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a  b  s  t  r  a  c  t

Surface  modification  of inorganic  materials  to prevent  non-specific  protein  adsorption  is critically
important  for developing  a biocompatible  materials’  platform  for  medical  implantation,  diagnostics,
and  therapeutics.  Here  we  report  mussel-inspired  chemical  modification  of  dextran  for  anti-fouling
coatings  of  metal  oxide.  Catechols  are  conjugated  to dextran  via  a  carbamate  ester  linkage,  produc-
ing  catechol-grafted  dextran  with  a  grafting  density  of 7.3 mol.%.  Titanium  dioxide  (TiO2)  is  coated  with
eywords:
nti-fouling
extran
atechol
rotein adsorption
itanium dioxide

the  catechol-grafted  dextran,  and  the anti-fouling  effect  of dextran  coatings  is  examined  by  using  the
adsorption  of human  serum  albumin.  The  mussel-inspired  dextran  coatings  show  excellent  resistance  to
non-specific  protein  adsorption:  the adsorption  equilibrium  constant  (K)  is 0.69  L  g−1 for  dextran-coated
TiO2 while  that for pristine  TiO2 surface  is 3.53  L g−1. This  study  suggests  that catechol-grafted  dextran  is
a  promising  material  for effective  anti-fouling  coatings  of  implantable  inorganic  materials.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

There has been increasing attention on various implantable
norganic materials to preserve, restore, and replace the damaged

usculoskeletal tissue. They include hydroxyapatite, aluminum,
irconium, titanium, and their oxides (Niinomi, 2008; Nomura,
010; Ong & Chan, 2000). Titanium is one of the most commonly
sed materials for surgical implant due to its biocompatibility and
urability in physiological environment; a thin layer (5–10 nm)  of
itanium is naturally oxidized into titanium dioxide (TiO2) that
ventually protects the metal body from undesirable dissolution
nd corrosion (MacDonald, Rapuano, & Schniepp, 2011; Raikar
t al., 1995; Sul et al., 2002). Although TiO2 is very stable compared
o other materials in biological milieu, its slightly negative surface
an induce blood coagulation and inflammation because of non-
pecific protein adsorption that can lead to the complexation of
roteins with the surface metal ions, resulting in slow corrosion of

itanium implant (Jackson, Omanovic, & Roscoe, 2000; Jorgenson
t al., 1999; Okazaki & Gotoh, 2005; Solar, Pollack, & Korostoff,
979).
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In addition, non-specific binding of serum proteins can cause
thrombosis, fibrosis, and scar tissue formation (Horbett, 1993, chap.
13; Klinger, Steinberg, Kohavi, & Sela, 1997). Therefore, protein-
resistant surface modification is essentially required to maintain
the biocompatibility of metallic implant materials in the body
(Crotts, Sah, & Park, 1997; Jackson et al., 2000; Lee, Lee, Pyo,
Park, & Lee, 2010; Lee, Park, Bae, & Park, 2013). Anti-fouling
effects can be achieved by coating biomaterials with flexible and
hydrophilic polymers, such as polysaccharides, phospholipids, and
poly(ethylene glycol) (PEG) (Dalsin et al., 2005; Martwiset, Koh,
& Chen, 2006; McArthur et al., 2000; Ye, Watanabe, Iwasaki, &
Ishihara, 2003). In particular, the use of polysaccharides for anti-
fouling coatings is advantageous in terms of biocompatibility and
versatility for further modification. Under physiological conditions,
they are found in the glycocalyx layer displayed on the surface
of cellular membrane for a non-adhesive surface to effectively
reduce the interaction with proteins (Holland, Qiu, Ruegsegger,
& Marchant, 1998; Martwiset et al., 2006; McArthur et al., 2000;
Perrino, Lee, Choi, Maruyama, & Spencer, 2008; Rich, Pearlstein,
Weissmann, & Hoffstein, 1981; Sen Gupta et al., 2006). Accordingly,
recent studies demonstrated that polysaccharides can be used for
anti-fouling coatings of magnetic resonance imaging agents and

contact lens to reduce unwanted protein adsorption and improve
the biocompatibility (Tassa, Shaw, & Weissleder, 2011).

An important issue for practical applications of anti-fouling
surface modification is the chemical stability of linkers used to

dx.doi.org/10.1016/j.carbpol.2013.05.064
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mmobilize the anti-fouling polymers to the surface of inorganic
mplants in physiological conditions. Surfactant-type amphiphilic
olymers have been widely studied for polymer coatings. The bind-

ng of the polymers is usually mediated by hydrophobic interaction
Holland et al., 1998; Sen Gupta et al., 2006; Zhu & Marchant, 2006).
egatively charged polymers can be also used for polyelectrolyte
omplexation with positively charged substrates (Perrino et al.,
008). These approaches are basically based on physical interac-
ion (hydrophobic and electrostatic interactions) of the anti-fouling
olymers with the surface of inorganic implant materials, and thus
he long-term stability of coatings is often questionable in physio-
ogical conditions.

Recently a mussel-inspired polymer coating has been suggested
s a simple and versatile method using catechol, the side chain
roup of 3,4-dihydroxy-l-phenylalanine found in mussel-adhesive
roteins, as a bio-mimetic adhesion molecule. Catechol and its
erivatives have been employed as pendants or end groups of

 pre-synthesized polymer (e.g., polyethylenimine, hyaluronic
cid, polyethylene glycol, poly(vinyl alcohol), etc.) for functional
oatings of various planar substrates (Kim, Lee, & Park, 2010; Lee
t al., 2008). In particular, catechol is known to have a strong bind-
ng affinity to metal oxide (e.g., aluminum oxide, titanium oxide,
ron oxide, etc.) through a metal–catechol coordination bond,

hich is robust enough to resist against thermal and hydrolytic
ecomposition in aqueous milieu (Kim, Kim, Kong, Park, & Nam,
012; Lee, Lee, Messersmith, & Park, 2010; Son, Ryu, Lee, & Nam,
013).

Here we introduce catechol-grafted dextran, denoted as
dextran-g-ct’, as an anti-fouling material mimicking the glyco-
alyx structure with a very strong binding affinity toward metal
xide. Catechols were conjugated along a chain of dextran that
rovides multivalent adhesion sites resulting in the stable form of

mmobilization. Furthermore, it is considered to have more stable
dhesion than the structure of end-chain modification because this
olymer structure has its functionalities on its backbone (Lee, Lee,
yo, et al., 2010). In this study, a relatively low grafting number
f catechols were conjugated to the polymer to avoid any possi-
le interactions between unbound catechol groups and proteins
Murphy, Vollenweider, Xu, & Lee, 2010). The anti-fouling effect of
extran-g-ct was  evaluated by measuring the adsorption isotherm
f human serum albumin (HSA) on the surface of TiO2.

. Materials and methods

.1. Materials

Dextran (from Leuconostoc spp.) with an average molecular
eight of about 6 kDa, 1,1′-carbonyldiimidazole (CDI), dopamine
ydrochloride, hydroquinone, and HSA were purchased from
igma–Aldrich. Dimethylsulfoxide (DMSO), 2-propanol, and hex-
ne were obtained from Junsei Chemical Co. P25 TiO2 nanoparticles
ere obtained from Evonik-Degussa GmbH (Hanau-Wolfgang,
ermany).

.2. Synthesis and characterization of dextran-g-ct

The dextran–catechol conjugation was performed using CDI as
 coupling reagent between the hydroxyl groups of dextran and
he primary amine group of dopamine (Hermanson, 1996). Dex-
ran (1.0 g, 6 mmol  based on the glucose unit) was dissolved in
nhydrous DMSO (7 mL). CDI (98.5 mg,  0.6 mmol) in anhydrous
MSO (3 mL)  was added to the dextran solution and incubated

t ambient temperature for 2 h with magnetic stirring. Dopamine
ydrochloride (186.0 mg,  1.2 mmol) in anhydrous DMSO (2 mL)
nd hydroquinone (668.5 mg,  6 mmol) in DMSO (4 mL)  were added
o the CDI-activated dextran solution, followed by the further
ymers 97 (2013) 753– 757

incubation at room temperature for 24 h with magnetic stirring
at about 300 rpm. Dextran-g-ct was  isolated by precipitation in
a pre-chilled 6:4 mixture of 2-propanol and hexane. The precip-
itation process was repeated 4 times. The prepared dextran-g-ct
was analyzed using Fourier transform infrared spectroscopy (FT-IR,
JASCO) to identify the covalent bond between dextran and cate-
chol. The ratio of catechol to the glucose unit in dextran in DMSO-d6
was determined using 1H nuclear magnetic resonance (NMR) spec-
troscopy (Bruker DRX 400 spectrometer) operated at 400 MHz.

2.3. TiO2 surface modification with dextran-g-ct

P25 TiO2 nanoparticles (100 mg)  were dispersed in 25 mL  of
12 mM phosphate buffered saline (PBS) at pH 7.2 by bath-type
sonication. Dextran-g-ct (100 mg)  in 12 mM PBS (25 mL)  was then
added to the TiO2 dispersion and incubated at room temperature
for 16 h with magnetic stirring at 300 rpm, followed by centrifuga-
tion at 3000 rpm for 30 min. The pellet was rinsed by re-dispersion
with PBS. The procedures were repeated for three times.

2.4. Preparation and characterization of dextran-coated TiO2
nanoparticles

Pristine or dextran-coated TiO2 nanoparticles (50 mg)  were dis-
persed in deionized water (5 mL). One drop of the TiO2 dispersion
was placed on a silicon wafer and incubated at room temperature
overnight to completely remove the solvent. The dried TiO2 sam-
ple was  analyzed using transmission electron microscopy (TEM,
JEOL JEM-3011 HR, Japan) at an acceleration voltage of 300 kV
(Supplementary Information, Figure S1) and X-ray photoelectron
spectroscopy (XPS, Sigma Probe, Thermo VG Scientific).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.carbpol.2013.05.064.

2.5. Protein adsorption on TiO2 surface

Dextran-coated TiO2 nanoparticles (100 mg)  were homoge-
neously dispersed in PBS (25 mL). HSA was dissolved in PBS at
concentrations ranging from 1.0 to 3.0 mg  mL−1. The dextran-
coated TiO2 dispersion and HSA solution were mixed at a
volumetric ratio of 1:1 and incubated at 37 ◦C for pre-determined
time intervals with rotary mixing at 100 rpm. The mixture was
centrifuged at 14,000 rpm for 10 min. The absorbance of the super-
natant was measured at a wavelength of 280 nm to determine the
amount of unbound HSA.

3. Results and discussion

3.1. Characterization of the dextran-g-ct

Dopamines were conjugated to the hydroxyl groups of dex-
tran to prepare dextran-g-ct (Fig. 1a). The hydroxyl groups of the
glucose unit in dextran were converted to reactive carbonyl imid-
azole groups by using CDI as a coupling agent. Only 1:10 molar
ratio of CDI to the glucose unit was  used for the activation reac-
tion because we intended to graft dopamines to relatively a small
fraction of the glucose units of dextran. At high concentrations
dopamines are apt to be aggregated by �–� interaction and poly-
merized to polydopamine via oxidation (Dreyer, Miller, Freeman,
Paul, & Bielawski, 2012; Lee, Dellatore, Miller, & Messersmith,
2007), causing the resulting graft co-polymer insoluble in an aque-
ous solution. In particular, as the conjugation reaction proceeds,

the pH of the reaction mixture increases because of the generation
of imidazole. In a basic condition, dopamines are readily oxidized
to initiate auto-polymerization rather than conjugated to the dex-
tran backbone. To avoid this unwanted oxidation reaction, five-fold

http://dx.doi.org/10.1016/j.carbpol.2013.05.064
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ig. 1. (a) Schematic illustration of the synthesis procedures of dextran-g-ct with the

olar excess amount of hydroquinone was added as an antioxi-
ant to the reaction mixture. The hydroquinone was completely
liminated after the reaction as confirmed by 1H NMR  analysis.
he generated carbonyl imidazole group is an intermediate highly
usceptible to the attack by nucleophilic substances. The grafting
ensity of catechol to dextran was determined using 1H NMR  anal-
sis. The chemical shift of catechol was located at 6.4–6.6 ppm,
hile the characteristic peaks of dextran appeared in the range

f 3.0–3.8 ppm and 4.3–5.0 ppm (Fig. 1a). In the 1H NMR  spec-
rum, the degree of substitution of catechols in dextran-g-ct was
.3 mol.% as calculated from the ratio of integrated intensity of clear
ingle hydrogen peak of glucose (a) and catechol (k). The success-
ul grafting of catechol to dextran was also confirmed by using UV
bsorption spectroscopy. Dextran-g-ct showed a strong absorption
eak around 280 nm,  which is a characteristic peak for catechols,
hile the normal dextran had no significant absorption at the same
avelength (Fig. 1b). As calculated from the calibration curve pre-
ared by using dopamine as a standard molecule, the molar ratio of
atechol to glucose monomer units of dextran was  6 mol.%, which
as roughly consistent with the 1H NMR  result. FT-IR analysis also
onfirmed that catechol was successfully conjugated to dextran
y indicating the carbamate linkage between the dextran polymer
nd catechol (C O stretching at 1800 cm−1 and C N stretching at
344 cm−1) and the catechol group (aromatic C C stretching at
R spectrum. UV–vis absorption (b) and FT-IR (c) spectra of dextran and dextran-g-ct.

1560 cm−1) (Fig. 1c). These results indicated that catechols were
successfully grafted to the dextran backbone.

3.2. Surface modification of TiO2 with dextran-g-ct

The synthesized dextran-g-ct was  used for coatings of TiO2. It is
well known that Ti atom can be readily coordinated by catechols,
forming bidentate bionuclear complexes as illustrated in Fig. 2a
(Anderson et al., 2010). The surface coating of TiO2 with dextran-g-
ct was  examined through surface analysis using XPS. The presence
of a nitrogen peak in the carbamate linkage, ranged from 398 to
402 eV, confirmed the successful surface coatings by dextran-g-
ct, while the pristine TiO2 did not show any signal in the same
range of binding energy (Fig. 2b). The UV–vis absorption spectrum
of dextran-coated TiO2 was also different from that of pristine TiO2
(Fig. 2c). This result indicates that the oxygen vacancy and oxida-
tion states of Ti atoms seem to be affected by the interaction of TiO2
with catechol (Iijima et al., 2008).

3.3. Anti-fouling effect of dextran coatings
The adsorption kinetics and Langmuir isotherm of HSA on pris-
tine and dextran-coated TiO2 were determined in 12 mM PBS (pH
7.2) at 37 ◦C. The nominal specific surface area of P25 TiO2 was
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Fig. 2. (a) Schematic illustration of the catechol-mediated binding of dextran to TiO2 sur
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Fig. 3. Kinetic profiles (a) and linearized Langmuir isotherm (b) of HSA adsorption
on pristine and dextran-coated TiO2.
face. XP (b) and UV–vis absorption (c) spectra of pristine and dextran-coated TiO2.

50 m2 g−1. Two  milligrams of TiO2 were used in each set of exper-
iments, and thus the total surface area of the TiO2 samples was
0.1 m2. For adsorption experiments, the initial concentration of HSA
was fixed to 0.5 mg  mL−1. As the isoelectric point of HSA is about
4.7, it is negatively charged at pH 7.2. Typical saturation binding
kinetics was found for HSA adsorption to the pristine and dextran-
coated TiO2 surfaces (Fig. 3a). However, the total amount of protein
adsorbed on the dextran-coated surface of TiO2 was  decreased by
75%, compared to that of HSA adsorbed on pristine TiO2, indicating
excellent anti-fouling effect of dextran coating. To quantitatively
determine the effect of the dextran coating on protein adsorp-
tion, the Langmuir regression curves of the adsorption isotherm of
HSA on the pristine and dextran-coated TiO2 surface were obtained
(Fig. 3b). The calculated maximum amounts of HSA adsorbed per
unit surface area (� max) of pristine and dextran-coated TiO2 were
2.88 mg  m−2 and 2.80 mg  m−2, respectively. The value of � max did
not show significant change, indicating that the maximum binding
site of the TiO2 surface for HSA was  almost intact; all of the binding
sites will be eventually occupied in the HSA solution of an extremely
high concentration. However, The calculated Langmuir equilibrium
constant values (K) were 3.53 L g−1 and 0.69 L g−1 for pristine TiO2
and dextran-coated TiO2, respectively. The dramatic decrease of K
value indicates that the dextran-coated TiO2 surface needs much
higher concentration of HSA solution than pristine TiO2 surface to
saturate the adsorption site.

4. Conclusions

Catechol-grafted dextran was  synthesized and proved to be an
effective coating material for anti-fouling in an aqueous milieu;
about 7.3 mol.% of grafting density of catechol was detected in
the modified dextran, which can form multivalent, strong bind-

ing with the TiO2 surface in an aqueous environment at a neutral
pH. Non-specific adsorption of HSA was  dramatically reduced after
the surface modification of TiO2 with dextran-g-ct; indeed, the
adsorption equilibrium constant value (K) of the dextran-coated
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iO2 surface decreased to 0.69 L g−1 from 3.53 L g−1 for non-treated
iO2 surface. These results suggest that the catechol-grafted dex-
ran can be used as a promising anti-fouling coating material for
itanium-based materials.
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