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Titanium (Ti) and its alloys possess mechanical properties that are desirable in many biomedical applications
compared to other metals. Furthermore, the native metal oxide layer that prevents further oxidation is also
known to be biocompatible. However, clinical findings have shown that titanium and its alloys are prone to ad-
verse bioreactions such as platelet adhesion and activation which could lead to thrombogenic complications. It
has been found that surfaces modified with fluorocarbons could reduce the degree of both platelet adhesion
and activation. Nevertheless, direct fluorocarbon deposition onto titanium substrates would require significant
technical efforts. Instead, this research utilized a facile coating process with novel copolymers containing 2,2,2-
trifluoroethyl methacrylate (TFEMA) and vinylphosphonic acid (VPA) to modify the titanium surface, giving
the surface lower surface energy and higher hydrophobicity, significantly reducing the thrombus formation
while exhibiting good cytocompatibility. The anchorage group, phosphonic acid provided by VPA, can be cova-
lently bound to the oxide surface of titanium metal. Via free radical polymerization, VPA and TFEMA formed co-
polymers with different hydrophobicity were then used to modify titanium substrates, on which a series of
surface characterization, in vitro platelet adhesion tests, and cytotoxicity assays were performed. Nuclear mag-
netic resonance (NMR) and X-ray photoelectron spectroscopy (XPS) confirmed the synthesis of the copolymers
and themodification of Ti substrates. The platelet adhesion tests showed significantly reduced amount of adher-
ent platelets on certain copolymer-modified Ti substrateswith low degrees of activation. The in vitro cytotoxicity
assays further highlighted that the modifications conducted on Ti does not induce cytotoxicity.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Despite the vast varieties of metals used in biomedicine, the species
that can withstand the test of long-term implants are still limited. Tak-
ing properties such as low weight to strength ratio, excellent corrosion
resistance, and low modulus into consideration, titanium metal and its
alloys seem to be themost promisingmaterial, based on clinical applica-
tions to date. Titanium has shown favorable tissue compatibility in bio-
medical applications, meaning that the material does not perturb the
host tissue and vice versa, in such a way that the implant loses its
intended function. It has been demonstrated that under certain circum-
stances, a close apposition can be established between Ti implants and
bone tissue, which enables a strong anchorage of the implant in bone

[1,2]. Upon contactwith tissues, the good tissue compatibility of Timan-
ifests itself in the absence of a chronical inflammation because the sur-
face oxide layer can form peroxide compounds with surrounding
tissues and protect the implant from the host immune responses, and
henceforth, promote osseointegration [3]. Due to these excellent char-
acteristics, titanium is found in a number of biomedical applications, in-
cluding hard tissue replacements (i.e. arthroplasty) in plastic and
reconstructive surgeries, the screw-like cylindrical roots of dental im-
plants, and the artificial heart valves or intravascular stents in cardiovas-
cular surgery [4].

Even though titanium possesses good biocompatibility, it cannot
perform an active role in thromboresistance as comparable to that of
the endothelium. The native oxide surface on titanium is beneficial to
the adhesion ofmany proteins, which is essential to subsequent cellular
adhesion and tissue growth, but in the case of applications in blood-
contacting devices, protein adsorption could induce thrombogenic re-
sponses, form blood clots, andwhen dislodged, may give rise to compli-
cations such as heart attacks or strokes. Therefore, long-term

Materials Science and Engineering C 80 (2017) 584–593

⁎ Corresponding author at: Department of Chemical Engineering, National Cheng Kung
University, Tainan 70101, Taiwan.

E-mail address: jclin@mail.ncku.edu.tw (J.-C. Lin).
1 These two persons contribute equally to this study.

http://dx.doi.org/10.1016/j.msec.2017.07.010
0928-4931/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2017.07.010&domain=pdf
http://dx.doi.org/10.1016/j.msec.2017.07.010
mailto:jclin@mail.ncku.edu.tw
Journal logo
http://dx.doi.org/10.1016/j.msec.2017.07.010
http://www.sciencedirect.com/science/journal/09284931
www.elsevier.com/locate/msec


implantation of blood-contacting applications often requires the pre-
scription of antithrombotic drugs, which may cause other issues such
as the impediment of the healing process of surgical wounds. In order
to improve the hemocompatibility of native titanium surfaces, various
surface modification techniques had been developed, such as silanized
titanium oxide and self-assemble monolayers on titanium [4]. The ob-
jective in this investigation is to improve the surface characteristics of ti-
tanium while retaining the desirable bulk properties of the metal.

Due to the chemical inertness of the native titanium oxide layer on
the surface, only a few organic species, such as organosilanes and organ-
ophosphates are able to form covalent bonds and are thus addressed as
anchoring functional groups on titanium. These anchoring groups allow
the chemical incorporation of hemocompatible and biocompatible com-
pounds onto the Ti metal or alloy surface. However, the coverage of
silanization on Ti metals is restricted by the low percentage of hydroxyl
groups in thenative oxide layer of Ti, andmay further result in hydrolyt-
ically unstable modification films [4,5]. In addition, since the physiolog-
ical environment is usually aqueous in nature, silanization may not be
the optimal technique to implement. On the contrary, phosphonic
acids can give strongly surface bound metal organic interfaces and can
deliver surface coverages far greater than can be achieved by direct
silanizationmethods [6–8]. Themechanism of the formation of the tita-
nium-phosphonate bond involves the cleavage of oxide bonds
Ti\\O\\Ti by phosphonic acid. Since the Ti\\O\\Ti bonds possess excel-
lent chemical stability, even under acidic conditions, the coordination of
the phosphoryl groups most probably assists the cleavage of the titani-
um oxide bonds [9]. Afterwards, the basic Ti\\OH or the acidic Ti\\O−

can attack the bonded phosphonate group to form bidentate or
tridentate structures [10,11].

According to the research conducted by Tang et al. [12], fluorocar-
bon-enriched surfaces exert lower surface energies [13] and are more
hydrophobic [14], displaying relatively low levels of coagulation activa-
tion [15,16] and results in substrates that are less thrombogenicwith re-
duced protein adsorption as well as platelet adhesion and activation
[17]. Furthermore, numerous researches had shown that fluorocarbons
exhibit excellent cell viabilities andmay even promote the proliferation
of osteoblast cells [18,19]. In spite of these, to deposit a layer of fluoro-
carbons onto titanium substrate could require significant technical chal-
lenges and instrumentations.

Based upon these findings, in order to improve the
hemocompatibility of titanium, this research designed copolymers
based upon the 2,2,2-trifluoroethylmethacrylate (TFEMA) and
vinylphosphonic acid (VPA) to covalently incorporate hydrophobic
fluorocarbons onto the surface of titanium metals by facile solution
coating process. Various ratios of TFEMA were mixed with VPA and
copolymerized via free radical polymerization, which were then coated
onto Ti substrates for modification. Further investigations of the
hemocompatibility and cytotoxicity of the modified Ti substrates were
conducted with in vitro platelet adhesion tests and cell viability assays.

2. Materials and methods

2.1. Materials

All chemicalswere used as received unless otherwise noted. Reagent
grade of 2,2,2-trifluoroethyl methacrylate (TFEMA; 99%, stabilized with
100 ppm monomethyl ether hydroquinone) and vinylphosphonic acid
(VPA; 97%) were purchased from Aldrich, Germany. 2,2′-Azobis(2-
methylpropionitrile) (AIBN; 98%) in reagent grade, purchased from
Nihon Shiyaku Co., Japan, was purified by recrystallization frommetha-
nol prior to use. Dimethylformamide (DMF) (99.8% purity) was pur-
chased from MACRON, USA. The solvents used for further purification
of the polymer productwere acetic acid (≥99.8%), anhydrousmethyl al-
cohol (MeOH; 99.9%), and tetrahydrofuran (THF; 99.9%, stabilized with
250 ppm butylated hydroxytoluene), whichwere supplied from Sigma-

Aldrich, Germany, MACRON, USA, and Duksan Pure Chemicals Co., Ltd.,
Korea respectively.

Titanium substrates were prepared from 0.2 mm thick sheets of
grade 1 unalloyed Ti bought from AcrUshin Co., Japan. For the pretreat-
ment of Ti, hydrogen peroxide (30%) and sulfuric acid (95.0–98.0%)
were purchased from Sigma-Aldrich, Germany and J.T. Baker, USA re-
spectively. Human platelet rich plasma (PRP) was supplied by Tainan
Blood Center, Taiwan.

2.2. Synthesis of poly(VPA-co-TFEMA) PxFy copolymer

Before synthesis, the monomers VPA and TFEMA and the initiator
AIBN (5mM)were dissolved in dryDMF (25ml) and purgedwith nitro-
gen gas for 1 h. The solution then underwent a free-radical polymeriza-
tion for 24 h at 65 °C. The copolymerization was terminated by
precipitating in methanol-water mixture (4:1 v/v) except for homopol-
ymer of VPA, which is by acetic acid. The precipitates were then collect-
ed by centrifugation, and dried overnight under vacuum at room
temperature, resulting in white polymer powders. The polymers were
characterized by nuclear magnetic resonance (NMR; AV-500, Bruker,
Switzerland), Fourier transform infrared spectroscopy (FTIR; 640 IR,
Varian, USA), and elemental analysis (EA; Elementar vario EL III,
ELEMENTAR Co., German). Overall, a total of two homopolymers
(polyVPA and polyTFEMA) and three copolymers were prepared for
this study. The molar feed ratios of VPA:TFEMA for these three copoly-
mers were 4:6, 3:7, and 2:8 respectively, with a total monomer concen-
tration of 0.5 M. The copolymers were designated as PxFy, with x to y
being the stoichiometric ratio of VPA to TFEMA in the feed. For the ho-
mopolymer prepared from VPA and TFEMA, the polymer was named
as HomoP and HomoF, respectively.

2.3. Preparation of Ti substrate

Commercially pure titanium sheets were tailored into 1 × 1 cm2

square pieces. The substrates were sequentially sonicatedwith ethyl ac-
etate, acetone, neutral cleaner, and water for 15 min each and then
dried in a stream of nitrogen. Before coating, the Ti substrates were
etched with a piranha solution at room temperature for cleaning. For
the coating of HomoP, the Ti samples were etched for 1 h with a 20:80
(v/v) mixture of hydrogen peroxide and concentrated sulfuric acid,
and for the coating of all the other polymers, the Ti sampleswere etched
for 5min using a 30:70 (v/v)mixture of hydrogenperoxide and concen-
trated sulfuric acid. The oxidized Ti substrates were then rinsed with
distilled water and dried in a stream of nitrogen.

2.4. Surface modification of Ti substrate with different polymers

The polymers were made into 30 wt% solutions, with HomoP dis-
solved in water and the other polymers dissolved in acetone. 40 μL of
the polymers solutions were dropped onto the titanium substrates,
dried at room temperature, and then gradually heated in an oven to
142 °C for 24 h. The substrates were then rinsedwithwater and acetone
to remove unreacted or physisorbed polymers and afterwards dried in a
stream of nitrogen.

2.5. Surface characterization

To determine the hydrophobicity of the modified sample surface,
static contact angle measurements (CA; Model 100SB, Sindatek, Tai-
wan) were performed at room temperature using the sessile drop
method with deionized water droplets. The average CA value was ob-
tained from measurements at five different points on the same sample
and 3 samples for each polymer species (n = 3, m = 5).

For the surface composition analysis of the coated titanium sub-
strates, the samples were examined by X-ray photoelectron spectrosco-
py (XPS; PHI 5000 VersaProbe II, ULVAC-PHI, USA) for elements C 1s, O
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