated at 600 °C for 1 h.pfé@ously reported mean average

surface roughness (Ra) and maximum roughness (Rafak)e titanium plates were

0.32 and 3.63um for CpTi, 0.35 and 4.18m for AhTi, respectively [9]. Fom vivo

experiments, pure titanium wires with a diamete@.6f mm (Nilaco Co.) were used. All

samples were sterilized in ethylene oxide gas bealise. Photographs of these materials

are shown in Figure 1la and 1b.

Scanning electron microscopy

The materials were observed using a field-emisssmanning electron

microscope (SEM) (S-4700; Hitachi Ltd., Tokyo, Japat an acceleration voltage of 5

kV. The SEM images of the samples are shown inrEBidu—h. To observe the cells on

the materials, 2 days after seeding mouse calvasiabblasts on CpTi and AhTi plates,

the cells were fixed in 2% glutaraldehyde for T'he plates were rinsed gently with 0.1

M phosphate buffer at pH 7.2, dehydrated in anrethaeries, frozen in tert-butyl



alcohol, freeze-dried, and sputter-coated with goid palladium.

Animals

C57BL/6 transgenic mice harboring threRFP1gene under the control of the

2.3-kb Collal promoter fragmentGollal(2.3 kb)-mRFPfnice) were created (Figure

2a). Genotyping was performed by PCR using the  gmm

5-TCCCCGACTACTTGAAGCTG-3 and 5CTTGGCCATGTAGGTGGTCT-3

which amplify 317 bp ofmRFP1 (Figure 2b). The animal care and experimental

procedures used were approved by the Animal Rds€zmmmittee, Kyoto University,

and were performed according to the Regulation armal Experimentation at Kyoto

University.

Cell culture

Primary mouse calvarial osteoblasts were harvested the calvaria of 1- to

5-day-old neonatal transgenic mice using a modiboaof a previously described

protocol [10]. Calvarial bone fragments were sulgdcto five sequential 15 min

digestions in medium containing 0.1% collagenase(R®che Applied Science,

Indianapolis, IN, USA) and 0.00125% trypsin (SigAdrich, St. Louis, MO, USA),



and cell fractions 3—5 were collected. Cells wereded at a density ofx310°and 1x
10° cells/well in 6- and 12-well tissue culture polyene plates, respectively,
containing the titanium plates on the bottom. Celése grown in osteogenic medium
comprising DMEM (Sigma-Aldrich) supplemented witl0% fetal bovine serum
(Tissue Culture Biologicals, Long Beach, CA, USAQ mM B-glycerophosphate
(Sigma-Aldrich), 80ug/ml ascorbic acid (Sigma-Aldrich), and ¥™ dexamethasone
(Sigma-Aldrich) at 37 °C in a humidified atmosph&e5% CQ and 95% air. The

culture medium was replaced every other day.

Confocal laser scanning imaging of cell cultures

Fluorescence imaging of cultured cells was peréatnevery 4 days after
seeding until day 28. Fluorescence images wereingatawith a confocal laser
microscope (Nikon Instruments Inc., Tokyo, JapaniRFP1 was excited using a 543
nm laser and detected through a 590/50 nm bandfiitessFor each sample, one low
magnification (Z) field image and nine high magnification &)0field images were
captured in 51 531 pixels. The experiment was repeated threestianad the pinhole
setting and contrast gain were maintained forahs at the same magnifications. The

images were analyzed wusing NIH ImageJ free softwaagailable at



http://rsb.info.nih.gov/nih-image/. The number eflipixels was counted in each sample.

The threshold was maintained for all images. Thenisity of mRFP1 expression (total

fluorescent area) was defined as the total numblerrea pixels from nine

high-magnification (18) fields. Red fluorescent spots of >10 pixels in

low-magnification images ¢) were considered to be calcification nodules, #nsl

number and the size of nodules were analyzed ukagAnalyze Particle” function of

ImageJ.

2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrdimon-5-carboxanilide (XTT)

reduction assay

To measure cell number 2, 7 and 16 days afterirsggedn XTT (2,3-Bis(2-

methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-baxanilide) reduction assay was

performed as described previously [11]. Briefly050 of XTT working solution was

added to each well, the cells were incubated ftG¥or 6 h, and the absorbance was

measured on a microplate reader (Thermo LabSyst€&hgshire, UK). Specific

absorbance was calculated as follows: specificrblasce = A450 nm (test) — A450 nm

(blank) — A630 nm (test).

10



RT-PCR

Total RNA was extracted using the RNAeasy Mini K@iagen, Hilden,

Germany) according to the manufacturer’s instrungtioThe quality of RNA was

confirmed by electrophoresis using an agarose iethithromide gel. From each sample,

200 ng of RNA was reverse-transcribed with randammers using the Transcriptor

First Strand cDNA Synthesis kit (Roche Applied $ce). Real-time PCR was

performed to assess the expression levels of tmesgéype | collagenCollal),

osteocalcin Qcn), and alkaline phosphatas#lf) using the carousel-based LightCycler

system (Roche) with FastStart DNA Master SYBR Griggoche). The primers were as

follows: glyceraldehyde 3-phosphate dehydrogenase (Gapdh,

5-TGTCCGTCGTGGATCTGAC-3 and 5CCTGCTTCACCACCTTCTTG-3 Alp,

5-ACTCAGGGCAATGAGGTCAC-3 and B3CACCCGAGTGGTAGTCACAA-3,

Collal, 5-CTCCTGGCAAGAATGGAGAT-3 and

5'-AATCCACGAGCACCCTGA-3; and Ocn, 5-AGACTCCGGCGCTACCTT-3and

5'-CTCGTCACAAGCAGGGTTAAG-3.

Surgical procedure

Ten-week-old maleCollal(2.3 kb)-mRFP1mice were anesthetized by

11



intraperitoneal injection of pentobarbital sodiu#® (mg/kg). The lateral thigh and knee

joint were incised, and the knee joint was opengedbdially dislocating the patella. A

hole was drilled into the intercondylar fossa wéh23-G needle, and a treated or

untreated titanium wire was tapped from the hole the medullary cavity until it broke

through the cortex of the greater trochanter. Berlds of the wire were bent and

trimmed, and the knee joint and skin were sutufest eeducing the patella.

Imaging of mMRFP1 fluorescence of the intrameduliaings

Mice were sacrificed 28 days after the implantatibhe distally protruding

wire was cut and the rest of the wire was pullet poximally. From the distally cut

end, 2 mm was excluded, and the remaining 8 mmseasas the region of interest.

Fluorescence images were obtained just after veneoval using a stereomicroscope

(SZ2X12; Olympus, Tokyo, Japan) equipped with a rbsoent lamp system with the

same conditions and exposure time. For each wire, entire circumference was

captured in two images taken from the top and titem. The number of red pixels on

the wire was counted.

Histological examination

12



Twenty-eight days after implantation, the mice aveacrificed and the right

femur was removed and fixed in 10% phosphate-bedféormalin (pH 7.25) for 7 days

and dehydrated in an ethanol series. The specimwens then embedded in EpoFix

Resin (Struers, Ballerup, Denmark) and cut withaadsaw (BS-3000CP; EXACT

cutting system, Norderstedt, Germany) perpendictdathe longitudinal axis of the

femur. For each sample, three sections were chi@sdatrochanteric, middle shaft, and

supracondylar regions). The sliced samples werangtdo a thickness of 40—60m

using a grinding-sliding machine (microgrinding MBO0; EXACT). The sections

were stained with Van Gieson’s picrofuchsin [12heTratio of bone contact relative to

the total perimeter of the implant was defined lees dffinity index and was quantified

using ImageJ.

Statistical analysis

The data are presented as the mean + SD and ssgesad using Studerit's

test to compare two groups. Differences vath 0.05 were considered significant.

Results
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Specific expression of red fluorescence was obsganveivoin bone tissues and vitro

in differentiated osteoblasts

To verify the tissue specificity of mRFP1 expressifluorescent images were

obtained in neonatal mice. Images of forelimbs Gt@ay-old transgenic mouse using

light and fluorescence microscopy are shown in fledic. Red fluorescence in the limb

skeleton was observed through the skin of the g@ms mouse. The calvarial bone

showed a high level of expression of mRFP1 (FigRd). Each osteoblast was

visualized in the calvaria using a confocal laseacroscope (Figure 2e and 2f).

Macrofluorescence photography and observationsradeh sections of an exposed

femur of a 3-week-old transgenic mouse showed nordiscence in the growth plate

and articular cartilage (Figure 2g and 2h). Thetasned expression of mRFP1 was

confirmed in a 10-month-old transgenic mouse (Fadiij.

To confirm this transgene expression in cultureltuced osteoblasts were

observed with fluorescence imaging. Figures 2] akdshow images obtained using

light and fluorescence microscopy to observe cettuosteoblasts in a polystyrene

culture dish on day 16. Red fluorescence was obdemainly in areas dense with

osteoblasts. Serial observation of osteoblasts itamium plates using a confocal

microscopy showed that fluorescence became detecaabund culture day 7 and the

14



fluorescent area increased progressively over tifrgare 21).

Osteoblasts grown on AhTi plates expressed reddhognce in a larger area throughout
the observation period compared with those growphi plates

To visualize the time course and spatial distrdyubf osteoblast proliferation
and differentiation on the biomaterials used irs ttulture system, serial images of the
same sample sets were obtained over 4 weeks (F3guréAs shown in Figure 3b, the
fluorescent area began to increase on culture 8aynlboth materials. The fluorescent
area on day 16 was three-times larger on AhTi plétes5x 10°+ 3.87 x 10 pixels)
compared with CpTi plates (4.39 10" + 4.45 x 10" pixels), and this difference
continued throughout the observation period. Howebe average daily increase in the
total fluorescent area between day 16 to day 24 a8 x 10* pixels/day for CpTi

plates and 5.68 10" pixels/day for AhTi plates, which did not differtaeen materials.

Multifocal nodule formation was observed on AhTatels
The nodule numbers counted as fluorescent spdtsvimagnification images
are shown in Figure 3c, and the average sizeseskthodules are shown in Figure 3d.

On day 16, the nodule number was three times highttre AhTi plates (66.7 £ 9.45)

15



than in the CpTi plates (17 + 6.93) € 0.05). By contrast, the average nodule size was

1.5 times larger in the AhTi plates (110 = 1.219rthn the CpTi plates (73.3 £ 06 <

0.05). To gain an overview of nodule developmehg distribution of the sizes and

numbers of nodules in a sample is shown in FigeteTBere were more small nodules

in the AhTi plate throughout of the observationiperTable 1). These results indicate

that AhTi plates accelerated the onset of diffeatioin, but once the process had started,

the progression was affected less by the treatment.

SEM observations, XTT assay, and RT-PCR showedeased proliferation and

differentiation of osteoblasts on AhTi plates

SEM observations, XTT assays, and RT-PCR analysie performed to relate

the results obtained by fluorescence observationknbwn indicators of osteoblast

proliferation and differentiation. SEM observatiams culture day 2 showed favorable

attachment of osteoblasts to both materials (Figda¢ The morphology of the

osteoblasts differed between materials: osteoblaste large and flat on CpTi plates

but small and rounded on AhTi plates. These diffees in shape reflect differences in

the surface characteristics of the materials. Tdsilts of the XTT analysis of cell

number are shown in Figure 4b. On day 2, the méaorhance was 60% higher for

16



AhTi plates (0.201 + 0.0352/d@nthan for CpTi plates (0.121 + 0.0393/A)np < 0.05).
However, no significant difference was observedday 7 and day 16, indicating that
AhTi treatment promoted cell adhesion and proliferg which were related to the
accelerated onset of fluorescence expression on@#aies.

Osteoblast-specific gene expression levels wererm@ted using RT-PCR on
days 2, 7, 14, and 16 (Figure 4A8)Jp expression increased throughout the observation
period for cells grown on both materials. The celisAhTi plates had a nonsignificantly
higherAlp expression level on day g € 0.06), day 144 = 0.06), and day 16 (p = 0.06)
compared with cells grown on CpTi plat&cn expression increased on day 14 for both
materials. These results are compatible with theirfig that the fluorescence expression
driven by theCollal2.3-kb promoter started increasing around day 1thofigh the
expression levels were low, significantly higl@nexpression levels were observed on
AhTi plates on day 2p(< 0.05) and day 7p(< 0.05) compared with those observed on
CpTi platesCollalexpression for both materials increased througtiwibbservation
period, but its expression did not differ signifitly between CpTi and AhTi plates (day

2,p=0.51; day 7p = 0.62; day 14p = 0.27; day 16, p = 0.79).

Bone formation around the materials was visualed quantified in then vivo system

17



Next, to assess the application of this systenmfervo evaluation of materials,

we quantified the newly formed bone around theamedullary materials in the

fluorescence images. The gross appearance of theatoe procedure and an Xx-ray

image of the implanted wire are shown in Figureabd 5b. Twenty-eight days after

implantation, the wires were removed and fluoreseemages were obtained (Figure

5c). The fluorescent area was five times largerttier AhTi wires compared with the

CpTi wires (Figure 5d). Newly formed bone was atgmantified using the affinity

indexes obtained from histological sections staimgth Van Gieson’s picrofuchsin

(Figure 5e). The affinity index was 60% higher #&hTi wires (46.1% + 22.9%)

compared with CpTi wires (27.9% + 33.5%). Thesaultesare compatible with the

fluorescence observations (Figure 5f).

Discussion

Several noninvasive bioimaging techniques to \igea osteoblast

differentiation have been reported. Bar et al. reggb a bioluminescence imaging

method to visualize differentiation of bone marrderived mesenchymal stem cells to

osteoblasts in transgenic mice harboring the firkftiferase gene under the control of

the human osteocalcin promot&QC) [13]. They also reported the time course of the

18



expression of luciferase durimg vivo skeletal development and bone repBxpression

of the hOC promoter is restricted to fully differentiated @sblasts. However, in the

field of material evaluation, a broader range dfedentiation stages is preferable for

imaging, and bioluminescent imaging is inadequaie dbtaining high-resolution

images. Kuhn et al. [5] reported a fluorescenceginsystem to observe osteoblasts

from transgenic mice harboring ti@FP transgene under the control of the 2.3-kb

fragment of theCollal promoter cultured on carbonated hydroxyapatitdezbalisks.

In this study, we used mRFP1 instead of GFP becalige greater tissue penetration

and spectral separation from autofluorescence #ret 8uorescent proteins [14], which

enabled us to perform additional vivo evaluation of the materials free of background

fluorescence. mRFPL1 is a true monomeric varianh®efred fluorescent protein DsRed

isolated fromDiscosomasp. In contrast to DsRed, which is known to affacibryonic

stem cell development due to its obligate tetrana¢ion [15], the safety of mMRFP1 has

been well established. Transgenic mice with a utngsly high expression of mRFP1

have been reported to show no difference from thein-transgenic littermates in

embryonic development, adult organ maturation [1&hd neural and muscular

functions [17]. The irradiation damage caused lgsar to induce fluorescence may be

of concern. However, scanning electron microscayiservation of cochleas stained

19



with fluorescent dyes after laser irradiation usoogfocal laser microscopy showed no
cellular or ultrastructural damage at a normaldasiensity [18]. Therefore, fluorescent
imaging using MRFP1 may be a suitable method ®mtm-invasive imaging of living
cells. Another report involved imaging of alkaline phosfas® activity using a
fluorinated ALP substrate detected witliluorine magnetic resonance spectroscopic
imaging after hydrolysis [19]. Although this methisda useful noninvasive method to
visualize osteoblasts, it requires special reagamiisanalytical equipment.

Formation of a calcified extracellular matrix is @pvious indicator of osteoblast
maturation. Quantification of calcified nodulesafien used to evaluate the vitro
bone-bonding ability of biomateria[20]. Several techniques for detecting nodules or
mineral deposition on opaque materials have beported. They include histological
methods (von Kossa or Alizarin Red S staining)piflesscence labeling (tetracycline,
calcein blue, etc.) [21, 22], detection of the tallge structure of calcium phosphate
using X-ray diffractometry, Fourier transform infea spectrometry (FTIR) [23], and
scanning electron microscopy. [24, 25] Histologiaahlysis is easy and has been used
for decades. However, except for FTIR, none of éheschniques can distinguish
cell-mediated calcification from spontaneous prigaijpn of calcium phosphate in

degraded tissues. In this study, the fluorescebstance was produced by transgenic

20



mice, and the fluorescence detected from nodulésitddy reflected cell-mediated

calcification. Our method may be the first valid thed for detecting cell-mediated

calcification.

We performed serial observation of the same saamdefound that materials with

bone-binding ability showed multifocal developmeftnodules from the time of the

initial formation but that the rate of the increanmesize of the nodules did not differ

between the materials. Maeda et al. [22] reportesdr thoninvasive observations of

nodule formation and quantified the time-dependmctease in green fluorescent

emission from calcein-labeled nodules formed bymmasenchymal stem cells cultured

in osteogenic medium supplemented with calcein. éi@x, they did not evaluate the

characteristics of individual nodules. Our studthis first to quantify both the change in

nodule number and average size with time in cellsvg on biomaterials. We found a

difference in the pattern of nodule formation betwematerials according to their

bone-bonding ability. AhTi plates had acceleratedwgh and multifocal nodule

formation. In large animal experiments, the appiocca of alkali and heat treatment

accelerates the increase in failure load in detachtests [6].The failure load of alkali-

and heat-treated implants was significantly highan that of control titanium implants

at four weeks. Although further studies on othemdsbonding biomaterials are required,

21



the acceleration of an increase in failure laadivo may be explained by accelerated

multifocal bone—material bonding, which is repréedras multifocal nodule formation

in vitro.

In this study, we also used fluorescence imagegutmtify new bone formation

around the biomateriah vivo. Compared with conventional histological evaluatithis

technique is easy to perform and requires no saprplgaration before observation. The

bone-bonding ability of biomaterials has not beeal@ated in transgenic animals with

an introduced fluorescent marker gene. This mayobeause the genetics of large

animals commonly used in biomaterial evaluationehamot been well studied and

gene-modified animals are not available. Althougltemare too small to perform

mechanical tests, oum vivo experimental model is useful for confirming theuks of

anin vitro culture system and may be a promising modalitytl@rin vivo study of

biomaterials.

Lastly, from the point of animal welfare, this sist may help reduce the number

of animals needed for experimental work. Evaluathmgsame sample repeatedly would

require fewer samples and cells, and hence fewanatal mice. Establishment of an

osteoblastic cell line from this transgenic mousauld reduce the number of

experimental animals needed for research evendiurth

22



In conclusion, we performed noninvasive serial olem#ons of osteoblast
proliferation, differentiation, and nodule formation biomaterials. This system may be
a promising method for screening and studying thenekbonding ability of

biomaterials.
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Tablel. Numbers of nodules smaller than3m<el
day4 day8 dayl2 dayl6 day20 day24 day28

CpTi 0 0 1 7 23 49 12
ANhTi 0 0 5 37 43 54 75
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Figurelegends

Fig. 1 Images of the materials.

a. Photograph of CpTi and AhTi plates farvitro cell culture.

b. CpTi and AhTi wires foin vivo experiments.

c. Scanning electron microscope (SEM) image of théasarof a CpTi plate.

d. High-magnification image showing the smooth surfatca CpTi plate.

e.SEM image of a CpTi wire.

f. Low-magnification image of the surface of an AhTatp is similar to that of a CpTi

plate.
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g. Submicron rough structures observed on an AhTeplat

h. SEM image of an AhTi wire.

Fig. 2 Establishment o€ollal(2.3 kb)-mRFPttansgenic mice.

a. The structure of the Collal-mRFP1 transgene isshbhemRFP 1ltransgene is

under the control of the 2.3-kb fragment of promateCollal

b. Genomic PCR analysis of tneRFPltransgene.

c. mMRFP1 expression was observed in the limb skeleftan7-day-old transgenic

mouse.

d. High expression of mRFP1 was observed in a calwaagfia 7-day-old transgenic

mouse.

e. Confocal fluorescence images of a calvarium.

f. Individual osteoblasts are visualized in a high-mfgation image.

g. Fluorescence images of an extracted femur of ag«wé mouse.

h. Zoomed image of the white boxed area in the fresgmtion image shown in g.

I. Macro- and frozen-section fluorescence imagesidi-enonth-old transgenic mouse.

J. Microscopic image of cell culture on day 16.

k. mMRFP1 was observed in the dense cellular area.
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|. Serial observations of cultured osteoblasts growa @tanium plate. Development of

nodules can be seen.

Fig. 3 Time-lapse observations of the fluorescence afaisasts cultured on CpTi and

AhTi plates and analysis of nodule formation.

a. Serial low-magnification images of a CpTi plate amdAhTi plate obtained by

confocal fluorescence microscopy. Scale bar, 580

b. Changes in total fluorescent area on CpTi and Altéies. Images were obtained by

time-lapse observations of the same sampleJ).

c. Changes in nodule numbers counted in low-magniinamages.

d. Changes in average size of nodules. Data showndrale mean + SD. 13 < 0.05.

e. Distribution of the size and number of nodulesnnradividual sample.

Fig. 4 Evaluation of proliferation and differentiation @$teoblasts cultured on CpTi and

AhTi plates using conventional methods.

a. SEM images of osteoblasts cultured on a CpTi ori/ltdte on day 2. White

arrowheads indicate the cell body.

b. The results of XTT assay on culture days 2, 7,hdhow greater proliferation of

cells grown on AhTi plates compared with those gramm CpTi plates on day p €

0.05).
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c. Real-time RT-PCR analysis @obllal Alp, andOcnexpression. Data are presented

as mean + SDn(=4), *p < 0.05. Fold changes are adjusted relativéapdh

expression.

Fig. 5 In vivo evaluation of CpTi and AhTi wires.

a. A sample wire was placed in the right femurhaf inouse, the ends of the wire were

bent, and the skin was sutured over them.

b. X-ray image of an implanted wire.

c. Fluorescent images of extracted wires were nbth28 days after implantation.

Zoomed images of white boxed areas of CpTi and Aétes are shown on the right

of each image.

d. Newly formed bone around the wires was deteaseedd spots and the areas were

measuredr( = 4). AhTi wires showed significantly larger fl@scent areas compared

with CpTi wires p < 0.05).

e. Cross-sectional slices of CpTi and AhTi wireplamted for 28 days in mouse femurs.

Zoomed images of yellow boxed areas are shown®nght. Bone tissue stained

red with Van Gieson’s picrofuchsin is observed loa surface of the AhTi wire but

not on the CpTi wire.
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f. Affinity indexes of CpTi and AhTi wiresn(= 4). The affinity index was significantly

higher in the AhTi wires than in the CpTi wirgs< 0.05). Data are presented as mean +

SD (h=4), *; p<0.05.
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