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Abstract: Bulk nanocrystalline Ti bars (Grade 4, ®4 x 3000
mm?3) were massively fabricated by equal channel angular
pressing (ECAP) via follow-up conform scheme with the
microcrystalline CP Ti as raw material. Homogeneous nano-
structured crystals with the average grain size of 250 nm
were identified for the ECAPed Ti, with extremely high ten-
sile/fatigue strength (around 1240/620 MPa) and adorable
elongation (more than 5%). Pronounced formation of bone-
like apatite for the nanocrystalline Ti group after 14 days
static immersion in simulated body fluids (SBF) reveals the
prospective in vitro bioactive capability of fast calcification,
whereas an estimated 17% increment in protein adsorption
represents good bioaffinity of nanocrystalline Ti. The docu-
mentation onto the whole life circle of osteoblast cell lines
(MG63) revealed the strong interactions and superior
cellular functionalization when they are co-incubated with
bulk nanocrystalline Ti sample. Moreover, thread-structured

specimens were designed and implanted into the tibia of
Beagles dogs till 12 weeks to study the in vivo responses
between bone and metallic implant made of bulk nanocrys-
talline Ti, with the microcrystalline Ti as control. For the
implanted nanostructured Ti group, neoformed bone around
the implants underwent the whole-stage transformation pro-
ceeding from originally osteons or immature woven bone to
mature lamellar bone (skeletonic trabecular), even with the
remodeling being finished till 12 weeks. The phenomenal
osseointegration of direct implant-bone contact can be
revealed from the group of the ECAPed Ti without fibrous
tissue encapsulation in the gap between the implant and
autogenous bone. © 2012 Wiley Periodicals, Inc. J Biomed Mater
Res Part A: 00A: 000-000, 2012.
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INTRODUCTION

Since the first case of clinical surgery documented,® over 30
years ago, commercially pure Ti (CP Ti) has been approved
as one component of medical devices by ASTM trials and
FDA clinics. At present, CP Ti is widely used as endosseous
prosthesis in orthopedics (e.g., metatarsophalangeal joint
implant, aneurysm clips, thyroplasty and trauma) and den-
tistry (e.g., dental implant and mandibular restoration)
owing to its excellent biocompatibility and corrosion resist-
ance.” Nevertheless, the unfavorable mechanical behavior

such as insufficient strength and excess modulus of CP Ti
limit its application to nonload bearing devices due to the
stress shielding effect. The bioinert surface of CP Ti is
another barrier for implantation loosening due to the gap
between preferentially formed fibrous tissue and the fresh
implant, instead of the desired effect of direct Ti-bone bond-
ing or osseointegration.> Many methods such as alloying,*
new phase modulation,” surface nanotopography,® even
surface modifications with bio-glasses/ceramics such as
hydroxyapatite (HA) coating,” bone morphogenetic protein
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(BMP), or collagen grafting® were tried to physically
strengthen or biologically enhance the bio-function of CP Ti,
but unfortunately new problems came out including adverse
effects derived from nonfriendly elements or overdose,
interfacial bonding mismatch, low efficiency even instability
failure due to the fast degradation of coating by proteinases
under in vivo condition.

Recently developed approaches for effectively enhancing
the mechanical and fatigue properties of CP Ti through
grain refinement and nanostructuring by severe plastic
deformation (SPD) techniques’ may offer a new chance to
solve the problem mentioned above. The new SPD process-
ing method, namely equal channel angular pressing (ECAP)
with follow-up drawing and annealing can maximize the
sizable products up to 3000 mm in length and 4-8 mm in
diameter, with h8 tolerance'® and bending no more than 2
mm per meter.'*™* The bulk samples with nanocrystalline
microstructure ensure the cornerstone of industrialization
of bulk nanostructured materials for its biomedical applica-
tion'* with following advantages. First, expensive (and as a
rule, toxic) alloying elements can be avoided because the
required strength would be achieved by nanostructuring.
Second, high strength of bulk nanocrystalline Ti allows size
reduction of the individual implanted device while main-
tains the same biomechanics, which lowers the trauma area
of surgical and favors minimally invasive surgery. Third, in
comparison to the surface nanocoated Ti, the uniform fea-
ture of all bulk nanostructure without interfaces guarantee
the integrated property as a whole body. Although some in
vitro studies on the appealing biological behavior recently
had been published,’***'7 there is no report on the in vivo
study of the bulk nanocrystalline Ti processed by SPD till
now.

In this article, not only the material characterizations of
the ECAP-processed titanium (the ECAPed Ti), but also the
interactions between bone and ECAPed Ti implants had
been undertaken. 20 Beagles were adopted to serve as the
host in order to minute the long-term bone-implant contact,
from 1 week to 12 weeks. Histomorphometry and immuno-
histochemistry analysis on the different titanium implants
with nano/microcrystalline grain sizes were conducted and
compared to reveal the situations of bone growth and
remodeling, via the method of colorimetry-based assays,
immunohistochemical staining, image analyzing, and micro
computed-tomograph (CT) scanning.

MATERIALS AND METHODS

Materials preparation

Microcrystalline CP Ti (Grade 4) and corresponding nano-
crystalline Ti produced by ECAP-conform with drawing was
investigated. Experimental samples (disc shape with the
bulk size of ®4x1 mm?®) for in vitro study were mechani-
cally polished up to 2000 grit, ultrasonically cleaned in ace-
tone, absolute ethanol and distilled water in sequence, and
then dried in open air. For the cytotoxicity test extraction
preparation, all experimental samples were sterilized by
autoclave at 121°C for at least 30 min. For those specimens
in animal study, peri-implant size of ®4x7 mm? by turning
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machining was applied in the threaded cylindrical shape.
Before they were implanted into the animals, samples
sterilization was guaranteed after overnight Gamma radia-
tion by 5 Gy.

Materials characterization

X-ray diffractometer (Rigaku DMAX 2400) using Cu Ko
radiation was employed for the identification of the consti-
tutional phases. Transmission electron microscopy (TEM)
bright field image by JEM 200CX under 120 kV was per-
formed to reveal the grain/subgrain size distributions and
microstructure observations of the experimental samples,
after standard grinding, polishing, and dimpling procedures
by 2 h ion thinning.

The surface wettability was assessed by measuring the
contact angle of distilled water. Tests of contact angles were
conducted by the sessile-drop method with a contact angle
system (CAS, Data physics OCA20) at the ambient
temperature.

The miniature monitoring and roughness of naked sur-
face from CP Ti and the ECAPed Ti samples were recorded
by atomic force microscopy (AFM, SPI 3800N) scanning.
The dimensions of the explored zone were 5 x 5 pm? and
triplicated measurements were done for each group of
samples.

In-vitro HA and protein adsorption

Calcification and HA deposition were identified on the top
surface of experimental samples after their standard soaking
in simulated body fluid (SBF). The immersion test was
carried out in SBF with the ratio of solution to sample
surface 20 mL/cm? according to ASTM-G31-72'% and the
temperature was kept at 37°C by water bath. After 1, 3, 7,
and 14 days, the samples were removed from the given
solution, gently rinsed with distilled water, and quickly
dried and kept in a drying oven at room temperature. The
surface monitoring of the samples before and after immer-
sion were characterized by environmental scanning electron
microscopy (ESEM, AMRAY-1910FE). The surface change of
chemical composition of experimental samples was analyzed
by EDS and XPS (AXIS Ultra, Kratos).

For the protein adsorption assay, bovine serum albumin
(BSA, Baosai Biotechnology Inc., Beijing) was used as a
standardized model protein. One hundred microliters of
protein solution (0.2 mg/mL protein/saline) was pipetted
onto the surface of the experimental substrate, with the
tissue culture plate as negative control and saline as blank.
After incubation for 2, 4, and 24 h at 37 C, nonadherent
proteins were removed and mixed with micro-bicinchoninic
acid (BCA) at 37 C for 30 min. The amount of the removed
albumin, as well as the total amount of albumin, was quanti-
fied using a microplate reader at 570 nm.

Cell culture

Murine fibroblast cell lines (L-929), osteoblast cell lines
(MG63), vascular smooth muscle cells (VSMC) and endothe-
lial cells (ECV304) were adopted here to evaluate the cyto-
toxicity in an indirect way, while MG63 was co-cultured
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with the sample substrates to demonstrate the long-term
interactions between the cells and samples of CP Ti and the
ECAPed Ti. All the cells were incubated in Dulbecco’s modi-
fied Eagle’s medium (DMEM), mixed with 10% fetal bovine
serum (FBS), 100 U mL™" penicillin and 100 pug mL™" strep-
tomycin at 37 C in a humidified atmosphere of 5% CO.

Cell attachment and spread. Initial attachment of MG63
cells was assessed by measuring the amount of cells (via
both way of SEM imaging and ELISA kit) attached onto sub-
strates of the samples after 4 and 24 h of incubation. Then,
PBS was used to remove the nonadherent cells. The adhered
cells were fixed in 2.5% glutaraldehyde solutions for 1 h at
room temperature followed by dehydration in a gradient
ethanol/distilled water mixture (from 50% till 100%) for
10 min each. Cell spread status on the surface in the early
stage is also based on the tallying and imaging.

Cytotoxicity and proliferation. The cytotoxicity tests were
carried out by indirect and direct contact. For the indirect
way, extracts were prepared using DMEM serum-free
medium as the extraction medium with the surface area of
extraction medium ratio 3 cm?/mL' in a humidified atmos-
phere with 5% CO, at 37°C for 72 h. The control groups
involved the use of DMEM medium as negative control and
DMSO as positive control. Cells were incubated in 96-well
cell culture plates at 5 x 10% cells/100 pL medium in each
well and incubated for 24 h to allow attachment. The
medium was then replaced with 100 pL of extracts. After
incubating the cells in a humidified atmosphere with 5%
CO, at 37°C for 1, 2, and 4 days, respectively, the 96-well
cell culture plates were observed under an optical micro-
scope. After that, 10 pL. MTT was added to each well. The
samples were incubated with MTT for 4 h at 37°C, then 100
pL formazan solubilization solution (10% SDS in 0.01M
HCI) was added in each well overnight in the incubator in a
humidified atmosphere. For the direct way, cells were
directly seeded on the sterilized substrates in the 96-well
plate. The spectrophotometrical absorbance of the samples
was measured by microplate reader (Bio-RAD680) at 570
nm with a reference wavelength of 630 nm.

Cell differentiation and mineralization. Alkaline phospha-
tase (ALP) activity of osteoblasts was examined at 3, 7, 14,
and 21 days using colorimetry-based assays. Cells were
seeded onto the sample substrate in a 96-well plate and
washed twice with PBS when it's on time, and incubated
with solution of 200 pL 0.2% Triton to undergo the lysis
reaction. After 30 min, 100 pL supernatant was pipetted
separated into 5 wells in a new 96-well plate, one of which
was to assess the total amount of protein via BCA kit under
instruction. A 200 pL mixture of 50 parts A and 1 part B
was added into the well and co-incubated in a humidified
atmosphere with 5% CO, at 37 C for 30 min. Then the
microplate was measured at 570 nm to reveal the amount
of protein. For ALP colorimetry of the other 4 wells respec-
tively, an addition of 100 pL mixed working solution for 45
min, which consisted of 100 pL 0.1 mM p-Nitrophenylphos-
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phate, 1 mL 1M MgCl, and balanced carbonate buffer within
10 mL. Eventually, 25 pL. 1M NaOH was added to stop the
reaction. ALP activity was evaluated as the amount of
nitrophenol released through the enzymatic reaction and
measured at 405 nm using an ELISA reader (Bio-RAD680).

To quantify matrix mineralization, the Alizarin Red
S-stained (50% ethanol and 1% Alizarin Red S with pH 6.0,
Sigma-Aldrich) cultures were incubated with 100 mM
cetylpyridinium chloride for 1 h to solubilize. The absorb-
ance of released calcium-bound Alizarin Red was measured
at 570 nm.

Animal Test

Animal preparation. Twenty female Beagle dogs ordered
from Vital River Laboratories, 12 months of age and around
10 kg in weight, were involved in the study. The study was
approved by the Institutional Animal Care and Use Commit-
tee (IACUC) and experimented in the Laboratory Animal
Center (LAC) of Peking University, China (approval No.
621.2531.31-14-01). The dogs were well fed and carefully
observed for a week in LAC before the implantation trial,
and they were randomly divided into five groups.

Surgical process. Animals were aseptically cleaned and
anesthetized with 1 mL/kg pentobarbital solution delivered
into ear vein, and additional primacaineTM was injected as
needed local anaesthetic. After their legs were shaved and
scrubbed with 10% providoneiodine solution, the surgical
site was exposed via skin incision and muscle dissection.
Threaded samples of the nanocrystalline ECAPed Ti were
implanted into the tibia of the right rear leg after drilling a
suited hole in the flat area, while the implantation site of
microcrystalline CP Ti was located in the corresponding left
side tibia. Profuse irrigation with sterile physiological saline
was used for cooling and cleaning. Muscle and skin were
sutured separately with suture thread. Certain antibiotics
were injected after operation in order to avoid the infec-
tions. Tetracycline and calcium were individually marked as
the new bone formation via intravenous injection at 2 and 4
weeks after surgery. Threaded cylindrical samples of the
ECAPed Ti implanted into the tibia of Beagle dogs were
harvested 1, 2, 4, 8, and 12 weeks (n = 4) after surgery.
The TACUC from Peking University approved this protocol
and all experimentation was performed in accordance with
the guidelines of animal research.

Histomorphometry analysis. The tibia containing the
screw-like titanium implants was harvested and fixed in
10% buffered formalin for 2 weeks at 4 C. Specimens were
dehydrated in an ascending series of alcohol rinses and
embedded in light-curing epoxy resin without decalcifica-
tion. Embedded specimens were sawed perpendicular to
the longitudinal axis of the cylindrical implants at a site
0.5 mm from the apical end of the implant. Specimens
were ground to a thickness of 30 mm with a grinding
system. Sections were immunohistochemical stained
with toluidine blue, and observed via optical microscope
(Olympus 1X71, Japan).
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Micro-CT scanning and 3D reconstruction. After the ani-
mals were sacrificed, the tibia including the implants was
harvested; excess tissue was removed and immediately fixed
in 10% neutral buffered formalin solution. Prior to scan-
ning, bone blocks containing only one implant each, were
dehydrated in ethanol 70% to prevent drying during scan-
ning. For a quantitative 3D analysis, the specimens were
placed vertically onto the sample holder of a micro-CT imag-
ing system, Skyscan 1072 desktop X-ray Micro-tomography
System (Skyscan, Kontich, Belgium), with the long axis of
the implant perpendicular to the scanning beam. Subse-
quently, a high resolution scan was recorded at 18-um-voxel
resolution. Then, a serial of affiliated software including
CTAn V1.7, NRecon V1.4, and CTVol V1.11 (SkyScan,
Kontich, Belgium) was performed on the projected files to
obtain the final 3D-reconstruction images and derived
parameters.

Haemocompatibility assessment

Hemolysis tests. Healthy human blood containing sodium
citrate (3.8 wt %) in the ratio of 9:1 was taken and diluted
with normal saline (4:5 ratio by volume). Microcrystalline
CP Ti and the nanocrystalline ECAPed Ti were dipped in a
standard tube containing 10 mL of normal saline that were
previously incubated at 37 C for 30 min. Then 0.2 mL of
diluted blood was added to this standard tube and the mix-
tures were incubated for 60 min at 37 C.'° Similarly, normal
saline solution was used as a negative control and deionized
water as a positive control. After this period, all the tubes
were centrifuged for 5 min at 3000 rpm and the superna-
tant was carefully removed and transferred to the cuvette
for spectroscopic analysis at 545 nm. In addition, the hemo-
lysis was calculated using an ultraviolet spectrophotometer
(UNIC-7200, China). The hemolysis was calculated based on
the average of three replicates.

OD(test) — OD(negative control)

O0D(positive control) — OD(negative control)
x 100%

Hemolysis =

Platelet adhesion. Platelet-rich plasma (PRP) was prepared
by centrifuging the whole blood for 10 min at a rate of
1000 rpm/min. The PRP was overlaid atop the experimental
alloys plates and incubated at 37°C for 1 h. The samples
were rinsed with PBS to remove the nonadherent platelets.
The adhered platelets were fixed in 2.5% glutaraldehyde
solutions for 1 h at room temperature followed by dehydra-
tion in a gradient ethanol/distilled water mixture (from
50% till 100%) for 10 min each and dried in hexamethyldi-
silazane (HMDS) solution.”® The surface of platelet attached
experimental alloy sheets were observed by ESEM. Different
fields were randomly counted and values were expressed as
the average number of adhered platelets per um? of surface.

Statistical analysis

All experiments were performed at least three times, data
averaged and expressed as mean * standard deviation (SD).
Statistical analysis was performed using one-way analysis
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of variance (ANOVA) and significance was considered at
p < 0.05.

RESULTS

In vitro assessment of the ECAPed Ti

Materials characterizations and mechanical behaviors.
Figure 1(a) shows the TEM image and the grain size distri-
bution of the bulk nanocrystalline ECAPed Ti. Under the
bright field observation and the statistics calculation from
the histogram, it is clearly seen that the average grain size
of the ECAPed Ti is about 250 nm, way smaller than that of
10-30 pum as the original grain size of the microcrystalline
CP Ti control reported by the present authors.?"?*? Corre-
spondingly alpha-Ti with hcp structure can be clearly dem-
onstrated according to the typical Bragg peaks at featured
degrees (for example, 36°, 39.6°, and 76°) in Figure 1(b).
The surface roughness and wettability of experimental sam-
ples were measured and shown in Figure 1(c,d). Top-view
surface feature displays a less rough topography of the
ECAPed Ti, and the value of average roughness (Ra) varies
from 119.70 = 18.93 nm to 58.13 = 8.72 nm for CP Ti and
the ECAPed Ti in a significant way by the area of 5 x 5
um? The values of root mean squared (RMS) microrough-
ness and P-V macroroughness are also listed to show a
specific characterization, from which much lower micro-
roughness is obtained for the ECAPed Ti. As for surface
wettability, enhanced hydrophilicity with a lower contact
angle (42.58 = 1.43°) exists for the ECAPed Ti compared
with that of original CP Ti (46.93 = 2.12°).

Table I displays the mechanical properties of CP Ti and
the ECAPed Ti after the tensile tests under the ambient tem-
perature. The refinement of grains brings about significant
enhancement of strength for CP Ti, as can be seen that the
yield strength of nanocrystalline ECAPed Ti increases by
100% (559MPa vs. 1190 MPa) and the ultimate tensile
strength increases by 70% (712 MPa vs. 1240 MPa). The
separate data in rupture strength and elongation does not
exceed 3%, which reveals that the formed nanostructure is
homogeneous within the body of the ECAPed Ti. Instead of
the typical strength-ductility behavior induced by conven-
tional rolling or drawing, the ductility of the ECAPed Ti
goes down in comparison to that of CP Ti, but remains up
to 10%, which is still sufficient as bone implants.

Bonelike apatite formation and protein adsorption on the
substrate of the ECAPed Ti. Figure 2 shows the surface
morphologies under SEM after 3 and 14 days static immer-
sion in SBE. There was no apparent observation of Ca-P
deposition on the surface of CP Ti group in the first several
days, with only a few particle sediments appearing in
the high-magnification image after 14 days immersion
[Fig. 2(c)]. While for the group of the ECAPed Ti, the aggre-
gation of some rounded nodulus started to emerge on the
surface after 3 days soaking. After 14 days immersion,
bonelike apatite coatings were identified by means of EDS
(with an approximate Ca/P ratio of 1.67) and substantially
found on the ECAPed Ti as revealed in Figure 2(d).

NANOCRYSTALLINE Ti FABRICATED BY EQUAL CHANNEL ANGULAR PRESSING
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FIGURE 1. Materials characterization of (a) TEM image of the ECAPed Ti in bright field; (b) XRD patterns of CP Ti and the ECAPed Ti; surface
monitoring of (c) profilometric roughness and (d) surface wettability of CP Ti and the ECAPed Ti. The inset in (a) represents the histogram of
grain size distribution from the TEM bright field image. *Significant against cell proliferation on control group at p < 0.05. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

A nonspecific protein named albumin was adopted to
evaluate the general protein adsorption as bioaffinity. Figure
3 illustrates the adhesion of albumin on top of experimental
samples within the initial 24 h. Within the first 2 h, the plot
of BSA adsorption keeps ascending quickly with the passage
of time, then gets temporarily saturated at 4 h and finally
reaches the top till 24 h for CP Ti, the ECAPed Ti and the
tissue culture plate (as blank group). It can be clearly seen
that BSA adsorption onto the substrate of the ECAPed Ti
(73.64% at 24 h) throughout the test dominates well above
the tissue culture plate and CP Ti groups (64.01% and
56.02% at 24 h).

Cellular responses, osteoblasts interactions, and haemo-
compatibility onto the ECAPed Ti. By way of indirect
method, the proliferation viability of four different cell lines
till 4 days’ incubation was shown in Figure 4. For fibroblast
cells (L929), although the cell viability increases all the time
for both CP Ti and the ECAPed Ti groups, a significant
growth lag can be seen among cells for negative control and
the other experimental groups. For osteoblast-like cells (MG
63), cells grow very well and a comparable proliferation
ration can be found for both CP Ti and ECAPed Ti groups
during the whole period, even at an equivalent level with
the negative control. In Figure 4(c), vascular smooth muscle

TABLE I. Mechanical Properties of Pure Ti Before and After SPD Treatments

Samples cuTts, MPa Go.0, MPa S, % v, % FS, MPa
CP Ti (certificate data) 712.0 = 17.0 559.5 = 41.7 26.0 = 1.4 49.5 + 3.5 340 = 22.3
ECAPed Ti 1240 = 116.4 1190 = 14.1 11.5 = 0.7 455 + 5.0 620 = 50.8

outs stands for ultimate tensile strength, g, for yielding stress, & for elongation, and \ for reduction of area; FS stands for fatigue strength,

which refers to the mechanical strength at 10° cycles.
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FIGURE 2. Bonelike apatite formation ability: SEM observations of morphologies onto the substrate of (a), (c) as CP Ti and (b), (d) as ECAPed Ti after
immersion in SBF. (a) and (b) refers to 3 days immersion; (c) and (d) for 14 days. The inset in (a) and (b) stands for the high-resolution XPS spectra of
the naked substrates from CP Ti and the ECAPed Ti, respectively, before the immersion test. The inset in (c) denotes the higher-magnification image,
and the inset in (d) shows the EDS pattern. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cells (VSMC) in the experimental sample groups did not
proliferate as well as that in the negative control from the
first day culture till the end. While for ECV304, a similar sit-
uation occurs in the cell viability as that in MG63. A whole
life circle of osteoblast involving cell spread, attachment, dif-
ferentiation and mineralization was evaluated via biochemis-
try reagent kit and showed in Figure 5. Talking about the
cell adhesion and spread in Figure 5(a), substantial attached
MG63 cells (2.09x10%* cells/cm? for the ECAPed Ti group)
can be evidently detected as they spread out, exhibiting
spindle-shaped within 24h. A higher amount of cell commu-
nity occurs for the ECAPed Ti group since the early stage
(at 40 min incubation), revealed either by cell counting or
enzyme-linked method. In the follow-up growing period,
MG63 cells favorably proliferate when directly co-cultured
with the ECAPed Ti sample and excels over the CP Ti group
and the negative control group, especially in the 7 days cul-
tivation [with the viability of 129.5% v.s. 108.5% in Fig.
5(b)]. In terms of cell differentiation, the ALP activity for
the ECAPed Ti group (0.0447 =+ 0.001, 0.076 = 0.010, and
0.167 = 0.003 nmol/min/pg protein for 7, 14, and 21 days,
respectively) demonstrates much promoted expression and
developing activity over that of CP Ti group. After 21 days
cell culture, matrix mineralization on the ECAPed Ti group
shows a slightly higher alizarin red release than that of CP
Ti group either.

Both the hemolysis rates for the ECAPed Ti and CP Ti
samples stay much lower than 5%, as illustrated in Figure
6(a), which is regarded as a biosafety threshold and stands
for well-behaved haemocompatibility. The number of
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adhered platelets seemed to be similar for the ECAPed Ti
and CP Ti groups, while the shape and activation status of
the platelets behaves dramatically in a different way. For CP
Ti group, a cluster of positive platelets with long pseudopo-
dia were actively scattered, as shown in Figure 6(c). While
round- and smooth-shaped platelets were attached on the
surface of the nanostructured ECAPed Ti group.

In vivo biological investigations on bone growth around
the ECAPed Ti

Histomorphometry analysis and histomorphology obser-
vations. In order to understand the nature of interfacial
responses between bone and peri-implant made by bulk

©
g
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H
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FIGURE 3. Bioaffinity evaluation of the protein adsorption of CP Ti,
the tissue culture plate and the ECAPed Ti.
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FIGURE 4. Cell proliferations of (a) L929; (b) MG63; (c) VSMC; and (d) ECV304 in an indirect way. *Significant against cell proliferation on con-

trol group at p < 0.05.

nanostructured Ti, a pilot study of animal experiment was
carried out. Figure 7 shows the parameters of bone mineral
density (BMD) and bone volume/tissue volume (BV/TV)
around the implant till 12 weeks derived from micro-CT

group,
shown

reconstruction and analysis. In the case of the ECAPed Ti

BMD keeps growing fast in the first few weeks as
in Figure 7(a). After 4 weeks, it starts to get declined

as time increases. However this fall occurs at 8 weeks for
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FIGURE 5. Cellular interactions of osteoblast cell lines: (a) Cell attachment and spread of MG63 within 24 h and (b) cell viability and proliferation
till 7 days by means of cell-substrates coincubation assay; the follow-up cellular functionalization expression of (c) ALP activity and (d) cell min-
eralization on the substrate of CP Ti and the ECAPed Ti. Insets in (a) are SEM observations of MG 63 on substrates. *Significant against cell pro-

liferation on control group at p < 0.05.
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FIGURE 6. Haemocompatibility assessment of (a) hemolysis rate; (b) number of adhered platelets; the SEM observation of adhered platelets

onto the surface of (c) CP Ti and (d) ECAPed Ti.

the CP Ti group. Meanwhile, a remarkably higher amount of
BMD around the ECAPed Ti implant can be clearly revealed
in comparison to that around CP Ti implant at the site of
cancellous bone in the first few weeks. Especially at 4
weeks harvest postoperatively this gap reaches the maxi-
mum, that is, 0.675 = 0.022 versus 0.524 = 0.015 g/cm3.
No such obvious discrepancy can be obtained after 8 weeks
between two experimental groups. Similarly, the percentage
of BV/TV around the ECAPed Ti implant in Figure 7(b)
takes up an exceeded occupation over that from CP Ti at
4 weeks after surgery (74.91 = 2.7% vs. 69.80 * 2.5%) in
a significant way (p < 0.05).

Figure 8 shows the histological image of new bone
around the CP Ti and the ECAPed Ti implants at first 2
weeks with immunohistochemical staining. In the dyeing
image of histotomy, dark blue area represents the newly
formed bone and normal blue stands for the original bone
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(or called autogenous bone). At the first week as shown in
Figure 8(a,b), it can be seen that a lot of osteocytes aggre-
gate together and so-called new bone starts to come into
being in the darker blue area between the black implant
and blue autogenous bone. Apart from the substantial
emerge of new bone in the cancellous bone zone, a much
thicker layer of such spindle-like woven bone with less den-
sity and light color could be detected in outmost of the orig-
inal bone in Figure 8(b). Some of them even stretched out
onto the gap or surface around the implant thread. In 2
weeks postoperatively, the growth of new bone in the case
of the ECAPed Ti group was overwhelmingly evident with
the evolutionary change of the shape and density of the
fresh bone as shown in Figure 8(d,e). The periphery thick-
ness of new bone in the the ECAPed Ti group was largely
increased than that at the first week, at the same time
exceeded that of the CP Ti group, as denoted by the red
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FIGURE 7. Outcomes of (a) BMD and (b) BV/TV from 3D reconstructive after micro-CT analysis. *Significant against cell proliferation on control

group at p < 0.05.
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FIGURE 8. Histotomy of bone contact immunostained by toluidine blue at 1 weeks of (a), (b), (c) and 2 weeks of (d), (e), (f) postoperatively. (a)
and (d) refers the CP Ti implant; (b) and (e) refers the ECAPed Ti implant; while (c) and (f) refers to the higher-magnification images of (b) and
(e), in the area of the black hollow square. Black arrow and loop in (a) refers to osteon, the unit cell of the bone. Red arrows in (b) refers to the
newly-formed woven bone. Dot-like spot in blue in (c) refers to the osteocytes. Red line in (d) and (e) shows the boundary and the gap of the
newly formed bone. Yellow line in (d) and (e) refers to the bone-implant contact, one major symbol of osseointegration. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

parallel line. Checking the area near the thread, the space
was nearly fully occupied by the newborn bone for the
ECAPed Ti group. Moreover, the length of bone-implant con-
tact (as marked by the yellow segment) led a numerous

way over that of the CP Ti group. In the follow-up 4 weeks
in Figure 9(ab), a larger cluster of compact bone with more
osteons inside can be illustrated and they are intercon-
nected from the cancellous bone zone to the cortical bone

FIGURE 9. Histotomy of bone contact immunostained by toluidine blue at 4 weeks of (a), (b), (c) and 8 weeks of (d), (e), (f), postoperatively. (a)
and (d) refers the CP Ti implant; (b) and (e) refers the ECAPed Ti implant; while (c) and (f) refers to the higher-magnification images of (b) and
(e). Red arrow and ellipse in (b) represents the lamellar bone. White arrows in (d) and (e) refers to the osteon morphology in the remodeling
process. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 10. Histotomy of bone contact immunostained by toluidine blue at 12 weeks. (a) Refers to the CP Ti implant; (b) refers to the ECAPed Ti
implant; while (c) refers to the higher-magnification images of (b). Three different obvious zones of shaped bone were divided in (a) and (b).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

zone, leaving no free room between the implant and the
original bone. Especially for the ECAPed Ti group shown in
Figure 9(b), an apposition of the newly formed bone could
be illustrated on top of the implant necking section. Fur-
thermore, certain hollow cells in the original bone zone in
Figure 9(b) revealed the bone transformation itself. While
in 8 weeks, this phenomenon of hollow cells in blank
become common in Figure 9(d,e) and even the new bone
turned to be a little different from the previous form. How-
ever, the whole contour was covered by a film of new bone
and the density was gradually increased from the outer to
the inner space. After 12 weeks implantation, as shown in
Figure 10, new bone enveloped the thread of the implants
and they were majorly filled in the gap. For the ECAPed Ti
group, a phenomenon of the direct bone-implant contact
other than the fibrous tissue capsulation against the implant
surface can be concluded as a dominant symbol of
osseointegration.

DISCUSSION

In-vitro bonelike apatite formation and cell-materials
interactions

The attachment and deposition of HA-like compounds on
the surface of the ECAPed Ti other than CP Ti after immer-
sion tests reveals well-behaved in vitro -calcification-a
positive reaction between ionic-rich solution and nanostruc-
tured surface. An active surface is recognized for the
ECAPed Ti since HA formation onto biomaterials even
in vitro environment is featured as the representative func-
tionality of bioactivity.*> To further explore the intrinsic
mechanism of the different substrates by nature, surface
change in composition and component via high-resolution
XPS scanning was measured and displayed in the insets in
Figure 2(a,b). For both samples, well-defined covalent Ti*"
peaks can be typically and clearly discovered in the curve of
Ti 2p spectrum. This verifies a TiO, film covered on the
surface. Meanwhile, featured Ti° peak was detected of CP Ti
and this implied inert metallic Ti still took up certain
percentage on the sample surface. However, no such detec-
tion of Ti® peak but Ti*" peak was acquired in the case of
the ECAPed Ti demonstrated an increasingly high amount of
dense and thick oxide layer for nanocrystalline Ti. As for
the microcrystalline CP Ti in comparison, an immature
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coverage with partial oxide layer on the surface was mixed
with tetravalent and nulvalent Ti.

The physics and chemistry feature on the outmost surface
due to nanostructured nature is hypothesized as the dominant
factor, taking the surface cleavages, energy and chargeability
for example, which governs in vitro and in vivo biological
performances. It is known that less impurity and volume defi-
ciencies (such as holes and pits) exists inside the specimen of
the ECAPed Ti due to more boundaries and higher energies,
which favors smooth surface with little fine deficiency during
the grinding friction and small-valued microroughness can be
observed in the case of the ECAPed Ti.

It'’s reported that a correlation with the titanium oxide
and bioactivity behaviors including platelet activity was
established.?>** Thus, bioactive performance of induced HA
formation in the present study can be attributed to the
oxide component and unique surface structure of the nano-
structured ECAPed Ti. In addition, the bioactive property
may also refer to another important factor-surface electric
charge.

Surface electronegativity of Ti-OH group for conventional
Ti in SBF with pH of 7.4 is a long-established knowledge.
However, a fresh surface of electropositive and cell-attrac-
tive ECAPed Ti due to its nanostructured feature is probably
believed to be served to cater the adhesion of negatively
charged biomolecule and protein, as described in other
works.?®

The considerable protein adsorption of the ECAPed Ti at
the very early stage exhibited a powerful adsorptivity. In
the forthcoming period, well-behaved cell adhesion with
pronounced amount and stronger spread manner onto the
substrates of the ECAPed Ti also showed enhanced in vitro
capacity of bioaffinity. This can be ascribed to the hydro-
philic and active surface, which favors protein and cell ad-
hesion.?® The ECAPed Ti is exactly born to meet this
demand for its matchable downsizing grains with natural
nanoscale possessions. The uniform advanced biological
performance of the ECAPed Ti could be also attributed to
its nanoscale topographic surface, mimicked as the natural
surroundings of extracellular matrix (ECM), which provokes
the activation and favors the protein attachment.?’

On the basis of the individual stage on the stepwise inter-
action between materials and cells,?® the cytocompatibilities
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FIGURE 11. Histotomy of bone contact of (a) CP Ti and (b) the ECAP Ti at 4 weeks, illustrated by fluorescence-dyeing reagents, where the yel-
lows reveal the new bone formation of 1-week duration dyed by tetracycline, the pinks reveal the new bone formation of 2-week duration dyed
by calcein and the greens reveal that new formation of 4-week duration by calcein-blue. Insets refer to high-magnification images. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

with L929, MG 63, VSMC, and ECV304 were measured in this
study. Cell viability results from fibroblast and osteoblast
show a totally contrary tendency for the present experimen-
tal materials. Preferential attachment and adhesion perform-
ance can be clearly observed after several days’ culture,
according to the results of inhibition in fibroblast and prolif-
eration in osteoblast cell lines. The priority growth in MG63
over 1929 also reveals superior bone formation derived from
the osteogenous cells, which coincides with the other’s
work.?® Even with the different vascular cell lines, experi-
mental samples showed promotion in ECV304 while suppres-
sion in VSMC. However, no significant difference in the cell
proliferation amongst four types of cell lines can be detected
for the ECAPed Ti and CP Ti groups, and it may attribute to
the similar extraction components (mainly the metal ions) in
an indirect assay way. Taking into consideration of the other
stages amid the osteoblast responses with biomaterials, for
example, in terms of cell differentiation, there is a compara-
ble outcome between the ECAPed Ti and CP Ti groups during
the long-term incubation, and ALP expression in the group of
the ECAPed Ti stays a significantly higher level than that in
the negative control. Although the release value reflected cell
mineralization of the ECAPed Ti is a little higher, there is no
significant difference between the ECAPed Ti and CP Ti
groups.

Moreover, acellular reaction such as haemocompatibility
assessment in Figure 6 displays a low level of hemolysis
rate without remarkable difference between the ECAPed Ti
and CP Ti groups.

Mechanism of in vivo bone growing and remodeling of
new bone

Inspired by the intrinsic feature of organic cells (osteons in
micron scale) and inorganic apatite component (Ca-P com-
pound in nanodimensional size) as the elementary unit of
organ/tissue like bone skeleton, shaped nanotopography
was engineered to mimic the circumstances and stimulate

the promotion of bone-forming cells as enlightened nature
and the predictable sign.?>3® The nanostructured regime of
SPD-induced Ti is also reported to modulate the gene
expression and promote the cellular responses in vitro.>!
In light of potentially accumulative growth of osteoid bone
in vivo, osteogenic cells preferentially dominate peri-distrib-
uted zone around the substrates with nanoscaled phases.?
Therefore in this study, the color and structure of newly
formed bone are well distinguished from that of autogenous
bone aside in vivo ever from the initial time point. However
at the beginning, the vastly distributive osteocytes as the
basic bone-forming cells** can be clearly recognized in the
neoformed bone under higher-resolution images in Figure
8(c). Hundreds of these osteocytes, densely aggregated and
strictly aligned in certain form and shape, perform as the
first-step bone formation.* Later on after 2 weeks, groups
of fresh osteons consisting of concrete cells start to emerge
in Figure 8(f), similar to that in the existing bone unit in
Figure 8(a). As a result, immature yet intermediate woven
bone takes the place of the initially formed spindle-like
sparse bone. The osteoinductive interfaces instead of fibrous
obstruct between the implant and original bone can be sig-
nificantly concluded and the replacement procedure proves
to be more thoroughgoing and complete in the group of the
ECAPed Ti, as shown in Figure 8(e). The growing nature of
evolutionary bone continues with the general rules and reg-
ulations as time goes on. When it comes to the 4th week,
the growth and evolvement of the new bone develops to a
stage with the everlasting previous increment of bone
density and volume as shown in Figure 7. The bone trans-
formation is almost experienced in progress from the imma-
ture bone to the lamellar bone or trabecular [as shown in
Fig. 9(b)], with the representative as the mature compact
bone. The dynamic procedure of the growing new bone
within 4 weeks is recorded in a fluorochrome-marked track-
ing way. Fluorochrome-dyeing images in Figure 11 record
the growth direction and kinetics process of newly formed
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FIGURE 12. Schematic illustration of the proposed mechanism of the interacted surface responses of (a) CP Ti and (b) the ECAPed Ti in the cir-
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bone ever since the implantation of materials, during which
4-week duration new bone grows well maturely and bur-
dens the major skeleton with density while 1-week bone
starts its outmost formation. Moreover, the ingrowth of neo-
formed lamellar bone or trabecular alignment are dramati-
cally distinguished without fibrous tissue encapsulation on
the interface between bone and the ECAPed Ti implant at 4
weeks (as indicated by the yellow line), which showcases
phenomenal osteoinductive integration.

Bone-resorbing cells like osteoclasts with multi-nucleus
appeared amidst the bone cells at 8 weeks in Figure 9(f)
and it initiated bone resorption, which is also very impor-
tant in the process of shaping and maturing the new
bone.®® In the follow-up later period, the frame of new bone
commenced remodeling itself, bone resorption balanced
with bone formation simultaneously, which would also
explain the decreasing values of BMD and BV/TV in Figure
7. Talking about the tendency analyzed from the parameters
like BMD, the uprising result implies new bone growth and
densification (such as osteoid cells) induced by osteoblasts-
guided mechanism in the first few weeks, while the down-
grading result means a remodeling process of bone from
newly-formed immature bone (woven bone) to mature
substitute (lamellar bone), which is usually driven by multi-
nucleated osteoclasts. Another finding from Figure 7(a) is
that a rising peak of BMD till 8 weeks can be observed in
the targeted zone around CP Ti, while this peak of bone-
growing turns left toward 4 weeks in that around
the ECAPed Ti. This left-shift reveals a fast recovery and
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promising bone-healing in a much shorter time due to the
rapid growth and mature transformation of new bone.
Together with the phenomenon of fibrous-free interface and
osseointegration when bone contacted with ECAPed Ti, a
totally different bone formation mechanism from that for
the conventional CP Ti would be proposed. Till the end of
implantation at 12 weeks, three divided zones of bone in
different shape can be detected. Remodeling achievement is
mostly finished in the case of the ECAPed Ti from the parts
like bone marrow cavity, inner and outer zone of the corti-
cal bone part. It is hypothesized that nanostructured Ti
stimulates the fast ingrowth of bone-forming cells and
follow-up remodeling process toward the implant when
they are interacted. A full envelop of direct bone contact
encapsulated onto the implant is clearly identified as the
desirable osseointegration after rapid involvement of highly-
motivated osteoclasts over balanced osteoblasts participa-
tion, leaving no time and room for fibrous tissue activation
as shown in Figure 10.

Together with the XPS analysis discovered in our study,
a schematic description of the proposed mechanism is illus-
trated in Figure 12. The dominant component of the thick
and flawless layer of TiO, is obviously discriminated, which
is strongly dependent on the different grain sizes, micro-
crystalline or nanocrystalline. Because of the capacity of
electronegativity derived from such densely TiO, layer or
active external hydroxy in the case of the nanocrystalline
ECAPed Ti, cations of different types in the near circumstan-
ces were captured and neutralized. As for those partially
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neutralized cation like calcium (Ca), there is enough room
for the negatively charged biomolecule such as proteins or
cells to bone together, providing a precursor of the follow-
up tissue generation even skeleton formation. Such pro-
nounced bioactive phenomenon was found in the group of
the ECAPed Ti with exterior active layer and interior nano-
structures. While for those fully neutralized and bonded cat-
ions like sodium (Na) or potassium (K), it keeps substrates
repellent or inert onto the cells or biomolecule, most of
which is also electronegative. Inferior cell-attractive surface
of the microcrystalline CP Ti with the covered mixture of
bare metallic Ti and TiO, brings about less bioaffinity than
that of the nanocrystalline ECAPed Ti.

CONCLUSIONS

In summary, the nanocrystalline pure titanium (ECAPed Ti)
in the present study has shown an improved combination of
not only the in vitro bioactivity, bioaffinity, and long-term
cellular functionalization in cytobiology, but also the in vivo
biostability and humanized bio-osseointegration in histo-
morphology. Deposition of bonelike apatite on the substrate
of the ECAPed Ti is unprecedented observed under the
static immersion in the natural SBF environment. Mean-
while, the less rough surface with more hydrophilicity of
the ECAPed Ti up-regulates protein adsorption, cell prolifer-
ation and follow-up differentiation and mineralization to
some extent. Correspondingly, tailored ECAPed Ti with the
nanostructured grains concretely avails osseointegration,
thus enhances the quick bone-formation and fast recovery
after the rapid growth and remodeling of the newly formed
bone. Therefore, besides its widespread application in
aerospace, automotive and sport goods fields, bulk nano-
structured titanium with leading bioactivity and fast bone
regeneration can be actively and intelligently engineered to
meet the extended function in life innovation industry on
demand.
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