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Having desirable features as a biomaterial, including light weight, excellent mechanical
properties, and high biocompatibility, with high bone affinity, titanium has been widely used
in clinical settings to fix and repair bone fractures in many fields,!!*! including orthopedics,
face-head-neck surgery, dentistry, and oral surgery.[*®! However, because the Young's
modulus of titanium is much higher than that of cortical bone, titanium plates can cause stress
shielding, a phenomenon in which prolonged contact with bone reduces the physical load on
bone leading to bone embrittlement.l” Therefore, conventional titanium plates require repeat
surgery to remove them after the fracture has healed,!'”! and plate removal can pose risks
resulting from bone formation around the plate, including difficulty with removing the plate,

1141 Interlocking plates, which are implanted slightly above the bone

infections, and pain.!
surface, must likewise be removed because they can cause stress shielding.['”) As shown in
Table 1, the various titanium alloys have different Young’s moduli. The currently available
orthopaedic applications use Ti6Al4V or beta alloys, which have lower Young’s moduli, to
prevent stress shielding. However, the Young’s modulus of human cortical bone is reportedly
10-30 GPa, and thus considerably lower than the Young’s moduli of titanium alloys, although
it varies with age, health, sex, race, and other factors among human subjects. [+ 1517
Consequently, stress shielding is unavoidable regardless of the type of titanium plate used,
and it is therefore desirable to remove the plate from the bone after completion of bone
repair.l’”]

On the other hand, the number of patients needing repair of major bone defects during
surgery for intractable fractures, bone tumor extirpation, spinal fixation, joint replacement,

18-22]

and the like has been increasing.! Such patients often undergo autologous bone

transplantation or allogeneic bone transplantation.*3-2¢]

However, both techniques are
problematic: autologous bone transplantation, because of limits on the amount of bone that

can be collected and the invasiveness of the bone harvesting technique; and allogeneic bone

transplantation, because of its high cost, etc..[*>?* Therefore, there are expectations that the
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recent advances in bone regenerative medicine will have practical use. As such, bone
regenerative medicine requires a scaffold to serve as a basis for bone formation by retaining

[27] however, investigations of various materials have not yet find the

growth factors and cells;
most appropriate scaffold.[?3-2] Although conventional titanium plates are candidate scaffolds,
bone forms on them and so they cannot be removed.**! Therefore, the conventional
titanium plate must remain implanted after bone regeneration, which in turn poses problems
including embrittlement of the regenerated bone and stratum bone due to stress shielding.

For these reasons, there has been great interest in the development of titanium plates
that need not be removed because they do not produce stress shielding even after prolonged
contact with bone, and act as a scaffold for fracture treatment and bone tissue regeneration.
We expected that titanium fiber plates (which are easily prepared by simultaneously applying
compression and shear stress to titanium fibers without heat treatment) would have these
features.’”) In the present study, titanium fiber plates having a Young's modulus similar to
that of bone cortex (unlike conventional titanium plates) and a porosity suitable for scaffolds
for growth factors and cells essential for bone regeneration were prepared by choosing the
optimum titanium fiber materials, stress and load. Moreover, the utility of the plates for
fracture repair and bone tissue regeneration was evaluated in vitro and in vivo.

A titanium fiber plate having a thickness of 0.2 mm was molded by simultaneously
applying compression and shear stress to titanium fibers (Pure titanium, grade 1; diameter, 20
um; mean length, 500 um; aspect ratio, 25) at normal room temperature (Figure 1a,b) (see
Supporting Information).’®] A circular plate having a diameter of 5 mm and a 5 mmx20 mm
rectangular titanium fiber plate were prepared. A circular conventional titanium plate (2-2)
(Pure titanium, grade 1) with the same diameter and thickness was used as a control. The
Young's modulus of the titanium fiber plate was approximately 30 GPa, which is similar to
that of cortical bone, i.e., 10-30 GPa. By comparison, the Young's modulus of the

conventional titanium plate is approximately 110 GPa, which was approximately 4-10 times
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that of cortical bone.[*) The titanium fiber plate had a porous structure with compressed
titanium fibers, and its porosity was 30—40% and pore diameter was 60—80 um, which were
considered to be suitable for bone regeneration in past reports (see Supporting
Information).*®! The titanium fiber plate but not the corresponding conventional titanium
plate could be manually reshaped into a curved three-dimensional structure.

Mouse pre-osteoblast MC3T3-E1 cells were seeded on a 5-mm disc of titanium fibers
and 5-mm disc of conventional titanium at an initial cell density of 1.0x10° cells/plate. A 96-
well cell culture plate served as a control. Twenty-four hours later, the cell nuclei of the
MC3T3-E1 cells were stained with Bisbenzimide H33342 Fluorochrome Trihydrochloride
(H33342) and examined under a fluorescence microscope. Cell adhesion was good up to the
periphery of both the titanium fiber plate and the conventional titanium plate (Figure 2a).
After 2 and 5 days of culture, cell proliferation was measured using an Alamar blue assay. For
the titanium fiber plate, conventional titanium plate, and cell culture plate, the extent of cell
proliferation was statistically significantly greater on Day 5 than Day 2 (p<0.01); similar on
Day 5 between the titanium fiber plate and the conventional titanium plate (p=0.45); and
statistically significantly greater on the titanium plates than on the cell culture plates (p<0.01)
(n=3) (Figure 2b).

Bone marrow mesenchymal stem cells from the femur of a male Wistar rat at 10 weeks
of age were cultured in a 10 cm dish. To promote osteoblast differentiation, recombinant
human bone morphogenetic protein-2 (thBMP-2) was added at a concentration of 100ng/mL
to the culture broth, and the cultivation was continued for 7 days. Differentiated osteoblasts
were seeded onto the titanium fiber plate and the conventional titanium plate. On Day 1 after
seeding, the cells were stained with H33342 to visualize the nuclei, stained with Phalloidin-
FITC to visualize actin fibers, and examined under a confocal laser microscope. On both

plates, the differentiated osteoblasts had extensive cell processes. On the titanium fiber plate,
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the osteoblasts adhered along the length of the titanium fibers (Figure 3a). Scanning electron
microscopy showed that the titanium fibers were wound around the cell processes (Figure 3b).

Rat bone marrow mesenchymal cells, 1.0x10°cells, were stimulated to differentiate into
osteoblasts in the presence of thBMP-2 over 7 days, and the osteoblasts were seeded onto
titanium fiber and conventional titanium plates. One day later, we collected the total RNA,
synthesized cDNA, and then evaluated the expression level ratios for cell-adhesion-related
genes using the RT2 Profiler PCR Array for adherens junctions (n=3) (Figure 3c). Of the 84
genes examined, 8 were expressed at statistically significantly higher levels in cells adherent
to the titanium fiber plate vs the conventional titanium plate (Table 2). In particular, the
expression level was 69.7 times higher for Dsp, 22.2 times higher for Dsc3, 8.7 times higher
for Ppap2b, and 5.3 times higher for Dsc2. On the other hand, 9 genes were expressed at
statistically significantly higher levels in cells adhering to the conventional titanium plate
(Table 3). In particular, the expression level was 13.6 times higher for Cdh and 10.6 times
higher for DIg5. The mode of osteoblast adhesion differed at the gene level.

A 3x3x3 mm comminuted fracture was created at the center of the ulnar stem of 6 male
Japan White rabbits at 6 weeks of age. A 5 mmx20 mm rectangular titanium fiber plate was
pressure-bonded to the comminuted fracture in 3 rabbits, and fixed to the ulna using two
stainless steel miniature screws (Figure 4a). The comminuted fracture in the remaining 3
rabbits (the control group) was left untreated (Figure 4b). Four weeks later, the extent of
repair was evaluated using scout radiograms and micro-computed tomography (LCT) images.
No fragment dislocations occurred, and no implant breakage was found in the titanium fiber
plate group. Bone repair with circumferential bone union was adequate in the implant group
but inadequate (with some portions of the fracture found to lack bone continuity) in the
control group (Figure 4c,d).

Disc-shaped titanium fiber plates and conventional titanium plates were coated with 5

pg of thBMP-2, and each of four male ddY mice received a plate implant inserted into its
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back muscle at 6 weeks of age. The mice were sacrificed at Week 3 after implantation, and
areas of their back muscle were photographed using uCT. The puCT images revealed distinct
ectopic bone formation on both the titanium fiber plates and the conventional titanium plates
(Figure 5a). The bone volume/tissue volume (BV/TV) (cm?) of each area of ectopic bone was
calculated for each mouse. Since mean CT values were measured, total bone mass was
calculated and compared. The volume of bone formed was 0.56+0.02 cm?around the titanium
fiber plate and 0.53+0.2 cm’around the conventional titanium plate, showing no significant
difference (p=0.83). The total bone mass was 347.4+59.5 mg for the titanium fiber plate
group and 364.5+145.4 mg for the conventional titanium plate group, showing no significant
difference between the two groups (p=0.73) (Figure 5b).

After uCT photographing, the titanium fiber plates and the conventional titanium plates
were resected, along with soft tissue around each of them, and prepared as tissue specimens
for examination under a light microscope. Ectopic bone formation was found around both
plates, and bone tissue formation was also observed in the interspaces of the titanium fiber
plate (Figure Sc).

Bone marrow mesenchymal stem cells from the femur of male Wistar rats at 10 weeks
of age were cultured in thBMP-2-containing a-MEM medium for 7 days, and subjected to an
alkaline phosphatase (ALP) assay. The cells cultured in thBMP-2-containing medium had
significantly more ALP activity compared with cells cultured in thBMP-2-free medium
(BMP+; 1.825+0.415 mol/g vs BMP-; 1.0524+0.067 mol/g, p=0.001), and were subsequently
shown to have differentiated into osteoblasts (Figure 6a). Cells seeded onto titanium fiber
plates or conventional titanium plates at 1.0x10° cells/plate were cultured overnight to allow
them to adhere. One 5 mm wide defect was created in the center of the skull of each male
Wistar rat at 10 weeks of age, and the cell-coated titanium fiber plate or cell-coated
conventional titanium plate was placed in the defect (n=5). Eight weeks later, the rats were

sacrificed; histological specimens of the skull were prepared, and the bone regeneration
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capacity was evaluated. In both groups, a trabecular structure with bone marrow tissue was
observed at the interface of the implant with the skull bone defect. Bone tissue had formed
around the titanium fiber plate, and bone regeneration was good. However, bone tissue
covered only part of the conventional titanium plate, and regeneration in the defect was
inadequate (Figure 6b). The percentage contact between the plate and the bone tissue
(defined as the length of regenerated bone tissue covering the plate/the full length of the plate)
was approximately 2.8 times, statistically significantly higher, for the titanium fiber plate than
for the conventional titanium plate (72.0+£27.1% vs 25.4+17.7%, p=0.012) (Figure 6c).

Our titanium fiber plates, unlike conventional titanium plates, are prepared by
compressing titanium fibers at normal room temperature into plates without changing the
fiber shape. This simple process of ours produced titanium fiber plates having a Young’s
modulus similar to that of bone cortex and less than 30% of that of conventional titanium
plates of the same thickness. Therefore, the titanium fiber plate does not cause bone
embrittlement even after close contact with bone for prolonged periods, thus compensating for
the major drawback of conventional titanium plates, and finding application in a range of
fixation and bone tissue repair uses at various sites of the body. Furthermore, taking
advantage of titanium fibers as a base material, we were able to use the titanium fiber plate as
a scaffold for bone regeneration. Specifically, since the shape of titanium fibers is preserved
without special treatment, a unique porous environment is created throughout the plate.[*®!

Data on the Young’s modulus, as the most representative mechanical property of
titanium fiber plates involved in stress shielding, are presented. Although stress shielding is
influenced by other mechanical properties, the Young’s modulus has been used in many
previous studies on bone fixation materials and stress shielding.*’**While the threshold of
the Young’s modulus for non-occurrence of stress shielding remains disputable, a recent study
reported that stress shielding decreases with decreasing Young’s modulus.”) In addition,

titanium fiber assemblies undergo different levels of stress depending on the orientation of the
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fibers. However, as evident from Figure 1c, the Young’s modulus did not change depending
on the direction of pulling because the titanium fibers in the titanium fiber plates were aligned
randomly.

With regard to porous bodies, there are generally diverse opinions on the best pore
diameter for the promotion of bone ingrowth. As a previous study reported that neoplastic
bone ingrowth into pores can occur with a pore diameter of <50 um, the pore diameter of our
titanium fiber plates was set at 60—80 um. However, it should be noted that this pore diameter
can be adjusted as appropriate at the time of molding. Therefore, it is possible to prepare a
titanium fiber plate with the best pore diameter suitable for the anatomical site and manner of
use. **) Meanwhile, because titanium fiber plates have a fiber-stacked structure, it remains
unknown whether their interconnections are as effective as those in ordinary porous bodies,
and thus further investigations are needed. Although titanium meshes, a form of porous
titanium, are already used in clinical applications, they are nothing more than ordinary
titanium plates with artificial pores, being completely different from titanium fiber plates in
terms of manufacturing method, structure, and mechanical properties.**4%-*!1 Although such
titanium meshes have lower Young’s moduli than those of ordinary titanium plates, their
Young’s moduli cannot be close to the Young’s modulus of human cortical bone, unlike the
case for titanium fiber plates.[****] As the present study was the first to examine the capacity
of titanium fiber plates for bone repair, we used conventional titanium plates as controls
because they can be defined by material and size only, unlike titanium meshes that are highly
variable in porosity and pore size. Further investigations are required to compare titanium
fiber plates and titanium meshes, including their genetic expression profiles.

In vitro testing showed that the extent of osteoblast adhesiveness and proliferation was
nearly the same on titanium fiber and conventional titanium plates. However, morphological
examination showed that osteoblasts adhered to the titanium fiber plate as the titanium fibers

were wound around the cell processes. After culturing osteoblasts differentiated from bone
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marrow mesenchymal cells for 1 day, we identified 8 cell adhesion genes with higher
expression levels in cells on the titanium fiber plate than in cells on the conventional titanium
plate and 9 cell adhesion genes with higher expression levels in cells on the conventional
titanium plate than in cells on the titanium fiber plate. As stated above, expression levels for
cell-adhesion related genes differed between cells on fiber plates and cells on conventional
plates, suggesting a difference in cell adhesion mode at the gene level between these two
plates. From the viewpoint of tissue engineering, an ideal bone regeneration scaffold should

(45471 Qur present

be a porous material having a pore structure that allows cell adherence.
results seem to show that the unique three-dimensional structure of the titanium fiber plate
confers osteoblast adhesion properties that are different from those of the conventional
titanium plate with simple planar structure.

In the in vivo study in rabbits, we showed that comminuted ulnar fractures involving
small bone fragments could be repaired, while keeping the small bone fragments immobilized,
by placing the titanium fiber plate in close contact with the fractured bone. The most common
clinical application of titanium plates is treatment of bone fractures.[*¥! Traditionally, a
titanium plate surface was fixed in close contact with bone; at present, however, use of a
locking plate system to fix the titanium plate above and away from the bone surface is the
preferred method.[*”! The reasons include the prevention of interference with bone repair
capacity of periosteum on bone surfaces and maintenance of adequate blood flow; however,
the problem with stress shielding (bone embrittlement following bone repair) remains
unresolved.!*”! In addition, comminuted fractures hinder small bone fragment retention; it is
more advantageous to bring the surface of the plate into close contact with the fractured

48.50-521 Since it has a Young's modulus similar to that of cortical bone, the

portion of the bone.!
titanium fiber plate used in the present study does not cause stress shielding and can remain

implanted after the fracture has healed. In addition, since the plate is easily manually

deformable and shaped optimally during surgery, it can be used for preventing bone fragment
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loss from comminuted fractures containing such fragments. In addition, since it is thin and
easily deformable, the titanium fiber plate is suitable for fractures at sites where the space
around the plate is limited or absent, e.g., ulnar and phalangeal fractures. The titanium fiber
plates also allow holes to be drilled for insertion of small screws at given sites during surgery.
Titanium fiber plates are highly useful in clinical management of bone fractures as they do not
produce stress shielding and are readily malleable.

We also showed that the extent of bone formation was equivalent on titanium fiber and
conventional titanium plates in an ectopic bone formation test using rhBMP-2-coated plates,
and was better on titanium fiber plates in a skull bone repair test using plates coated with
osteoblasts differentiated from bone marrow mesenchymal stem cells. This difference
demonstrates that the pores in the titanium fiber plate used in the present study improve cell
function, although their ability to retain and slowly release growth factors is not high. Because
of the porous structure of the titanium fiber plate, it can excellently retain cells and thereby
serve as a scaffold for bone tissue to regrow and merge with bone to form neoplastic bone.
This hybrid material consisting of the titanium fiber plate and cells could readily be placed at
regeneration sites, and remain there for a prolonged period because its Young's modulus is
similar to that of bone. As such, this new material is expected to facilitate bone regeneration.

Titanium fiber plates are not so tough that they can endure high mechanical loads. In
addition, if a titanium fiber plate remains attached to a bone bearing loads for a long time, its
titanium fibers can rub against one another to produce wear dust. [>*]

However, even in bones bearing major loads, titanium fiber plates can be useful for
immobilizing small bone fragments in comminuted fractures when used in combination with
another fixation device (e.g., external fixation device). Furthermore, even when used alone in
a bone bearing major loads, a titanium fiber plate can mainly allow the bone to endure the
loads after completion of bone formation by starting the use without loading and gradually

increasing the load level to keep pace with the progression of bone union. At this stage, bone
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tissue has entered the spaces among the titanium fibers, providing unity between the titanium
fiber plate and the stratum bone. Therefore, we expect that no wear dust will be produced.
Hence, titanium fiber plates can be used in load-bearing sites with use of an appropriate
method, and can exhibit their desired effects in clinical settings for many bone diseases.

In the present study, the first priority was given to the preparation of titanium fiber
plates with a Young's modulus similar to that of cortical bone and a porosity favorable to bone
ingrowth. Notably, plate thickness, surface properties, porosity, Young's modulus, strength,
and other properties can be controlled by adjusting material titanium fiber thickness, fiber
length, and the level of compression and shear stress.[**! Thus, appropriate titanium fiber
plates with still lower Young's modulus, greater malleability, and greater porosity for growth
factor retention and sustained-release can be customized to the site’s bone fixation, bone
regeneration, shape, and use requirements. Titanium fiber plates can be used in a wide variety
of fracture treatments including bone regeneration. Furthermore, metal fibers must be
solidified and molded by sintering that usually takes at least several hours, while titanium
fiber plates can be prepared in several minutes, because it is simply necessary to apply
compression and shear stress simultaneously to the titanium fibers at normal room
temperature. In addition, their price is comparable to that of conventional titanium plates,
making them easy to commercialize. Since the base material is titanium, and the diameter of
the fibers is on the order of pm,**34%] the biosafety of these plates seems to be high. In the
present study, both the titanium fiber plates and conventional titanium plates were prepared
with pure titanium to avoid any toxic impacts of metals released from titanium alloys, e.g., Nb
and Al 'l However, titanium alloys, which have traditionally been used in the construction
of medical prostheses, can be used to prepare the plates in the same manner.*®! It is hoped that
bone repair technology with titanium fiber plates will be used clinically to treat various

diseases.
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Experimental Section

Titanium fiber plates and conventional titanium plates: The titanium fiber plates were
prepared from titanium fibers having a mean diameter of 20 um, a mean length of 500 pum,
and a purity of 99.52% (ASTM Grade 1) (Figure S1, Supporting Information). The material
was molded into a plate under a compression stress of 1000 MPa and a shearing load of 400
kN at room temperature and then sintered at 300 K (Figure S2, Supporting Information). This
titanium fiber plate had a thickness of 0.2 mm, an isotropic uniform porous structure with a
Young's modulus of approximately 30 GPa, a porosity of 30—40%, and a pore diameter of 60—
80 um. Detailed methods for preparing the titanium fiber plate and measuring porosity are
described in the Supporting Information.!**) Adisc-shaped plate having a diameter of 5 mm
was cut from the titanium fiber plate using a piercing punch (9W1203, Lion, Tokyo, Japan). A
5 mmx20 mm rectangular plate was also prepared using scissors. The plates were sterilized
by immersion in 99.5% ethanol for 1 hour, and dried in an incubator at 37°C for 24 hours.
The conventional titanium plate with a diameter of 5 mm and a thickness of 0.2 mm was
prepared from tabular titanium (Nikko Techno, Tokyo, Japan). This plate was sterilized in the
same manner as titanium fiber plates.

Evaluation of adhesiveness and proliferation capacity of MC3T3-El cells on the
titanium fiber plate: MC3T3-E1 cells (mouse preosteoblasts) (Riken, Tsukuba, Japan) at 1.0
x10°cells/mL were cultured in a-MEM (Nacalai Tesque, Kyoto, Japan) supplemented with
10% fetal bovine serum (FBS) (Biowest, Nuaill¢, France) at 37°C in the presence of 5%CO»,
and passaged twice a week.

The disc-shaped titanium fiber plate and the conventional titanium plate (n=3 for each
plate) were placed at the bottom of a 96-well cell culture plate, and cell adhesiveness was
evaluated. MC3T3-E1 cells were seeded at an initial concentration of 1.0x10° cells/plate in

100 pL of medium/well. Each titanium plate was removed 24 hours after cell seeding, then
12
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stained with a fluorescent dye (0.5 pg/mL Bisbenzimide H33342 [H33342, Nacalai Tesque,
Kyoto, Japan]) to visualize cell nuclei, and evaluated for cell adhesiveness using a
fluorescence microscope (IX71, Olympus, Tokyo, Japan). Two and five days after cell
seeding, fluorescence intensity was measured at excitation/emission=550/600 nm (n=3). The
medium was aspirated from each well, and 10% Alamar blue (Thermo Scientific, Lenexa, KS,
USA) in 100 pL a-MEM medium/well was added. One hour later, the fluorescence intensity
of cells adhering to the culture plate surface, cells adhering to the titanium fiber plate, and
cells adhering to the conventional titanium plate were measured using a fluorescence
microplate reader (POWERSCAN 4, DS Pharma Biomedical, Osaka, Japan).

Evaluation of cell adhesion to a titanium fiber plate following the induction of rat bone
marrow mesenchymal cells differentiation into osteoblasts: Cells induced to differentiate into
osteoblasts using the above-described method were seeded in a-MEM medium supplemented
with 100 pL of 10% FBS at an initial concentration of 1.0x10° cells/plate, onto the disc-
shaped titanium fiber plate and the conventional titanium plate. After overnight cultivation,
cell morphology and adhesion to the titanium fiber plate and the conventional titanium plate
were evaluated. Cells were fixed using 4% paraformaldehyde phosphate buffer solution
(Nacalai Tesque, Kyoto, Japan), treated with 0.1%Triton X to render cells permeable, stained
with 0.5 pg/mL H33342 to view cell nuclei, and stained with 0.2 pg/mL phalloidin-FITC to
view intracellular actin (Sigma-Aldrich, St. Louis, MO, USA) under a confocal laser scanning
microscope (LSM 5 EXCITER, Zeiss, Oberkochen, Germany). After being fixed in 2.5%
glutaraldehyde (TAAB, UK) for 24 hours, transferred onto a sample stage, and examined
using a scanning electron microscope (JSM-7600F, JEOL, Tokyo, Japan).

Gene expression analysis of rat bone marrow mesenchymal cells following induction of
differentiation of rat bone marrow mesenchymal cells adhering to the titanium fiber plate:
Osteoblasts that had differentiated from rat bone marrow mesenchymal stem cells (1.0x10°

cells/scaffold/well) using the above-described method, were seeded onto titanium fiber plates
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and conventional titanium plates, and cultured in100 pL/well of o-MEM medium
supplemented with 10% FBS for 1 day, after which total RNA was collected. Cells adherent
to the conventional titanium plates and titanium fiber plates from twenty 96-well cell culture
plates were lysed with TRIzol® Reagent (Life Technologies, Carlsbad, CA, USA). The pooled
lysates from fiber plates and conventional plates were treated separately to extract total RNA
using the Purelink™ RNA Mini kit (Life Technologies, Carlsbad, CA, USA). The total RNA
was quantified using the NanoDrop™ 2000 spectrophotometer (Thermo Scientific, Waltham,
MA, USA), and cDNA was synthesized using the ReverTraAce®qPCR RT Master Mix with
gDNA Remover (Toyobo, Osaka, Japan). Quantitative real time PCR of the RT? Profiler PCR
Array for rat adherens junctions (Qiagen, Hilden, Germany)was performed with RT?> SYBR
Green ROX qPCR Mastermix (Qiagen, Hilden, Germany) on the StepOne Plus real time PCR
system (Life Technologies, Carlsbad, CA, USA), and the expression level ratios for cell-
adhesion-related genes were evaluated. The data were calculated from the means for n=3
samples.

Method of stimulating and evaluating ulnar comminuted fracture repair in rabbits:
Male Japan White rabbits (6 weeks of age; SLC, Shizuoka, Japan) were anesthetized by
intravenously administering pentobarbital (Somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan) at
40 mg/kg. A 3x3x3 mm comminuted fracture containing small bone fragments was created at
the center of the rabbit ulnar stem using a bone saw. A 5 mmx20 mm rectangular titanium
fiber plate was placed on the surface of the ulna along the longitudinal axis, centered over the
fracture site, and drilled at each end to permit fixation with stainless steel miniature screws 1
mm in diameter and 8 mm in length (Tomimori, Shizuoka, Japan). In control animals, a
comminuted fracture of the same size was created but left untreated. After fracture creation,
the titanium fiber plate group (n=3) and the control group (n=3) were assessed for the absence
of bone fragment dislocations at all comminuted fracture sites using fluoroscopy. At Week 4

postoperatively, bone healing in the two groups was evaluated using scout radiography
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(BV25; Philips, Amsterdam, Netherlands) and micro-computed tomography (uCT) (R mCT,
Rigaku, Tokyo, Japan). In the unCT, data were corrected for metal halation effects by adjusting
voltage and amperage. Images were taken at a tube voltage of 80.0 kV and a tube amperage of
60.0 pA for 17 seconds. Images were reconstituted using the i-View software program (J.
Morita MFG., Kyoto, Japan), and image conditions were made uniform by constantly keeping
a window level of 50,000 and a window width of 10,000 using the ATLAS Tif converter
software program (VERSION 2.03.2009, Rigaku, Tokyo, Japan), and re-adjusting for 1 mm
slices.

Evaluation of rhBMP-2-induced formation of ectopic bone in the back muscle of mice:
Disc-shaped titanium fiber plates and conventional titanium plates were uniformly coated
with thBMP-2 (5 pg dissolved in 5 pL of pure water) and dried at 37°C overnight. After
anesthetizing male ddY mice (6 weeks of age; SLC, Shizuoka, Japan) with isoflurane (Forane;
Abbott, Chicago, IL, USA), their back skins and fascia were incised. Each of the titanium
fiber plate and the conventional titanium plate, having thBMP-2 adhering thereto, was
aseptically implanted in the back muscle in 4 animals, after which the skin was sutured. At
week 3 postoperatively, the mice were euthanized with isoflurane, and photographed using
UCT under uniform imaging conditions as described above. The images obtained were
analyzed using the Imagel] software program (NIH, Bethesda, MD, USA)P7). Slices
containing ectopic bone were selected, and a region of interest (ROI) in the ectopic bone
region was drawn in each slice. Thresholds were set for the metal and bone tissue, and for the
bone tissue and muscle tissue to make bone tissue conditions uniform (0.1% and 0.4%,
respectively, of the max gray value). The CT values and areas of all ROIs were measured, and
the mean CT value and bone volume/tissue volume (BV/TV) (cm?) were calculated for each
mouse. With a correction using the UHA model bone mineral quantitation phantom
(hydroxyapatite concentrations 0, 100, 200, 300, and 400 mg/cm?) (Kyoto Kagaku, Kyoto,

Japan), mean CT values were converted to BMD (g/cm®). Total bone mass (mg) was
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calculated using the BV/TV x BMD. After removing the titanium fiber and the conventional
titanium plates along with the surrounding soft tissue and fixation in 20% neutral buffered
formalin solution (Wako, Osaka, Japan), each specimen was embedded in Osteoresin
(Osteoresin embedding kit, Wako, Osaka, Japan), sectioned using a saw microtome (SP1600,
Leica AG, Glattbrugg, Switzerland), stained with hematoxylin (Muto Pure Chemicals, Tokyo,
Japan) and eosin (Wako, Osaka, Japan), and the sections were examined under a light
microscope (BX50, Olympus, Tokyo, Japan).

Inducing rat bone marrow mesenchymal cell differentiation into osteoblasts and
evaluating skull bone defect repair in rats: The femurs of male Wistar rats (10 weeks of age;
SLC, Shizuoka, Japan) anesthetized by isoflurane inhalation and administration of
pentobarbital intraperitoneally (Nembutal, Sumitomo Dainippon Pharma, Osaka, Japan) were
resected. After cutting off both ends of the femur, the marrow cavity was punctured using a
21G needle and 10 mL of a-MEM medium containing 10% FBS and Antibiotic Antimycotic
(10,000 units/mL of penicillin, 10,000 pg/mL of streptomycin, and 25 pg/mL of amphotericin
[15240062, Life Technologies, Grand Island, NY, USA]) was forced through the marrow
cavity to remove the bone marrow, which was collected in a 10 cm dish. The bone marrow
mesenchymal stem cells were cultured in a-MEM medium containing 10% FBS in10-cm
dishes, washed with Dulbecco’s phosphate-buffered saline (D-PBS) (Nacalai Tesque, Kyoto,
Japan) before replacement with fresh medium every 3 days, and allowed to proliferate to a
density of approximately 2.0x10°cells/dish in 7 days'®®/ . On Day 10, the cells were passaged,
and half of the cells were cultured in a medium supplemented with thBMP-2 (HZ-1129,
Humanzyme, Chicago, USA) at a concentration of 100 ng/mL to induce differentiation into
osteoblasts. Cells induced to undergo differentiation and cells not induced were cultured for 7
days, and lysed with 0.1% Triton X-100 (200 pL/well; Amersham Biosciences, Uppsala,
Sweden). The recovered lysate solution was analyzed to determine its ALP concentration and

protein concentration. ALP concentration (mmol/L) was determined with LabAssay™ ALP
16
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(Wako, Osaka, Japan), which utilizes absorbance at a wavelength of 405 nm and a microplate
reader (VERSA Max, Molecular Devices, Sunnyvale, CA, USA). Protein concentrations
(mg/mL) were determined with the Protein Assay Bicinchoninate kit (Nacalai Tesque, Kyoto,
Japan), which utilizes absorbance at 562 nm. ALP activity was calculated as ALP content
(mmol/L) / protein concentration (mg/mL) / 1000 (mol/g) for each group (n=3). Osteoblasts
differentiated from bone marrow mesenchymal stem cells according to the above-described
method were seeded onto disc-shaped titanium fiber plates or conventional titanium plates at
an initial concentration of 1.0x10° cells/plate, allowed to adhere to the plates overnight, and
then used in experiments. After anesthetization of male Wistar rats at 10 weeks of age by
isoflurane inhalation and pentobarbital 50 mg/kg subcutaneous injection, a 5 mm defect was
created at the center of the skull using a trephine bur (Micro Tech, Tokyo, Japan). Each
osteoblast-coated titanium fiber plate and conventional titanium plate was aseptically inserted
into the skull defect of 5 animals. A 0.9 mm hole was made at the center of the conventional
titanium plate before drilling two 1.5 mm holes into the bone cortex around the skull bone
defect, and the plate was immobilized by suturing. In both groups, the plate was covered with
the periosteum and sutured, and stable fixation of the implant at all skull defects was
confirmed. Eight weeks later, the rats were sacrificed, and the skulls were removed and the
specimen including the surgical site and its surrounding soft tissue, was resected from each
skull. After fixation in 20% neutral buffered formalin solution, each specimen was embedded
in resin using the Osteoresin embedding kit (Wako, Osaka, Japan), and cut into sections using
a saw microtome. After HE staining, each section was examined under a light microscope.
The percentage contact between the titanium fiber plate or conventional titanium plate and the
regenerated bone tissue, defined as “length of contact between the regenerated bone tissue and
the plate/full length of the plate,” was measured on the sagittal surface at the center of the

skull.
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Statistical analysis: Data are expressed as the mean and standard deviation. Data were
statistically analyzed by the Student #-test using the software program SPSS package R,
version 3.0.1 (R Development Core Team, http://www.r-project.org). A P value of less than
0.05 was considered to indicate a significant difference.

Ethics: All animal experiments were performed after receiving approval by the ethics
committee of Shinshu University in accordance with the Shinshu University Animal Use and

Care Rules.
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Figure captions
Figure 1. Images of a titanium fiber plate. (a) A macroscopic image. (b) scanning electron

microscopic (SEM) image. A porous structure comprising compressed titanium fibers can be

observed. MWCNT block.

Figure 2. Cultivation of MC3T3-E1 cells on a titanium fiber plate and a conventional
titanium plate. (a) A fluorescence microscopic image of the cell nucleus stained with
Bisbenzimide H33342 Fluorochrome Trihydrochloride. In both the titanium fiber plate and
the conventional titanium plate, good cell adhesion was observed up to the periphery. (b) Cell
proliferation capacity evaluated using the Alamar blue assay. Five days later, the extent of cell
proliferation was similar between the titanium fiber plate and the conventional titanium plate.
The extent of cell proliferation was statistically significantly greater on both titanium plates
than on the cell culture plate. The error bars represent standard deviation. n.s.: Not significant.

Asterisk: p<0.01.

Figure 3. Morphology of adhering osteoblasts (induced by rhBMP-2 to differentiate from rat
bone marrow mesenchymal cells) and cell adhesion gene expression. (a) Confocal laser
microscopic image. Mesenchymal stem cells that had differentiated into osteoblasts on the
titanium fiber plate can be seen to adhere to titanium fibers (arrows) by Bisbenzimide H33342
Fluorochrome Trihydrochloride (blue) staining of the cell nucleus and phalloidin-FITC
(green) staining of actin fibers. (b) SEM image. Osteoblasts adhered to the titanium fiber plate
as the titanium fibers were wound around the cell process (arrowhead). ¢, Expression level
ratios for cell-adhesion-related genes in cells collected after induction of differentiation into
osteoblasts. Gene expression levels were compared between the two groups by plotting the
expression of each gene to visualize the changes in gene expression. The vertical solid line

indicates the genes that were expressed on the titanium fiber plates and showed no significant
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changes compared with the conventional titanium plates. The vertical dotted line indicates the
expression changes by the 2-fold volume; the genes shown between the left and right lines
exhibited expression level changes within the 2-fold volume. Yellow dots represent titanium
fiber plate genes expressed at levels of <2-fold compared with conventional titanium plates,
and blue dots represent titanium fiber plate genes expressed at levels of <2-fold compared
with conventional titanium plates. The horizontal solid line indicates statistical significance,
with genes showing p<0.05 plotted above this line. Of the 84 genes examined, 8 were
expressed at statistically significantly higher levels in cells attached to the titanium fiber plate
and 9 were expressed at statistically significantly higher levels in cells attached to the

conventional titanium plate (calculated from the means for n=3 samples).

Figure 4. Repair of comminuted fractures using the titanium fiber plate in rabbits. (a) A
3x3x3 mm comminuted fracture was created at the center of the ulnar stem, and a titanium
fiber plate was fixed to the ulna using miniature screws. Nothing was fixed in the control
group. Outlined arrow: Titanium fiber plate. (b) Scout radiograms taken from rabbits in the
titanium fiber plate group and control group at Week 4 postoperatively. Complete bone union
was noted in the titanium fiber plate group but not the control group. Outlined arrowhead:
area of fracture. (¢) pCT images taken of the fracture site in the titanium fiber plate group and
control group at Week 4 postoperatively. Circumferential bone repair was adequate in the
titanium fiber plate group, but inadequate in the control group. Solid arrowhead: area of

fracture.

Figure 5. Ectopic bone formation on the titanium fiber plate after coating with thBMP-2 in
mice. (a) pCT images of the titanium fiber plate or conventional titanium plate coated with 5
pug of thBMP-2, taken 3 weeks after implantation into back muscle. Distinct ectopic bone

formation was observed in both the titanium fiber plate group and the conventional titanium
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plate group. Solid arrowhead: Ectopic bone formed. (b) Ectopic bone volume and total bone
mass. For both indicators, no significant difference was found between the titanium fiber plate
group and the conventional titanium plate group (n=4). The error bars represent standard
deviation. n.s.: Not significant. (c) Histologic image of ectopic bone formed around the plate.
In the titanium fiber plate, bone tissue had entered the space between titanium fibers. Outlined

arrowhead: Ectopic bone formed.

Figure 6. Bone regeneration in rat skull bone defects covered by the titanium fiber plate and
osteoblasts. (a) ALP activity measured after culturing bone marrow mesenchymal stem cells
from rat femur in thBMP-2 (100 ng/mL)-containing culture broth or rhBMP-2-free culture
broth. In the rhBMP-2-containing medium, ALP activity increased statistically significantly
and the cells differentiated into osteoblasts (n=3). The error bars represent standard deviation.
Asterisk: p<0.01. (b) Histological image taken at Week 8 after implantation in a rat skull bone
defect. In the titanium fiber plate group, bone tissue formed around the plate, and bone
regeneration was good. In the conventional titanium plate group, bone tissue formed only on a
part of the plate and bone regeneration was inadequate. Arrowhead: Regenerated bone. (c)
The percentage contact between the titanium fiber plate or conventional titanium plate and the
regenerated bone tissue(defined as length of contact between the regenerated bone tissue and
the plate/full length of the plate). The contact ratio was approximately 2.8 times, statistically
significantly higher, in the titanium fiber plate group than in the conventional titanium plate

group (n=5). The error bars represent standard deviation. Asterisk: p<0.01.
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Table 1. Young’s moduli of the family of titanium alloys and human cortical bone [* 13-16]

Pure titanium/Titanium alloy/Cortical bone | Young's Modulus (GPa)

Pure Ti (Cp grade 1-4) (o) 100
Ti—6A1-4V (a+p) 110-112
Ti—13Nb—-13Zr (Metastabe ) 79-84
Ti—12Mo—6Zr—2Fe (TMZF) (B) 74-85
Ti—35Nb-7Zr—5Ta (TNZT) (B) 55
Ti-29Nb—13Ta—4.6Zr (B) 65
Ti—35Nb-5Ta-7Zr-0.40 (TNZTO) (B) 66
Cortical bone 10-30
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Table 2. Genes expressed at statistically significantly higher levels in cells attached to the

titanium fiber plate than in cells attached to the conventional titanium plate after induction of

rat bone marrow mesenchymal cell differentiation into osteoblasts.

Gene Expression ratio (x) | P-value
Dsp 69.69 0.039
Dsc3 22.23 0.0004
Ppap2b 8.65 0.000002
Dsc2 5.31 0.00003
Pvrl3 3.69 0.0096
Pkp1 3.27 0.002
Pvrll 2.30 0.000003
Clipl 2.27 0.00004
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Table 3. Genes expressed at statistically significantly higher levels in cells attached to the

conventional titanium plate than in cells attached to the titanium fiber plate after induction of

rat bone marrow mesenchymal cell differentiation into osteoblasts.

Gene Expression ratio (x) | P-value
Cdh5 -13.6 0.0005
Dlg5 -10.6 0.026
Pik3cg -4.9 0.031
Lmo7 -4.4 0.000001
Dscl -2.7 0.039
Natch3 -2.5 0.0056
Exoc2 -2.3 0.0024
Was -2.1 0.000001
Natchl -2.0 0.0017
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Methods

Preparation of titanium fiber plates

In the present study, the material used for plate preparation was 99.52% pure (ASTM grade 1)
fibrous titanium, with each fiber having a diameter of approximately 20 um. Fibers with an
aspect ratio (AR = diameter/height) of 100 were prepared. Fig. S1 shows images of the
titanium fibers. The side view of one fiber shows a surface asperity.

A schematic diagram of the COSME-RT process is shown in Fig. S2. First, pure titanium
fibers are placed on a stationary plate. A moveable plate is then placed on top of the stationary
one, and a compression stress oy is then applied to the moveable plate and sustained during
the formation process. A shearing load is also applied to the moveable plate, which is
displaced in the shearing direction.

The thin titanium fiber plate was fabricated by repeating this procedure. Since there is a
risk that the thin titanium fiber plate will be broken by high strain produced by sudden
application of pressure, the formation process was performed repeatedly under low strain
conditions. The number of repetitions is referred to as the shearing number N. Reprinted with

permission from Ref. [36] . Copyright 2014 JSEM.

Evaluation of porosity

In order to investigate the porosity of specimens in more detail, mercury intrusion tests were
performed. The mercury intrusion test depends on the large surface tension characteristics of
mercury to determine the porosity and pore diameter of specimens from the cumulative
volume of intruded mercury and the applied pressure. Reprinted with permission from Ref.

[36]. Copyright 2014 JSEM.

37



WILEY-VCH

Figure legends
Figure S1. SEM images of the starting material, titanium fibers. Reprinted with permission

from Ref. [36]. Copyright 2014 JSEM.

Figure S2. Schematic diagram of the process used for preparing titanium fiber plates.

Reprinted with permission from Ref. [36]. Copyright 2014 JSEM.
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