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’ INTRODUCTION

Titanium and titanium-based alloys possess excellent proper-
ties (load-bearing, low density, and biocompatibility) and have
been widely used as artificial implants in dental, bone replace-
ment, and orthopedic surgery.1,2 However, Ti-based surfaces
suffer from severe limitations: the surfaces are prone to protein
adsorption and cell adhesion, a lack of osseointegration, a long
healing time, and a risk of infection.

Many efforts have been devoted to Ti surface modification to
accelerate bone fixation and the apposition period3 and reduce
infection rates.4 Such goals could be partially reached by rough-
ening the surface via sand blasting,5 which induces cell adhesion
and the bond between implants and bone tissue. Further treat-
ments such as anodic oxidation,6 chemical deposition,7 and bio-
mimetic coating8 have been explored to improve the bioactivity
of titanium. Another concern in concert with promoting osteo-
blast adhesion is to prevent biofouling, which interferes with the
implants’ functions. This could be overcome by introducing ethyl-
ene glycol chains to prevent nonspecific protein adsorption.9,10

However, essential improvements to strengthening the bond
of implants and bone tissue might be achieved by introducing
bioactivemolecules into the tissue�implant interface to promote
osseointegration and accelerate the bone-healing process. Although
the simple adsorption of protein onto the surface is insufficient to
retain the stability and bioactivity in the complicated internal
environment,11 some methods have been developed to covalently

immobilize proteins, enzymes, or peptides onto metallic surfaces
by means of low-temperature plasma,11 coupling agents,12 and
surface-initiated polymerization (SIP).13 Compared with other
grafting methods, SIP allows a controlled brush density and
thickness14 as well as the facile tethering of antibioctics, proteins,
and peptides.15,16

Some peptides and proteins, including collagen,15 fibronectin
(FN),17 and bonemorphogenetic proteins (BMPs),18 are used to
improve the bioactivity of materials. Collagen and FN, parts of
ECM proteins, have been proven to promote cell adhesion to
substrates.15,17 BMPs are reported to be able to modulate sub-
sequent cell differentiation and activity at the biomaterial�tissue
interface11,19 and promote osseointegration.20 Coimmobilizing
these two kinds of proteins will have dual functions of promoting
cell adhesion as well as cell proliferation and differentiation.19

The combination of recombinant human bone morphogenetic
protein-2 (rhBMP-2) and collagen has been applied in the segmen-
tal osseous defects for bone regeneration in prior decades.21

Also, Giamblanco et al.22 have confirmed a better performance of
cell attachment when FN is coadsorbed with other proteins.

In this article, we develop a method to modify Ti surfaces with
sparse polymer brushes of poly(oligo(ethylene glycol) methacrylate)
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ABSTRACT: To be better used as medical implants in orthopedic and dental
clinical applications, titanium and titanium-based alloys need to be capable of
inducing osteogenesis. Here we describe a method that allows the facile
decoration of titanium surfaces to impart an osteogenesis capacity. A Ti surface
was first deposited on a poly(OEGMA-r-HEMA) film using surface-initiated
atom-transfer radical polymerization (SI-ATRP) with the further step of
carboxylation. Themodified surfaces were resistant to cell adhesion. Fibronectin
(FN) and recombinant human bone morphogenetic protein-2 (rhBMP-2) were
further immobilized onto p(OEGMA-r-HEMA)matrices. Our results demonstrate that the FN- and rhBMP-2-conjugated polymer
surfaces could induce the adhesion of MC3T3 cells on Ti surfaces. Moreover, the protein-tethered surface exhibited enhanced cell
differentiation in terms of alkaline phosphatase activity compared to that of the pristine Ti surface at similar cell proliferation rates.
This research establishes a simple modification method of Ti surfaces via Ti-thiolate self-assembled monolayers (SAMs) and SI-
ATRP and identifies a dual-functional Ti surface that combines antifouling and osseointegration promotion.
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that can resist nonspecific protein adsorption and cell attach-
ment. The side ethylene glycol group was further converted to
carboxyl for protein tethering. FN and rhBMP-2 were covalently
immobilized onto the polymerized surface. The coated surfaces
were subjected to a restricted cell adhesion assay in vitro to give
an intuitive view of the antifouling property as well as a cell-
adhesion-promoting comparison between FN and rhBMP-2.
Furthermore, the cell proliferation and differentiation properties
of the bioactive surfaces were evaluated via mouse preosteoblast
cell MC3T3-E1 culturing.

’EXPERIMENTAL SECTION

The thiolate initiator (ω-mercaptoundecyl bromoisobutyrate) was
purchased from HRBio (Suzhou, China). 1-Undecanethiol, oligo-
(ethylene glycol) methacrylate (OEGMA, Mn = 526), 2-hydroxyethyl
methacrylate (HEMA), anhydrous N,N0-dimethylformamide (DMF),
succinic anhydride, and 4-(dimethylamino) pyridine (DMAP) were
purchased fromAldrich.N-Ethyl-N0-(3-dimethylaminopropy)carbodiimide
hydrochloride (EDC) and hydroxy-2,5-dioxopyrolidine-3-sulfonic acid
sodium (NHS) salt were purchased from Medpep (Shanghai, China).
2-(N-Morpho)ethanesulfonic acid was purchased from Merck. FN and
rhBMP-2 were purchased from Sigma.
Immobilization of Proteins. Titanium metal (80 nm) was

deposited onto a silicon wafer using a magnetron sputtering system
(KYKY Technology Development LTD, China). Titanium-coated
samples were cleaned with ethanol and distilled water before use. SI-
ATRP with poly(OEGMA-r-HEMA) was carried out as previously
described (Scheme 1A).17,23 Briefly, mixed SAMs of ω-mercaptounde-
cyl bromoisobutyrate (initiator) and 1-undecanethiol (spacer) were
prepared by immersing the titanium wafer into a 1 mM mixed solution
(total concentration) of two thiols with a ratio of 1:2 overnight at room
temperature.23 The surfaces modified with mixed SAMs were thoroughly

rinsed with ethanol three times to remove the physisorbed molecules
and then dried in a stream of nitrogen. The poly(OEGMA-r-HEMA)
reaction solution was prepared by mixing well with Milli-Q-water
(3 mL), methanol (12 mL), bipyridine (12.5 mg), and monomers
OEGMA526 (2.65 g, 5 mM) and HEMA (0.65 g, 5 mM). Another 1 mL
of CuCl2 solution (0.04 mM) was added to the mixed solution. After the
mixed solution was deoxygenated for 15 min, 1 mL of predeoxygenate-
dascorbic acid solution (AscA, 0.04 mM) was injected with a syringe.
The mixture was further deoxygenated for another 15 min, and the
resulting mixture was transparent red in color. This mixture was then
transferred to the reaction setup, and the wafers were immersed in an
inert gas glovebox at room temperature. The polymerization was
stopped after 6 h, and the wafers were thoroughly rinsed with ethanol
and Milli-Q water and dried in a stream of nitrogen. Then the surfaces
were incubated in a DMF solution containing succinic anhydride
(10 mg/mL) and DMAP (15 mg/mL) for 12 h of carboxylation. FN
and rhBMP-2 were tethered to polymer brushes using NHS/EDC
chemistry. After being thoroughly washed, samples were incubated in
2.0 mM EDC and 5.0 mM NHS in 0.1 M 2-(N-morpho)ethanesulfonic
acid for 30 min. For the cell proliferation and differentiation test, FN
solution (50 μg/mL in PBS) and rhBMP-2 solution (2.5 μg/mL in PBS)
were then incubated on the activated surfaces for 1 h before sterilization.
For micropatterning experiments, PDMS stamps with parallel lanes
(100 μm in width and 200 μm in line spacing, Scheme 1B(c)) were first
inked with FN solution (50 μg/mL) or rhBMP-2 (2.5 μg/mL) solution,
respectively, and (EDC/NHS)-activated substrates were then
stamped in certain direction for 1 min and exposed to dry air for
30 min for thorough fixation. The treated samples were finally
washed with PBS three times and stored in PBS overnight to facilitate
protein rearrangement on the polymer matrices for better perfor-
mance. For immediate use, the surface should be deactivated in
ethanol amine (1 M, pH 8.5) for 10 min.
Surface Characterization. Polymer brushes were characterized

by goniometry and X-ray photoelectron spectroscopy (XPS). Static
water contact angles (CA) were measured by a Dataphysics OCA20
contact angle system (Filderstadt, Germany) at room temperature. Six
samples in each stage were used to provide an average and standard
deviation of the water contact angle on the material surfaces. XPS was
carried out using monochromatic Al Ka X-rays (1486.7 eV) in an AXIS
Ultra instrument (Kratos Analytical, Manchester, U.K.). The X-ray
source had a 2 mm nominal X-ray spot size operating at 15 kV and
10 mA for both survey and high-resolution spectra. Survey spectra
(0�1100 eV) were recorded at a 160 eV pass energy with an energy step
of 1.0 eV and a dwell time of 200 ms. High-resolution spectra were
recorded at a 40 eV pass energy with an energy step of 0.1 eV and a dwell
time of 500 ms with a typical average of three scans. All peaks were
referenced to C 1s (CHx) at 285 eV in the survey scan spectra and C 1s
(CHx) at 284.8 eV in the high-resolution C 1s spectra. All data were
collected and analyzed using software provided by the manufacturer.
Osteoblast Cell Culture.Mouse preosteoblast cells (MC3T3-E1,

ATCC CRL-2593, USA) were used to investigate the cell behavior on
the pristine Ti surface, the FN-immobilized surface, the rhBMP-2-
immobilized surface, and both the FN- and rhBMP-2-coimmobilized
surfaces (1:1 v/v FN/BMP). MC3T3-E1 cells were cultured in α-
modified Eagle’s medium (αMEM; Invitrogen, USA) supplemented
with 10% (v/v) fetal bovine serum (FBS, Hyclone, USA), 100 U/mL
penicillin, and 100 U/mL streptomycin at 37 �C in a humidified
5% (v/v) CO2 incubator (MCO-18AIC, Japan). When the cells
reached 80% confluence, they were trypsinized with 0.25% (w/v)
trypsin (Invitrogen Co., USA) and counted with a cytometer (Marienfeld,
Germany) prior to being used in the experiments. MC3T3 cells were
seeded onto each sample, and assessments of their adhesion, morphol-
ogy, proliferation, and alkaline phosphatase (ALP) activity at different
time points were made.

Scheme 1. Biofunctionalization of the Ti Surfacea

a (A) A protein-decorated Ti surface was prepared in four steps, and the
formation of an initiator SAM and SIP as well as carboxylation led to a
carboxylated poly(OEGMA-r-HEMA) coating, to which proteins were
immobilized. (B) Protein patterns on Ti with an ∼20 nm carboxylated
poly(OEGMA-r-HEMA) coating were prepared in two steps: the
microcontact printing of fibronectin (horizontal) and then rhBMP-2
(vertical), which was then used for cell culturing.
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Assessment of Cell Adhesion and Morphology. To test the
cell adhesion and observe themorphology, micropatterning experiments
using PDMS stamp as a soft lithography model were applied. We
conceived a facile matrix method to test the antifouling property as well
as the cell-adhesion-promoting comparison between FN and rhBMP-2.
FN (50 μg/mL in phosphate-buffered saline) and rhBMP-2 (2.5 μg/mL
in phosphate-buffered saline) were stamped onto the same (EDC/
NHS)-activated sample in a perpendicular direction for 1 min, hence the
two proteins form a “#” on the polymer-grafted surfaces (Scheme 1B(c)).
Cells were seeded on the sterilized substrates at 1 � 105 cells/mL. The
surfaces after 24 h of incubation were washed three times with PBS to
remove the loosely adsorbed cells. Cells were fixedwith 2.5%glutaraldehyde
for 1 h, followed by dehydration with gradient ethanol solutions for 15min.
Ametallographicmicroscope (Olympus BX51M, Japan) was used to image
the patterned surface with immobilized cells.
Assessment of Cell Proliferation. The MC3T3-E1 cell prolif-

eration on different modified surfaces was assessed at days 1, 4, and 7.
Each sample was cut into a square shape with dimensions of around 8�
8 mm2 and placed into 24-well plates. Cells were seeded on the sterilized
substrates at 4� 104 cells/mL. The culture medium was renewed every
3 days during the whole cell culturing period. At the end of each time
point, the absorbance was determined by a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, USA). Briefly,
40 μL of the MTT reagent was added to the 400 μL culture medium of
each well, and after 4 h of incubation, 400 μL of the formazan
solubilization solution (10% SDS in 0.01 M HCl) was added to each
well and incubated overnight. The absorbance of the samples was
measured by a microplate reader (Bio-Rad 680, USA) at a wavelength
of 570 nm with a reference wavelength of 630 nm. Six samples were
measured for each group at different time points.
Assessment of Cell Differentiation. The sample for the assess-

ment of cell differentiation was prepared as described in the section on
cell proliferation. ALP assays were also assessed at days 1, 4, and 7.
Briefly, after the culture medium was aspirated, 400 μL of the ALP
substrate solution containing 10 mM pNPP (Sigma, USA) and 2 mM
MgCl2 in a carbonate buffer solution was added to each well. After
reaction for 30 min at 37 �C, 100 μL of 1 M NaOH was added to end
the reaction. The absorbance was measured with a microplate reader
(Bio-Rad 680, USA) at a wavelength of 405 nm. Six samples were
measured in each group at different time points.
Statistical Analysis. The data are presented as the mean (

standard deviation (n = 6 if not mentioned). Statistical analysis was
performed using SPSS 17.0, and P values of <0.05 using a one-way
analysis of variance (ANOVA) test were considered to be a statistically
significant difference.

’RESULTS AND DISCUSSION

Surface Modification and Characterization. The initiators
were immobilized onto a Ti surface via self-assembly techno-
logy.24 Compared to other self-assembled monolayers (SAMs)
such as silanes and phosphonic acid,25 thiolate-based SAM were
used less in Ti modification because a thick layer of native TiO2

hinders the formation of a dense SAM. However, our previous
work showed that a sparse polymer coating from a low-density
initiator SAM via SIP was better at immobilizing large biomole-
cules such as protein.26 Furthermore, it is easier to control the
quality and density of Ti-thiolate-based SAMs. The latter can be
easily realized by altering the ratio of initiator and undecanethiol.
Poly(OEGMA-r-HEMA) brushes were prepared via 6 h of SIP,
which led to a thickness of 20 nm that was specifically chosen for
a well-balanced antifouling property and protein immobilization
capacity.26 The polymer-coated surfaces were characterized by

goniometry (Table 1) and X-ray photoelectron spectroscopy.
The presence of a polymer coating was first identified by a water
contact angle test. The pristine Ti substrates were hydrophobic
with a contact angle of∼99�, which decreased to an average value
of 54� after polymerization. This could be explained by the
hydrophilicity of the grafted polymer brush with an OEG side
chain. This conclusion was further ascertained by an XPS survey
(Figure 1 and Table 2). The pristine Ti surface showed strong Ti
2p and O 1s peaks as well as C 1s resulting from a contaminated
hydrocarbon. After SIP from the Ti surface, the Ti 2p signal
decreased from 18.0 to 8.1% and the O 1s signal decreased from
50.7 to 42.7%. A substantial increase in the C signal was detected
from 31.3 to 49.2%, which indicated the existing of a polymer
layer. After carboxylation, the Ti signal decreased to 2.1% and the
C signal remarkably increased to 64.6% as a result of the addition
of butyrate groups. Moreover, XPS allowed us to distinguish
between different element species in different chemical environ-
ments in core-level separating spectra: the core spectra of C 1s
(Figure S1A) clarify the three typical separating peak components
corresponding to C�H/C�C (∼285 eV), C�O (∼286.5 eV),
and CdO groups (∼289 eV) in poly(OEGMA-r-HEMA),14,27

indicating the presence of PEG-terminated polymer brushes.
The O 1s core spectra (Figure S1B) show a distinctive chemical
shift of the broad peak (∼532.5 eV) attributed to the compli-
cated polymer from the pristine Ti�O groups (∼530 eV). The
polymer signal attributed to O 1s (∼532.5 eV) was ∼7.9 times

Figure 1. XPS survey scan spectra of pristine Ti (black) and polymer-
grafted Ti after carboxylation (red). Enlarged core scan spectra of C 1s
(inset). The x axis of pristine Ti (black) was shifted right by 20 eV to give
a distinct comparison. See the text and Table 2 for a detailed discussion.

Table 1. Water Contact Angles of Ti Surfaces in Different
Phases of rhBMP-2 Immobilization

pristine Ti

polymer-

grafted Ti

(EDC/NHS)-

activated Ti

rhBMP-2-

immobilized Ti

contact angle

(mean ( SD)a
98.7 ( 1.1� 54.4 ( 2.0� 20.7 ( 1.7� 13.7 ( 2.2�

a n = 6.

Table 2. Elemental Composition of Pristine Ti and Polymer-
Grafted Ti as Determined by XPS

atom ratio

(%) pristine Ti

Ti-p(OEGMA-

r-HEMA)

Ti-p(OEGMA-r-HEMA)-

COOH

O 1s 50.7 42.7 33.3

C 1s 31.3 49.2 64.6

Ti 2p 18.0 8.1 2.1

http://pubs.acs.org/action/showImage?doi=10.1021/la202438u&iName=master.img-002.jpg&w=153&h=101
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the TiO2 signal attributed O 1s (∼530 eV) after carboxylation,
which was ∼0.11 times before polymerization, indicating the pres-
ence of the polymer covering up the Ti surface. Further evidence
of carboxylation of the terminal hydroxyl was confirmed by the
difference in the oxygen component ratio (O 1s (∼532.5 eV)/O
1s (∼530 eV)) before and after carboxylation, which indicated
the addition of butyrate groups to the side chain of the polymer
brush. From the data above, we conclude the successful coating
of p(OEGMA-r-HEMA)-COOH on the Ti surface.
Osteoblast Attachment to Ti-p(OEGMA-r-HEMA) Surfaces.

To immobilize protein on the Ti surface presenting polymer
brushes, the hydroxyl end groups of poly(OEGMA-r-HEMA) were
further converted to carboxyl via succinic anhydride coupling, which
is reactive to the amine groups of proteins (Scheme 1A). The
�COOH groups on the resulting Ti-p(OEGMA-r-HEMA)-
COOH surfaces were preactivated with EDC/NHS chemistry to
facilitate the protein tethering of terminal carboxyl groups to NHS
groups, producing protein tethering surfaces.26 To promote cell
adhesion and induce bone formation on the Ti surface, rhBMP-2
was immobilized on Ti surfaces.28 The contact angle showed a
decrease from 20.7 to 13.7� after rhBMP-2 tethering, which indi-
cated the success of the immobilization process.
Our previous work showed background levels of protein

adsorption (∼0.5 ng/cm�2) on P(OEGMA-r-HEMA)-COOH
surfaces, as measured by surface plasmon resonance (SPR).26 To
demonstrate further the antifouling property of P(OEGMA-r-
HEMA)-COOH on Ti surfaces, MC3T3 cells were cultured on
pristine Ti (Figure S2a) and polymer-coated surfaces (Figure
S2b). The polymer-brush-coated Ti surfaces were resistant to cell
adhesion. In contrast to the antifouling surface, cells adhered to
and spread well on the pristine Ti surface. Furthermore, a poly-
(dimethylsiloxane) (PDMS) stamp with micrometer-scale lanes
was first inked with FN, a model bioadhesive ligand enhancing
the cell�biomaterial integration,9,17 and rhBMP-2. Then the
stamp was microcontact printed (μCP) onto the Ti surfaces
presenting activated polymer matrices. To make an intuitive
comparison, a combinatorial printing method for multiplexed
proteins was utilized (Scheme 1B): first one PDMS stamp was
inked with FN and placed in contact with the Ti substrate, and
the protein was printed in a horizontal orientation. In the second
stage, another PDMS stamp was inked with rhBMP-2 placed in
contact with and printed on the same Ti substrate in a vertical
orientation, finally resulting in the cross reticular architecture of
proteins. One day after seeding, the “bare” Ti-P(OEGMA-r-
HEMA)-COOH surface showed few cell adhesions, indicating
that the antifouling surfaces resisted mammalian cell adhesion
and activation. FN lanes adhered to the patterned district and
constrained most of the MC3T3 cells, but fewer cells were
retentively adhered to the rhBMP-2-tethered strips (Figure 2).
This can be explained by the fact that BMPs can stimulate the
adhesion and proliferation of osteoblastic cells;29 however, as a
signaling protein that delivers extracellular signals to the nucleus,
rhBMP-2 plays a subordinate role in cell adhesion and spreading,
compared with FN.
Osteoblast Proliferation and Differentiation Evaluation.

Further quantitative examinations of long-term cell performance
on different Ti surfaces were conducted for 1 week. The cell
proliferation of MC3T3 cell assays was performed via an MTT
assay on pristine Ti, with FN immobilized, rhBMP-2 immobi-
lized, and FN + BMP coimmobilized. On day 1, the rhBMP-2-
immobilized surface supported the lowest levels of cell adhesion,
which could be explained by the resulting compromise of the

cell-resistant form of the PEG-based substrate and the tethering
of proteins for cell adhesion promotion. On days 4 and day 7, the
cells showed similar proliferation rates on all of the surfaces
(Figure 3), and the phenomenon was consistent with the results
previously reported by other groups who immobilized collagen,30

fibronectin,31 and rhBMP-232 on biomaterials, respectively.
To investigate the differentiation of osteoblasts and check the

osteogenesis of different Ti surfaces, the ALP activity was also
tested with MC3T3-E1 mouse preosteoblast cells. In accordance
with the cell proliferation, the ALP activities on all surfaces
increased as time went on. On days 1 and 4, no significance in
different groups was observed. However, the rhBMP-2-modified
surfaces had much higher ALP activities compared with the

Figure 2. Microscopy images ofMC3T3 cells on (a) pristine Ti and (b)
an FN-patterned surface (horizontal) and an rhBMP-2-patterned Ti
surface (vertical) after 24 h ofMC3T3 seeding (105 cells/mL). The inset
is the enlargement of the single cell.

Figure 3. Proliferation differences in MC3T3 cells on four surfaces,
namely, pristine Ti-, FN-, BMP-, and (FN + BMP)-coated Ti surfaces.
The number of cells per well was measured with a 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and expressed
as the optical density (OD).

Figure 4. ALP activity of MC3T3 cells on four surfaces after 1, 4, and 7
days. * denotes significant differences (P < 0.05) between the marked
groups using ANOVA.

http://pubs.acs.org/action/showImage?doi=10.1021/la202438u&iName=master.img-003.jpg&w=240&h=90
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pristine Ti surfaces on day 7, which confirmed the high level of
ALP in the cells and indicated the differentiation of MC3T3-E1
into osteoblasts (Figure 4). It should be pointed out that the ALP
activity was higher on the modified surfaces only in the later
period of the test cycle (day 7), which may be due to the slow
release rate of proteins caused by the covalent immobilization
procedure. It is an unexpected result that FN-tethered Ti surfaces
showed a similar level of ALP activity as compared to that of
BMP- or (BMP + FN)-tethered Ti surfaces. Several possible
explanations may be attributed to this result: As an important
ECM-protein-mediating cell surface and other ECM components,
FN participates in the biological activities in terms of enhancing
the cellular differentiation.33,34 It is also conceivable that the higher
FN concentration (50 μg/mL for FN vs 2.5 μg/mL for rhBMP-2)
may influence the ALP activity comparison. However, more
studies are needed to explain the mechanism of the two proteins’
induced cell proliferation and differentiation.

’CONCLUSIONS

Wedeveloped a dual-functional titanium surfacewith antifouling-
and osseointegration-promoting properties via a facile, versatile
strategy: immobilization of the initiator on the Ti surface followed
by the surface-initiated polymerization of poly(OEGMA-r-HEMA)
and the tethering of FN and rhBMP-2. The low-density ethylene
glycol-terminated polymer brushes are effective at resisting protein
nonspecific adsorption and cell adhesion. After further functionali-
zation to display bioactive ligands, the osteogenetic titanium surface
for osteoblastic cell adhesion was achieved uniformly or constrained
to micropatterned domains. The protein-tethered surface showed
comparable cell adhesion and proliferation to those of pristine Ti
surfaces with improved cell differentiation in terms of the alkaline
phosphatase activity. We believe that the facile method offers a
promising strategy for the fabrication of titanium-based biomedical
devices with both the antifouling nature and immobilization of
osteogenetic and bioadhesive ligands.
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