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In vitro bioactivity and biocompatibility evaluation of
bulk nanostructured titanium in osteoblast-like cells
by quantitative proteomic analysis†

Minzhi Zhao,ab Qingsong Wang,c Wenjia Lai,c Xuyang Zhao,c Hongyan Shen,c

Feilong Nie,a Yufeng Zheng,a Shicheng Wei*ab and Jianguo Ji*ac

Nanostructured titanium prepared by the equal-channel angular pressing route (ECAPed Ti) has shown

great promise as an implant material over conventional pure titanium. The aim of this report is to

investigate its biological properties, surface performance, and comprehensive biological effects at a

molecular level when in contact with cells. Protein expression changes of human osteoblast-like MG-63

in response to polished ECAPed Ti had been profiled by employing stable isotope labelling with amino

acids in cell culture (SILAC), using cpTi as control after the same polishing process. It was found that

ubiquitin proteasome related processes were predominantly enriched in the over-expressed proteins.

Superoxide dismutase 2 (SOD2) was apparently up-regulated on the ECAPed Ti surface, which could

have contributed to the increase in SOD activity and the decrease in the reactive oxygen species (ROS)

level. These expression changes have relationships with protein degradation, bone formation and

resistance to oxidative injury, and they suggest that ECAPed Ti has the potential to further promote

osteoblast differentiation. On the other hand, the down-regulated proteins exhibited resistance to

platelet adhesion on the ECAPed Ti surface. This study reveals the differential expression of proteins in

human osteoblasts induced by nanostructured titanium substrates for the first time.
Introduction

It has been a challenge to develop a bone-contacting material
with both favorable bulk properties and an admirable surface to
ensure not only long-term stability of the implant, but also
adjustable cell–substrate interactions. Commercially pure Ti
(cpTi) is the most commonly used biomaterial in orthopedics
and dentistry due to its excellent corrosion resistance and
biocompatibility.1 However, the unfavorable mechanical
behaviors (such as insufficient strength and excess modulus) of
cpTi have limited its applications in heavy load situations.2

Otherwise, it would render stress shielding effects. The bio-inert
nature of the cpTi surface has limited its bioactivity and full
potential. Many methods, such as alloying and secondary pro-
cessing (new phase modulation,3 surface nanotopography,4 and
bio-glasses/ceramics modications), have been used to enhance
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its mechanical and biological performance. However, alloying
could add the risk of adverse effects derived from harmful
elements,5 and secondary processing could lead to low effi-
ciency and instability failure due to the fast degradation of the
coating. Bulk nanostructured titanium fabricated by severe
plastic deformation (SPD) processing opens a new realm for its
biomedical applications.6–8 High mechanical strength can be
achieved by grain renement, and more importantly, the
nanostructured titanium possesses good biosafety for avoiding
potentially toxic alloy elements. Equal-channel angular pressing
(ECAP) is a new SPD processing method.

It was found that physicochemical surface characteristics of
the as-received and the SPD-modied titanium did not differ in
any signicant way. One could anticipate that nanostructured
Ti would not have signicant impact on biocompatibility.
Nevertheless, cells are such magical organisms, and we have
reasons to believe the cells can “feel the nanostructured grain
size” and trigger certain unique responses. The recent studies
indicated that nanostructured Ti processed by SPD could
improve the biological response on the surface9–12 compared to
cpTi. Unfortunately, it is hard to reveal these subtle responses
via ordinary cytotoxicity tests. The cellular level remains
“macroscopic” to understand the relevant mechanisms of these
responses or activities. Focusing on several selected well-known
bio-markers has been the development direction for biocom-
patibility evaluation at a molecular level in recent years. Since
This journal is ª The Royal Society of Chemistry 2013
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there are thousands of molecules connected together to form
the whole cell signals, no single cell behaviour could be
accomplished by individual molecules. To understand most if
not all cellular activity, more markers will have to be discovered.
A global detection, along with a systematic analysis on the
biomaterials interacting with their surrounding environmental
cells, is crucial for the evaluation, application, and development
of new biomaterials. High-throughput technologies like geno-
mics, transcriptomics, and proteomics are increasingly applied
in biomedical studies and have great potential to achieve this
objective.13 Many recently developed quantitative proteomic
technologies have been gradually introduced to study the
cellular responses to biomaterials.14–16

In this report, we introduced stable isotope labeling with
amino acids in cell culture (SILAC), an acknowledged metabolic
labeling technique in proteomics, for the rst time, to study the
biological effect of the nanostructured Ti surface with rened
grain size on human osteoblasts at the whole proteome level.
SILAC enables the isotopically encoded cells to be mixed before
fractionation, eliminating inherent quantication biases and
achieving more accurate quantitative information.17 This
method has hardly been applied in the research of implant
materials, which requires higher safety standards. The only
study was about two base materials of different chemical
compositions, which interpreted the meaning of “bio-inert” for
biomaterials at the global molecular level.18 Our study revealed
many new bioactive performances of nanostructured titanium
processed by mechanical pressing and demonstrated the
superiority of proteomic technology in the deep understanding
of biomaterial biocompatibility.
Experimental
Materials and characterizations

Bulk nanostructured pure Ti (ECAPed Ti) was prepared by the
equal channel angular pressing (ECAP) technique from coarse-
grained commercial pure titanium (cpTi) discs (Grade 4,
provided by Ufa State Aviation Technical University) with
subsequent annealing in vacuum at a temperature of 300 �C for
30 min. It has equiaxed grains with a mean grain size of about
280 nm.19 Disc samples 4 mm in diameter and 2 mm in thick-
ness were prepared and polished with a series of SiC abrasive
papers of increasing grit size (80, 400 and 800 grit). They were
ultrasonically cleaned in acetone, absolute ethanol and dem-
ineralized water, and then dried in open air.

The surface morphology and composition of the samples
were assessed using an environmental scanning electron
microscope (ESEM; Quanta 200FEG, Hillsboro, OR) and
analyzed by X-ray photoelectron spectroscopy (XPS, AXIS-Ultra
Instrument). An X-ray diffractometer (Rigaku DMAX 2400) with
Cu Ka radiation was used for the identication of the phases.
The surface roughness of the naked surface aer polishing was
recorded by scanning atomic force microscopy (AFM, SPI
3800N). Measurements were made in triplicate. The dimensions
of the explored zone were 5 � 5 mm2. Bright eld transmission
electron microscopy (TEM) was performed using a JEM 200CX
operating at 120 kV to reveal the grain/subgrain size
This journal is ª The Royal Society of Chemistry 2013
distributions and microstructures of the experimental samples,
aer standard grinding, polishing, and dimpling procedures by
2 h ion thinning. The tensile tests were carried out at a strain
rate of 4� 10�4 s�1 in an Instron 3365 universal test machine at
ambient temperature. Surface wettability was evaluated by
measuring the contact angle of distilled water on the material
surface using a CAS system (DataPhysics OCA20, Germany).
Inductively coupled plasma atomic emission spectrometry
(Leeman, Prole ICP-AES) was used to measure the concentra-
tion of titanium. The extraction media were prepared using
DMEM serum free medium as the extraction medium with the
surface area of extraction medium ratio 3 cm2 mL�1 in a
humidied atmosphere with 5% CO2 at 37 �C for 72 h.

Cell culture, cell morphology, proliferation and alkaline
phosphatase (ALP) activity

Human osteoblast-like MG-63 cells (CRL1427, ATCC, Manassas,
VA) were seeded onto the cpTi and ECAPed Ti samples in 96-well
plates (made up of polystyrene). The culture medium was Dul-
becco's modied Eagle's medium (DMEM) (Hyclone, Logan, UT)
containing 10% (v/v) fetal bovine serum (FBS) (Gibco BRL, Grand
Island, NY), penicillin (100 U mL�1), and streptomycin sulfate
(100mgmL�1). Cells were incubated at 37 �C with 5% CO2. Aer
4 h of contact, cells on test materials were xed with 2.5%
glutaraldehyde for 60 min at room temperature and then dehy-
drated through increasing ethanol gradients from 50% to 100%.
Cell morphology on materials was examined with an ESEM
(Quanta 200FEG). Cell adhesion on the surface in the early stage
is also based on tallying and imaging. For cell proliferation tests,
cells were seeded on sterilized substrates in 96-well plates at 5�
103 cells per 100 mL medium in each well. Aer incubating the
cells in a humidied atmosphere with 5% CO2 at 37 �C for 1, 4,
and 7 days, the cell proliferation reagent WST-1 (Roche, Swit-
zerland) was added to the cells at 100 mL per well. Following 4 h
incubation at 37 �C, the absorbance was measured by a micro-
plate reader (Bio-RAD680) at 450 nmwith a reference wavelength
at 630 nm. Alkaline phosphatase (ALP) activity of osteoblasts was
examined at 7, 14, and 21 days using colorimetry-based assays.
100 mL of mixed working solution (100 mL of 0.1 mM p-nitro-
phenylphosphate, 1 mL of 1 M MgCl2 and balanced carbonate
buffer within 10 mL) was added to the lysed solution and incu-
bated for 45 min. Eventually, 25 mL of 1 M 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.

SILAC labeling

All SILAC reagents were from the Pierce� SILAC Protein
Quantitation Kits (Thermo Fisher Scientic Inc, Waltham, MA).
Cells were grown in SILAC “light” (L-lysine and L-arginine) and
“heavy” (L-13C6-lysine and L-13C6

15N4-arginine) conditions for at
least ve rounds of cell division in SILAC DMEM supplemented
with 10% dialyzed fetal bovine serum for complete incorpora-
tion of isotope-labeled amino acids. In order to conrm that the
SILAC medium had not induced additional effect on the
biocompatibility, cells in both “heavy” and “light”mediumwere
J. Mater. Chem. B, 2013, 1, 1926–1938 | 1927
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examined with an optical microscope prior to the treatment
with materials. Subsequently, cells labeled with the “heavy”
label were seeded onto ECAPed Ti disks, while cells with the
“light” label were cultured on as-received cpTi as control.

Protein extraction, separation and in-gel digestion

Aer 14 days of culture on both materials in SILACmedium, the
cells were lysed and harvested in a buffer containing 7 M urea,
2 M thiourea, 4% w/v 3-[(3-cholamidopropyl)dimethylammo-
nio] propanesulfonate (CHAPS), 65 mM dithiothreitol (DTT),
1% (v/v) protease inhibitor cocktail (Sigma, USA), and 0.1
volume of the mixture of deoxyribonuclease I (1 mg mL�1) and
ribonuclease A (0.25 mg mL�1) at 4 �C for 60 min. The lysates
were dissolved with repeated vortex and ultrasonication, fol-
lowed by centrifugation at 15 000g at 4 �C for 30 min to remove
insoluble substances. The total protein concentration was
determined by the Bradford assay. Proteins from cpTi and
ECAPed Ti were mixed at a ratio of 1 : 1 for a total of 60 mg
proteins. They were then separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis on a 12.5% gel. Gels were
xed and stained with Coomassie brilliant blue. Each gel lane
was excised into 24 slices. The slices were then cut into 1 mm3

pieces and destained in 50% acetonitrile with 25 mM ammo-
nium bicarbonate solution, before being dehydrated in 100%
acetonitrile and dried. The in-gel proteins were reduced by
incubation with 10 mM dithiothreitol for 40 min at 56 �C, fol-
lowed by alkylation with 55 mM iodoacetamide for 40 min in
the dark. Aer being washed and dehydrated, the proteins were
digested with 8 ng mL�1 sequencing grade trypsin at 37 �C
overnight. The peptides were extracted from gel pieces with
0.1% formic acid and 50% acetonitrile for 120 min twice, and
the extracts were dried in a vacuum centrifuge.

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis and data acquisition

Peptides were re-dissolved in 10 mL of 0.2% formic acid and
injected into a fused silica emitter via an auto-sampler with a
commercial C18 reverse-phase column (150 mm long, 75 mm
inner diameter, packed in-house with C18-AQ 5 mm resin),
before being eluted with a nano-ow liquid chromatography
system (Micro-Tech Scientic, USA). This procedure used a
linear gradient from 5% to 30% of acetonitrile in 0.1% formic
acid at a constant ow rate of 500 nL min�1 over 110 min.
Eluted peptides were sprayed into a linear ion trap (LTQ)-
Orbitrap mass spectrometer (Thermo Fisher Scientic Inc.,
USA) via a nano-electrospray ion source.

The data were acquired in the positive ion mode and in a
data-dependent mode to automatically switch between the full-
scan MS (from m/z 300 to 2000) and the tandem mass spectra
(MS/MS) acquisition. The survey spectra were acquired in the
Orbitrap with the resolution set to a value of 60 000. Fragmen-
tation in the LTQ was performed by collision-induced dissoci-
ation (CID) with 35% normalized collision energy.

Raw MS spectra were processed using the MaxQuant so-
ware (version 1.0.12.31) that did peak list generation, quanti-
tation, and data ltration and presentation.20 MS/MS spectra
1928 | J. Mater. Chem. B, 2013, 1, 1926–1938
were searched by Mascot (version 2.2.2, Matrix Science) against
the IPI human data base (version 3.24) and the reversed
sequences of all proteins. Enzyme specicity was set to trypsin.
Carbamidomethylation was set as xed modication, as well as
L-13C6-lysine (Lys8) and L-13C6

15N4-arginine (Arg10) (SILAC label
modication). Variable modications included oxidation (M)
and N-acetylation (protein). A maximum of two missed cleav-
ages were allowed. Initial mass deviation of the precursor ion
and fragment ions is up to 10 ppm and 0.5 Da; the minimum
required peptide length was set to 6 amino acids. Protein
identication required two peptides, one of which had to be
unique to the protein group. A false discovery rate (FDR) of 0.01
for proteins and peptides was required. The false discovery rate
of proteins was the product of the posterior error probability of
the contained peptides where only peptides with distinct
sequences were taken into account. Posterior error probability
for peptides was calculated by recording the Mascot score and
peptide sequence length-dependent histograms of forward and
reverse hits separately. Bayes' theorem was then used to derive
the probability of a false identication for a given top scoring
peptide. The false discovery rate was calculated by successively
including the best scoring peptide hits until the list contained
1% reverse hits. The quantication procedure is described in
detail in ref. 21.

Data analysis and interpretation

The protein ratios were normalized to correct unequal protein
amounts to create normalized ratios of heavy/light proteins. In
the experiment comparing ECAPed Ti against cpTi, the quan-
tied proteins were divided into three quantiles corresponding
to the cutoffs of 1.50 and 0.667 of the normalized heavy/light
ratios. Fold-changes >1.50 were considered as up-regulation,
while <0.667 (reciprocal of 1.50)-fold changes were considered
as down-regulation. Values between 0.667 and 1.5 indicated no
change. The enrichment and clustering analysis of different
ratio quantiles for the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway and gene ontology (GO) biological
process were performed separately by the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID, v6.7)
system (http://david.abcc.ncifcrf.gov/).22,23 To understand the
interaction of differentially expressed proteins visually, some
biological pathways and networks were further analyzed by
GenMAPP (http://www.genmapp.org/).24

Western blot analysis

Cells were lysed using the same method mentioned in Section
2.4 at each time point. 30 mg of proteins was loaded onto 12.5%
sodium dodecyl sulphate polyacrylamide gels (SDS-PAGE),
separated, and then transferred to polyvinylidene uoride
(PVDF) membranes. The membranes were then blocked in
5% skim milk and incubated with primary antibodies
(Abcam, Cambridge, UK) against superoxide dismutase 2
(SOD2), ubiquitin carboxyl-terminal hydrolase isozyme L1
(UCHL1), ubiquitin-conjugating enzyme E2 D3 (UBE2D3), pro-
teasome subunit beta type-4 (PSMB4) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The blots were developed
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Surface roughness and contact angle of cpTi and ECAPed Ti

Sample Ra (nm) Contact angle (�)

cpTi 119.726 � 32.783 66.229 � 4.044
ECAPed Ti 56.860 � 8.993 57.931 � 2.387

Fig. 1 XRD patterns of cpTi and ECAPed Ti substrates.
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by chemiluminescence using Amersham ECL reagents (GE
Healthcare, Little Chalfont, UK).

Superoxide dismutase (SOD) activity

SOD activity was determined by a competitive colorimetric
inhibition assay as previously described.26 This method is based
on the ability of superoxide ions, generated by xanthine and
xanthine oxidase, to reduce WST-1 (2-(4-iodophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, mono-sodium
salt) to a water-soluble formazan dye. SOD activity reduces
superoxide concentration and inhibits formazan formation.

Aer 1, 4 and 14 days of culture, the cells were lysed in a
buffer containing 1% (v/v) protease inhibitor cocktail (Sigma,
USA) and 0.1 volume of the mixture of deoxyribonuclease I
(1 mg mL�1) and ribonuclease A (0.25 mg mL�1) dissolved in
10� PBS at 4 �C for 60 min. Aer centrifugation at 4 �C and
10 000� g for 10 min to remove cell debris, the supernatant was
incubated with a reaction mixture containing WST, xanthine
and xanthine oxidase as per the manufacturer's instructions
(Beyotime, China). Formazan formation was measured at
450 nm using an ELISA reader (Victor2 Multilabel Counter,
PerkinElmer, Waltham, MA). Total protein concentration was
measured by the Bradford method. Total SOD activity,
expressed in units per milligram of protein, was determined.

Reactive oxygen species (ROS) measurements

Following the manufacturer's instructions (Beyotime, China),
about 5 � 105 cells were trypsinized, washed with serum-free
DMEM culture medium and incubated with 10 mmol L�1

dichlorouorescein diacetate (DCFH-DA, Beyotime, China) at
37 �C for 30 min. The cells were then harvested, washed and
resuspended in serum-free DMEM culture medium. DCF uo-
rescence distribution was recorded by a uorospectropho-
tometer (DCF: excitation wavelength 488 nm and emission
wavelength 535 nm).

Platelet adhesion

Platelet adhesion assessment was carried out as reported.25

Platelet-rich plasma (PRP) was prepared by centrifuging the
whole blood for 10 min at a speed of 1000g. The PRP was
overlaid atop the experimental material plates and incubated at
37 �C. The samples were rinsed with PBS to remove the non-
adherent platelets. The adhered platelets were xed in 2.5%
glutaraldehyde solution for 1 h followed by dehydration in a
gradient ethanol/distilled water mixture and dried in hexame-
thyldisilazane (HMDS) solution. The surface of platelet attached
experimental plates was observed by ESEM. Different elds were
randomly counted and values were expressed as the average
number of adhered platelets per square millimeter.

Statistical analysis

All experiments were done in triplicate. Data were averaged and
expressed as mean � standard deviation (SD). They were
analyzed with ANOVA and the level of statistical signicance
was dened as p < 0.05.
This journal is ª The Royal Society of Chemistry 2013
Results and discussion
Material characterizations

Table 1 shows the surface roughness and the water contact
angle of cpTi and ECAPed Ti. The AFM images of these two
substrates are shown in Fig. S1.† The SEM images of the pol-
ished surface topology are shown in Fig. S2.† The general
surface topology of these two substrates, polished using the
same surface polishing process, was similar. The surface
roughness of ECAPed Ti is lower than that of cpTi. May be
hardening the cpTi by mechanical pressing will result in
different behavior to the grinding. The water contact angle of
ECAPed Ti is lower than that of cpTi, suggesting higher hydro-
philicity at the ECAPed Ti surface possibly due to a nano-
structure feature (Table 1).

X-ray diffraction (XRD) patterns of the cpTi and the ECAPed
Ti are shown in Fig. 1. Both materials show the same Ti posi-
tion. Compared to cpTi, however, ECAPed Ti exhibits a narrower
full width at half-maximum of the diffraction peak and weaker
peek intensity due to smaller grain size in ECAPed Ti. XPS
results are shown in Fig. 2. Ti 2p spectra clearly show well-
dened covalent Ti+4 peaks, which conrms the production of
the TiO2 lm on both samples. Ti0 peak, on the other hand, is
stronger on cpTi but undetectable on the ECAPed Ti surface,
suggesting that the ECAPed Ti surface is predominantly oxide
and without a bare Ti. This could have led to unique perfor-
mance as observed in our study and reported elsewhere.27

Fig. S3† displays the TEM image and the grain size distri-
bution of the bulk nanocrystalline ECAPed Ti. It is seen that the
average grain size of the ECAPed Ti is about 250 nm, smaller
than the original grain size (10–30 mm) of the microcrystalline
J. Mater. Chem. B, 2013, 1, 1926–1938 | 1929
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Fig. 3 Cell proliferation of MG63 cells cultured on cpTi and ECAPed Ti on days 1,
4 and 7.

Fig. 2 XPS high-resolution spectra of cpTi and ECAPed Ti substrates.
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cpTi reported by the present materials provider.28 Fig. S4† shows
the mechanical properties of these two materials aer the
tensile tests under ambient temperature. The renement of
grains brings about a signicant enhancement of strength for
cpTi, as can be seen from the marked increase in yield strength
and the ultimate tensile strength.

In order to investigate whether mechanical pressing could
inuence titanium ion concentrations under culture condi-
tions, titanium concentrations of the culture solution extract
were examined for cpTi and ECAPed Ti discs. Phosphorus,
which is abundant in the culture medium, was set as reference
(Fig. S5†). Very low and similar levels of Ti ion concentration
suggested that the ECAP process did not change the ion release
and the bio-effect from nanostructured Ti did not correlate to
the solution environment.
Cell proliferation assay and morphology observation

Cytocompatibility assay was carried out to study cell attachment
and proliferation using human osteoblast cells (MG-63). SEM
images revealed that a substantial number of cells attached and
spread well on both materials aer seeding for 4 hours
(Fig. S6†). Although the number of attached cells was a little
lower for ECAPed Ti, no signicant difference in cell
morphology and density was found. Since there was hardly any
difference in the extract derived from cpTi and ECAPed Ti, only
the direct co-culture proliferation was investigated (Fig. 3).
There was no signicant difference found between cpTi and
ECAPed Ti. During the early stage of interaction between
substrates and osteoblast cells, the study indicated that
renement of grain size of conventional Ti did not induce a
severe negative response.
Fig. 4 Flowchart of SILAC coupled with LC-MS/MS for the comparative analysis
of protein expression in the MG-63 cells upon cpTi and ECAPed Ti treatment.
Quantitative proteomic analysis of human osteoblasts upon
titanium treatment with different grain sizes

Considering the widely recognized biocompatibility of pure
titanium and the comparable results of these two materials
from the cellular level assay described above, we focused on
1930 | J. Mater. Chem. B, 2013, 1, 1926–1938
another important functional performance: osteoblast differ-
entiation. The early phase of the osteoblast differentiation was
selected for the proteomic investigation. ALP activity results in
Fig. S7† show that the beginning of a signicant difference
(between test surfaces and polystyrene) appears on day 14;
therefore, quantitative proteomics study was performed aer 14
days of cell culture on these two surfaces.

In order to characterize the alterations in global protein
expression of osteoblast proteome in response to direct contact
with nanostructured ECAPed Ti compared with cpTi, MG-63
cells were labeled and the proteins were quantied following
standard SILAC operating procedures (Fig. 4). Fig. S8† shows
that the cells cultured in SILAC “light” (L-lysine and L-arginine)
and “heavy” (L-13C6-lysine and L-13C6

15N4-arginine) conditions
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Quantitative reproducibility analysis of duplicated experiments by Pear-
son's correlation.

Fig. 7 Fold-change distribution of the proteome (H: ECAPed Ti, L: cpTi). Quan-
titative comparison of the MG-63 proteome on ECAPed Ti and cpTi surfaces.

Paper Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 0
6 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 B
ei

jin
g 

U
ni

ve
rs

ity
 o

n 
05

/0
8/

20
13

 1
5:

33
:1

4.
 

View Article Online
have the same morphology. This indicates that the SILAC
medium has not induced an additional effect on the biocom-
patibility of the studied materials due to the existence of the
labeling material.

Two biological replicate experiments were carried out, and a
Pearson's correlation analysis was used to assess the correlation
between these two datasets. Excellent quantitative reproduc-
ibility was obtained (Pearson's correlation coefficient 0.90
(Fig. 5)). The two datasets were then combined and analyzed
together using stringent and unied criteria which was
achievable in MaxQuant.29 At a false positive rate of less than
one percent, a total of 2458 proteins were identied, and 2133
proteins were quantied (Fig. 6). Detailed quantitative results
are shown in Table S1.†
Fig. 6 Identification and quantitation overlap between two replicates of the
dataset. Venn diagrams show the number of unique proteins as well as their
overlaps from each and combined analysis.

This journal is ª The Royal Society of Chemistry 2013
Histograms shown in Fig. 7 indicate that there are hardly any
overall changes in the proteome, and 96% of the proteins are of
constant abundance within a fold change of two. These results
suggest that mechanical pressing would not have an obvious
inuence on osteoblast cells at the global protein level. This
means that besides the excellent mechanical property of nano-
structured Ti, the good biocompatibility of cpTi is also retained
aer renement of grain size. To completely investigate the
subtle effects of alterations in protein expression caused by
mechanical pressing of cpTi, we extended to set 1.5-fold protein
abundance changes (the abundance ratio of treatment to
control was $1.5 or #0.67) to dene differentially expressed
proteins. As a result, 364 proteins were up-regulated and 66 were
down-regulated in the cells treated with nanostructured Ti
compared to cpTi. This means that the expression level of most
differential proteins is conned between 1.5- and 2.0-fold.

Functional classication and enrichment analysis were per-
formed via the DAVID platform. The normalized ratios in both
up- and down-regulation sections of the comparisons were
further classied separately and a statistical test was performed
to assess the over-represented categories with reference to the
databases of KEGG pathways and GO biological processes. In
order to nd out the correlation and the main bio-effect of
the nanostructured surface from a variety of pathways and
processes, functional annotation clustering analysis was
utilized for data interpretation. Totally 22 clusters were gained
(Table S2†) in the up-regulated proteins. The largest one, which
had the highest enrichment score, was chosen for further
analysis (Table 2). It was found that most categories in this
cluster were about functions related to ubiquitin, proteasome,
protein degradation, catalytic activity and protein metabolic
process. These functions were interrelated. In eukaryotes, the
ubiquitin degradation pathway is essential for the regulation of
normal growth, proliferation and differentiation.30 Another
interesting phenomenon is that both positive and negative
regulation of the same process showed co-enrichment. It
suggests that cell–biomaterial interaction is different from
cell-small molecule interaction, which usually shows the
J. Mater. Chem. B, 2013, 1, 1926–1938 | 1931

http://dx.doi.org/10.1039/c3tb00266g


Table 2 Notable functional annotation cluster in the enrichment clustering results of over-expressed proteins

Category Term Count P-value

GO_BP GO:0051439 – regulation of ubiquitin-protein ligase activity during mitotic cell cycle 14 3.54 � 10�9

KEGG_PATHWAY hsa03050: proteasome 11 1.36 � 10�6

GO_BP GO:0009057 – macromolecule catabolic process 36 3.80 � 10�5

GO_BP GO:0000278 – mitotic cell cycle 22 6.13 � 10�5

GO_BP GO:0022402 – cell cycle process 26 0.000615
GO_BP GO:0044092 – negative regulation of molecular function 16 0.006534
GO_BP GO:0044093 – positive regulation of molecular function 23 0.009265
KEGG_PATHWAY hsa04120: ubiquitin mediated proteolysis 7 0.010037
GO_BP GO:0031325 – positive regulation of cellular metabolic process 29 0.027869
GO_BP GO:0009893 – positive regulation of metabolic process 29 0.045165
GO_BP GO:0010605 – negative regulation of macromolecule metabolic process 23 0.080063
GO_BP GO:0010604 – positive regulation of macromolecule metabolic process 26 0.082155
GO_BP GO:0009892 – negative regulation of metabolic process 24 0.084357
GO_BP GO:0031324 – negative regulation of cellular metabolic process 22 0.105782
GO_BP GO:0048522 – positive regulation of cellular process 49 0.106751
GO_BP GO:0048518 – positive regulation of biological process 52 0.151205
GO_BP GO:0050790 – regulation of catalytic activity 24 0.159747
GO_BP GO:0048523 – negative regulation of cellular process 40 0.328591
GO_BP GO:0048519 – negative regulation of biological process 42 0.419289
GO_BP GO:0051173 – positive regulation of nitrogen compound metabolic process 13 0.75028
GO_BP GO:0060255 – regulation of macromolecule metabolic process 67 0.771341
GO_BP GO:0080090 – regulation of primary metabolic process 67 0.799071
GO_BP GO:0019222 – regulation of metabolic process 70 0.916557
GO_BP GO:0009891 – positive regulation of biosynthetic process 11 0.940983
GO_BP GO:0031323 – regulation of cellular metabolic process 65 0.947884
GO_BP GO:0009889 – regulation of biosynthetic process 44 0.999481
GO_BP GO:0051171 – regulation of nitrogen compound metabolic process 41 0.99964
GO_BP GO:0050794 – regulation of cellular process 115 0.999982
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site-specic effect. Biomaterials could induce more extensive,
complex, and multi-dimensional responses.

To further understand the crucial process, which most
differentially expressed proteins closely relate to, the biological
pathway “the ubiquitin–proteasome pathway” is shown in Fig. 8
by GenMAPP. It was found that most proteins within the
ubiquitin–proteasome pathway were captured by the SILAC
coupled high resolution MS strategy. Besides the proteins with
no change (gray boxes), most differential proteins were up-
regulated, like the proteasome core complex. It seems that the
ubiquitin mediated protein degradation had been activated as
most proteasome members were up-regulated, except PSMD6,
and no greatly down-regulated proteins appeared (less than 0.5-
fold). However, two up-regulated proteins ubiquitin carboxyl-
terminal hydrolase isozyme L1 (UCHL1) and L5 (UCHL5, not
shown in this pathway map) are included in the de-ubiquiti-
nation process. UCHL1 functions as a de-ubiquitylation enzyme
in a monomeric form and both UCHL1 and UCHL5 belong to
the UCH (ubiquitin C-terminal hydrolase) family, which is a
subclass of deubiquitinating enzymes (DUBs).31 DUBs are a
group of proteases32 that regulate ubiquitin-dependent meta-
bolic pathways by cleaving ubiquitin-protein bonds. Potentially,
DUBs may act as negative and positive regulators of the ubiq-
uitin system. In addition to ubiquitin recycling, they are
involved in the processing of ubiquitin precursors, in proof-
reading of protein ubiquitination, and in the disassembly of
inhibitory ubiquitin chains.33 Therefore, it is not appropriate to
suggest simply that the mechanically pressed material aer
1932 | J. Mater. Chem. B, 2013, 1, 1926–1938
polishing could activate the protein ubiquitination and degra-
dation. This coincides with the co-enrichment of negative and
positive results described above.

It may be interesting to point out that the ubiquitin–pro-
teasome degradation related process has a close relation to
bones. There have been many clinical reports about the ubiq-
uitination and proteasome associated closely with bone
formation and osteoblast differentiation via BMP and Wnt
signaling pathways.34–37

High throughput research in recent years has led to many
amazing discoveries and extended the study on selectively
monitoring individual molecules. A comparative proteomic
study on human osteoblastic cell differentiation has brought
some inspiration. It was reported that during a certain period,
osteoblast differentiation could overpass the maximum
expression of some classical markers of osteoblast differentia-
tion functionally, such as alkaline phosphatase (ALP).38 This
was similar to our study, where the ALP activity levels were
different from titanium to polystyrene on day 14 and day 21, but
were very close between cpTi and ECAPed Ti (Fig. S7†). However,
more new markers emerged through the global discovering.
UCHL1 and superoxide dismutase 2 (SOD2) were two crucial
members which were also over-expressed in our study. UCH-L1
is involved in the proteolytic processing of polymeric ubiquitin
and the generation of monomeric ubiquitin, the active
component of eukaryote ubiquitin-dependent proteolytic
systems. Its gene was reported to have two opposing enzymatic
activities, hydrolase activity and ligase activity.39 A previous
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 The ubiquitin–proteasome degradation pathway (http://www.genmapp.org) inHomo sapiens. Each box represents a protein, within which is the symbol of the
gene which encodes the protein. Arrows show the process of the pathway. Red: up-regulated more than 2.0-fold; Fuchsia: up-regulated between 1.5- and 2.0-fold;
light blue: down-regulated between 0.667- and 1.5-fold; dark blue: down-regulated more than 2.0-fold; gray: no sense in expression change; blank: not detected in
this study.
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work reported UCH-L1 as implicated in the differentiation of
lymphoblasts and human neuronal cells .40 Krishnan had rst
reported over-expression of UCHL-1 during bone cell differen-
tiation.36 It has been reported that oxidation reduces differen-
tiation in human osteoblast-like cells, while SOD prevents
oxidative damage and promotes differentiation.41 The up-regu-
lation of SOD2 might affect the enzyme activity of SOD and the
reactive oxygen species (ROS) level. Since the key proteins
over-expressed in differentiated osteoblasts with respect to pre-
osteoblasts also showed obvious up-regulation in the compar-
ison of ECAPed Ti with cpTi, it suggests that the nanostructured
surface was implicated in the osteoblast differentiation,
possibly promoting the event.

Several important proteins we concentrated on were
conrmed by western blotting analysis (Fig. 9). Western blots
were quantied using ImageJ soware. The bar graph shows the
intensities of results on day 14 (the time point for proteomic
analysis), and the intensities of each test protein band were
This journal is ª The Royal Society of Chemistry 2013
normalized against corresponding GAPDH blot bands. Protein
UCHL1 and protein SOD2 were signicantly up-regulated only
on day 14 in the study. The proteasome is a multicatalytic
proteinase complex with a highly ordered ring-shaped 20S core
structure. Proteasome subunit beta type-4 (PSMB4) is the b7
subunit of the 20S proteasome.42 Human protein PSMB4 is
known as an interaction partner for several proteins, and it has
an important function of binding to the 20S core of the pro-
teasome. In this study, PSMB4 was one of the few proteins over-
expressed more than two-fold. It might be a major site for
proteasome regulation, where signals from the outside (like
stimulation from material contact) might be transduced to the
protease activities inside.43 Protein ubiquitination is a multistep
process orchestrated by the concerted action of three enzymes.
The chain reaction begins with a ubiquitin-activating enzyme
(E1). A ubiquitin-conjugating enzyme (E2) then acquires the
activated ubiquitin through a trans-thioesterication reaction.
Finally, a RING ubiquitin-protein ligase (E3) recruits the
J. Mater. Chem. B, 2013, 1, 1926–1938 | 1933
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Fig. 9 Western blotting validation of the SILAC quantitation results about notable proteins. (A) Blots are representative of at least three independent experiments. (B)
Densitometry analysis of the western blots on day 14. The intensities of each test protein bands were normalized against the corresponding GAPDH blot bands. The
right side shows the SILAC ratios of each protein.
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substrate and guides the transfer of the ubiquitin from the E2
active site cysteine to the substrate.44 Ubiquitin-conjugating
enzyme E2 D3 (UBE2D3, UbcH5c) is a member of E2 proteins.
E2 proteins can gain additional functionality via association
with additional domains or subunits. The UBE2D family of E2s
can also bind ubiquitin non-covalently. It was reported that the
non-covalent interaction of UBE2D3/ubiquitin permits self-
assembly, which has profound consequences for the processive
formation of poly-ubiquitin chains in ubiquitination reac-
tions.45 The up-regulation of proteins PSMB4 and UBE2D3
appeared at all the three time points we monitored, suggesting
the active role from the early stage of contact with nano-
structured Ti compared with cpTi.

Similar enrichment clustering analysis was performed with
down-regulated proteins (Table S3†). There was an attractive
cluster about blood function, focal adhesion, and immune
system process (Table 3). We could nd some proteins related to
blood, adhesion, and condensation functions in the under-
expressed more than two-fold section, like hemoglobin subunit
alpha and beta chain (HBA and HBB), beta-actin-like protein 3
(ACTBL3), Myosin-13 (MYH13), protein S100-A7 (S100A7), and
collagen alpha-2(I) chain (COL1A2). It might be confusing as to
why proteins located in blood and muscles appeared in bone
Table 3 Notable functional annotation cluster in the enrichment clustering result

Category Term

GOTERM_BP GO:0001568 – blood vessel developmen
GOTERM_BP GO:0001944 – vasculature development
GOTERM_BP GO:0009653 – anatomical structure mo
KEGG_PATHWAY hsa04510: focal adhesion
GOTERM_BP GO:0009887 – organ morphogenesis
GOTERM_BP GO:0002376 – immune system process
GOTERM_BP GO:0048513 – organ development
GOTERM_BP GO:0030154 – cell differentiation
GOTERM_BP GO:0048731 – system development
GOTERM_BP GO:0048869 – cellular developmental p
GOTERM_BP GO:0048856 – anatomical structure dev
GOTERM_BP GO:0032501 – multicellular organismal
GOTERM_BP GO:0007275 – multicellular organismal
GOTERM_BP GO:0007166 – cell surface receptor link
GOTERM_BP GO:0032502 – developmental process

1934 | J. Mater. Chem. B, 2013, 1, 1926–1938
cells. Besides the pre-osteoblasts possessing part of pluri-
potency, this result might be attributed to the correlation and
complexity of the bio-system. Every function of certain organs or
components could not work alone. A theory named “human
central proteome” might give some explanation.46 The central
proteome refers to a set of proteins ubiquitously expressed in all
human cells, and it includes most proteins mentioned above.
These proteins in the central proteome have effects in many
places besides the established locations.
SOD activity and ROS level inuenced by nanostructured Ti

Within a few up-regulated proteins, SOD2 was an attractive one.
To investigate the effect exerted by the over-expression of SOD2,
two relevant functional tests, SOD activity and ROS level, were
performed. The results showed that there was no obvious
difference in total SOD activity (Fig. 10) and ROS level (Fig. 11)
during the short attachment time, except for SOD activity on day
4. However, on day 14, the time for the beginning of osteoblast
differentiation, they showed distinct performances. The activity
of SOD was signicantly higher for cells interacting with
nanostructured Ti compared with cpTi, with ROS level obviously
lower. The ubiquitin–proteasome pathway contributes to the
s of under-expressed proteins

Count P-value

t 3 0.00215
3 0.00223

rphogenesis 7 0.002473
3 0.004468
3 0.005993
4 0.006963
6 0.007536
5 0.008469
7 0.00855

rocess 5 0.008696
elopment 7 0.009046
process 12 0.009283
development 7 0.009569
ed signal transduction 4 0.009683

7 0.009793

This journal is ª The Royal Society of Chemistry 2013
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Fig. 10 SOD activity in MG-63 cells cultured on cpTi and ECAPed Ti on days 1, 4
and 14 (* p < 0.05; ** p < 0.001).

Fig. 11 ROS level in MG-63 cells cultured on cpTi and ECAPed Ti on days 1, 4 and
14 (** p < 0.001).

Fig. 12 SEM images of platelets adhering to the surface of cpTi (A) and ECAPed
Ti (B).

Fig. 13 Number of platelets adhering to the surface of cpTi and ECAPed Ti (** p
< 0.001).
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removal of oxidatively damaged proteins,47 which also coincides
with the modulation of the ubiquitin–proteasome pathway in
our study.

SOD2 is well known as one of the major antioxidant enzymes
against superoxide free radicals. It catalyzes dismutation of the
superoxide radical anion into hydrogen peroxide and protects
cells from damage due to oxidative stress.48,49 Oxidative stress is
a natural inammatory consequence of surgically induced bone
trauma.50 As a bone implant, the Ti surface is exposed rst to
biological uids and inammatory cells, then to cells capable of
forming bone matrix, and nally, in the best case, to direct
contact with the ECM of new bone with proper mineralization.51

The wound and cascade reactions caused by surgery will cause
the accumulation of ROS. Therefore, the over-expression of
SOD2 plays an important protective role in cells by counter-
acting ROS-mediated injuries. The increase in SOD activity
would promote this effect.

It is reported that TiO2 is a non-toxic photocatalyst that can
be utilized semi-permanently as an environmental purication
material.52 Reactive oxygen species (ROS), such as hydroxyl
This journal is ª The Royal Society of Chemistry 2013
radicals, superoxide radicals, and hydrogen peroxide, are
involved in the photocatalysis of TiO2.53 We showed that the
surface of ECAPed Ti had been predominantly oxide than cpTi
in XPS results. All tests on cellular and molecular levels had
undertaken the ultraviolet disinfection process, which was also
required in medical applications. Therefore, the mechanism of
these biological effects described above might be attributed to
the higher amount of TiO2 existing on the surface of ECAPed Ti,
which disturbs the balance of oxidative stress.

Platelet adhesion performance inuenced by nanostructured
Ti

Blood, adhesion and condensation related proteins showed
enrichment in the under-expression proteins. Some of them
showed down-regulation less than 0.5-fold. ACTBL3, in partic-
ular, showed strong down-regulation and was functionally
included in the GO biological process: platelet activation
(GO:0030168). These ndings have generated great interest to
investigate the platelet performance on these two surfaces. The
morphologies of adhered human platelets were characterized,
and it was found that platelets exhibited slight pseudopodia
spreading on the surface of cpTi (Fig. 12). On the other hand, no
pseudopodia-spreading was observed on ECAPed Ti surfaces
and the adhered platelets showed a nearly round shape and no
sign of activation. Fig. 13 illustrates the number of platelets
adhered on cpTi and ECAPed Ti. It can be seen that the number
of adhered platelets was reduced on the surface of nano-
structured Ti. This result conrmed the function of those
J. Mater. Chem. B, 2013, 1, 1926–1938 | 1935
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Fig. 14 Scheme of the biological effect and molecular mechanism by nano-structured Ti inducement.
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down-regulated proteins associated with blood condensation
and platelet activation via the inhibition function of platelet
activation or adhesion. It was reported that both Ti and TiO2

could affect the platelet activity. Endosseous implants initially
come into contact with blood. The interactions between blood
and endosseous implants have a tremendous inuence on
subsequent bone healing events in the peri-implant healing
compartment.54 Our ndings further conrm the observation in
these reports.

The difference in the contact angle and surface roughness of
these two substrates aer the same polishing process was also
found in the results besides different TiO2 amounts, which
could also contribute to the different biological responses
described above. It has been known that wettability affects the
amount and the conformation of adhesion proteins attached on
material surfaces. This may cause variations in the signal
pathway and inuence the regulation of proteins.55 Topography
was also reported to inuence the cells' behavior.56 However, it
is very challenging to deconvolute biological effects from each
individual contributing factor such as wettability, topography,
and grain size. It is certainly an interesting subject for future
research.
Conclusions

In this study, the response of human osteoblast-like MG-63 cells
in direct contact with bulk nano-structured Ti for 14 days was
examined from a functional proteome aspect. The scheme of
the major biological effects induced by nano-structured Ti is
shown in Fig.14. With its nanostructured grain size, ECAPed Ti
induced no overall change in osteoblast proteome compared
with cpTi. Proteins with more than a two-fold alteration in
osteoblast proteome were less than 4%. It demonstrates good
1936 | J. Mater. Chem. B, 2013, 1, 1926–1938
biocompatibility of ECAP-modied titanium comparable to as-
received cpTi. The functions of the subtly changed proteins
were most enriched in ubiquitin and proteasome related
processes. They may have some inuence on protein degrada-
tion, bone formation, and osteoblast differentiation. SOD2 was
over-expressed in ECAPed Ti treated cells, and it contributed to
the increase in SOD activity and the reduction in ROS level. This
behavior is benecial in preventing oxidative damage to cells. In
addition, we found the platelet adhesion resistance potential of
ECAPed Ti from the analysis of down-regulated proteins. These
ndings reveal many new bio-active performances of nano-
structured Ti from a global and unbiased molecular scope. They
also demonstrate the superiority of proteomics as an excellent
strategy to nd new biomarkers and get an in-depth under-
standing of cellular response to biomaterials.
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P. Åstrand, Clin. Oral Implants Res., 1991, 2, 103–111.

52 T. Sawada, F. Yoshino, K. Kimoto, Y. Takahashi, T. Shibata,
N. Hamada, M. Toyoda and M. C. Lee, J. Dent. Res., 2010, 89,
848–853.
1938 | J. Mater. Chem. B, 2013, 1, 1926–1938
53 M.-C. Lee, F. Yoshino, H. Shoji, S. Takahashi, K. Todoki,
S. Shimada and K. Kuse-Barouch, J. Dent. Res., 2005, 84,
178–182.

54 J. Y. Park, C. H. Gemmell and J. E. Davies, Biomaterials, 2001,
22, 2671–2682.

55 C. J. Wilson, R. E. Clegg, D. I. Leavesley and M. J. Pearcy,
Tissue Engineering,2005, 11, 1–18.

56 D. W. Hamilton and D. M. Brunette, Biomaterials, 2007, 28,
1806–1819.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3tb00266g

	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g

	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g

	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g
	In vitro bioactivity and biocompatibility evaluation of bulk nanostructured titanium in osteoblast-like cells bynbspquantitative proteomic analysisElectronic supplementary information (ESI) available: Figures and Tables. See DOI: 10.1039/c3tb00266g


