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Abstract

Immobilization of the anticoagulative or antithrombogenic biomolecule has been considered as one of the important methods to im-
prove the blood compatibility of artificial biomaterials. In this study, a novel immobilization reaction scheme was utilized to incorporate
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-butyrylchitosan (OBCS) onto the activated glass surface with an aim to develop an anticoagulative substrate. Activation of the gl
as carried out by silanization and then OBCS was grafted to the silanized surface via a radiation grafting technique. The OB
lass surfaces were characterized by electron spectroscopy for chemical analysis (ESCA) and atomic force microscopy (AFM).
ompatibility of the OBCS-grafted glass was evaluated by platelet rich plasma (PRP) contacting experiments and protein adsorp
ents in vitro. These results have demonstrated that the surface with immobilized OBCS shows much less platelet adhesive an
dsorption compared to the control surface. Therefore, the novel reaction scheme proposed here is very promising for future dev
n anticoagulative glass substrate.
2004 Elsevier B.V. All rights reserved.
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. Introduction

To enhance the biocompatibility of surfaces is one of the
ost important aims for the development and use of artificial
iomaterial and is a topic which had been studied intensively.
herefore, various surface modification attempts have been
ade to optimize these interfacial biological responses with
n attempt to develop antithrombogenic materials. Bioma-

erial surfaces have been modified with various molecules,
uch as albumin[1,2], heparin[3–5], poly(ethylene glycol)
PEG)[6–9], self-assembled monolayer[10,11], and phos-
holipids[12,13]. Surface modification with increasing hy-
rophilicity is believed to be a useful method for preventing
latelet adhesion and protein adsorption[14–16], and vari-
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ous polymer materials have been modified by water-so
polymer for biomedical use such as PEG or poly(ethy
oxide) (PEO) can prevent plasma protein adsorption, pla
adhesion, and thrombus formation by the steric repu
mechanism. Steric repulsion by surface-bound water-so
polymer chains occurs as a result of overlapping p
mer layers that could lead to loss in configurational
tropy because of volume restriction and/or osmotic repu
between interdigitated polymer chains. The accepted m
anism for preventing protein adsorption by the grafted P
chains is that such technique decreased interfacial fre
ergy and the steric repulsion force between PEO chain
the proteins[17]. Similarly, hydrophilic polysulfone mem
branes, polyvinylpyrrolidone–polysulfone (PVP–PSf), w
prepared from PSf membranes covalently conjugated
PVP on the surface. It was found that PVP–PSf membr
gave lower protein adsorption from a plasma solution
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PSf membranes. This is also attributed to the hydrophilic sur-
face of the PVP–PSf membranes[18]. In the present study,
we choseO-butyrylchitosan (OBCS), a water-soluble deriva-
tive of chitosan[19], to modify glass surface due to its special
bioactivity [20].

Chitosan, a (1→ 4)-linked 2-amino-2-deoxy-�-d-glucan,
is prepared byN-deacetylation of chitin, which is the main
structural component of crab and shrimp shells. Chitosan
has both reactive amino and hydroxyl groups, which can
be used to chemically alter its properties under mild re-
action conditions. Chitosan’s derivatives exhibit properties
that make those desirable candidates for biocompatible and
blood-compatible biomaterials[21–23]. O-Butyrylchitosan,
N-acylchitosans (NACS),O-diacetylchitosan (ODCS) andN-
hexanoylchitosan (NHCS) were already reported as blood-
compatible materials[20,23–25].

Activation of blank glass surface was achieved by
silanization with �-chloropropyltrimethoxy silane. Then
by irradiating with ultraviolet light, OBCS was cova-
lently immobilized onto activated glass surface using the
photosensitive hetero-bifunctional crosslinking reagent, 4-
azidobenzoic acid, which was previously bonded to OBCS
by reaction between an acid group of the crosslinking reagent
and a free amino group of OBCS.

Surface characterization results of the modified glass-
t lysis
( re-
s zed
O d fib-
r

2

2

ent
( Inc.,
C g Bi-
o ight
w as
9

sup-
p ine
fi as
l

t fur-
t

2

to
e pH
4 in.
T er
d ples

(1 cm × 1 cm, Tianjin glass Inc., China), were taken out.
Nonbounded or physically-adsorbed silane was removed by
rinsing with ethanol and deionized water, air dried and then
baked at 110◦C for 20 min.

2.3. Preparation of the solution of 4-azidobenzoic acid
bonded O-butyrylchitosan (Az-OBCS)[20]

2.3.1. Preparation of 4-azidobenzoic acid[26]
4-Amino benzoic acid (0.050 mol) in HCl aqueous solu-

tion (concentrated HCl/water = 20 ml/200 ml) was reacted
with aqueous sodium nitrite (0.055 mol) at−10 to 0◦C for
15 min, followed by aqueous sodium azide (0.060 mol) at
room temperature for 1 h to yield 4-azidobenzoic acid (yield
80%).

2.3.2. Preparation of O-butyrylchitosan[27]
Chitosan (2.1 g) was added to methanesulfonic acid

(11 ml) and the mixture was stirred at 0◦C for 15 min un-
til homogeneous.

Butyric anhydride (20 ml) was added dropwise and the
total mixture stirred between 0 and 5◦C for 2 h. The result-
ing gel was stored at−15◦C overnight. Pouring into acetone
precipitated the thawed product, after which the acylated chi-
tosan was dried in vacuo.
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ESCA) and atomic force microscopy (AFM) will be p
ented. Moreover, the hemocompatibility of the immobili
BCS were evaluated by platelet adhesion testing an

inogen adsorption assay in vitro, respectively.

. Experimental procedure

.1. Materials

�-Chloropropyltrimethoxy silane as silane coupling ag
SCA) was purchased from Nanjing Shuguang Chemical
hina. Chitosan powder was obtained from Lianyungan
logicals Inc., China. Its viscosity average molecular we
as 6.7× 105 g/mol, while the degree of deacetylation w
0%.

Platelet rich plasma (PRP) of human blood was
lied by Blood Center of Nanjing Red Cross, China. Bov
brinogen (BFG, F-8630, Sigma, USA) was obtained
yophilized powders.

Other chemicals were reagent grade and used withou
her treatment.

.2. Preparation of silanized glass (SCA/G)

�-Chloropropyltrimethoxy silane (0.6 g) was added
thanol–water solutions (20 ml) [95%, v/v], adjusted to
.5 with acetic acid, and the mixture was stirred for 5 m
he bond of Si OH was formed through hydrolization. Aft
ipped into the above solution for 2 min, the glass sam
.3.3. Preparation of the solution of Az-OBCS[20]
OBCS (1 g, powder), [1-ethyl-3-(3-dimethylaminop

yl)] carbodiimide (EDC) (0.35 g) and 4-azidobenzoic a
0.2 g) were added to 100 ml methanol. The mixture
tirred at room temperature for 8 h and then concentr
he thawed product was precipitated by pouring into

one (100 ml), filtered and extracted for 18 h with methyl
hloride to remove the unbonded azide completely, vac
ried and dissolved in water to prepare 0.1% Az-OBCS

ution.

.4. Immobilization of Az-OBCS onto silanized glass
urfaces to prepare OBCS/SCA/G

The Az-OBCS solution was cast onsilanized glasssur-
aces and dried in a brown colored desiccator. The sur
ere irradiated by a mercury lamp (8 W, 254 nm UV-t

ight, Shanghai Photoelectric Apparatus Inc., China)
min, washed with water completely and then dried.

.5. Characterization

Transmission infrared (IR) spectrum was obtained
ng a Nicolet 170sx Fourier transform infrared spectro
er (Bruker, Germany). Ultraviolet spectroscopy analysis
ompleted on an UV 3100 spectrophotometer (Shima
apan). The electron spectroscopy for chemical analysis
ra were obtained using a V.G. ESCALAB MK II spectro
ter (VG, UK). The X-ray source was Mg K� radiation
1253.6 eV) operated at 12 kV, 20 mA. The take-off angle
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fixed at 45◦ relative to the sample surface. The measurements
were made in a vacuum better than 2× 10−8 mbar at room
temperature. The tapping mode AFM experiments were per-
formed with SPA-300 HV (Seiko, Japan). The grafting was
verified by ESCA and AFM.

2.6. Platelet adhesion onto surfaces

OBCS/SCA/G was rinsed with PBS first and contacted at
37◦C during 1 h with freshly prepared PRP of human blood.
Samples were rinsed with PBS and then treated with 2.5%
glutaraldehyde for 30 min at room temperature. The samples
were washed with PBS again and then subsequently dehy-
drated by systemic immersion in a series of ethanol–water
solutions [50, 60, 70, 80, 90, 95, 100%, v/v] for 30 min each
and allowed to evaporate at room temperature. Blood platelet
adhesion in vitro was observed through SEM (JSM Model
6300 Scanning electronic microscopy, JOEL, Japan). The
platelet-attached surfaces were coated with gold prior to be-
ing observed by SEM. The blank glass surface was used as a
reference.

2.7. Fibrinogen adsorption onto surfaces

Bovine fibrinogen was obtained as lyophilized powders.
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Scheme 1. Reaction scheme of Az-OBCS and immobilization scheme of
OBCS on silanized glass surface.

culated by the equation:

BFG (�g/cm2) = counts (cpm)× Csolution(�g/ml)

Asolution(cpm/ml)× Ssample(cm2)

where the count measures the radioactivity of the samples, the
Ssamplemeasure the surface area of the samples, theCsolution
andAsolutionare the concentration and the specific activity of
the protein solution, respectively.

3. Results and discussion

3.1. Preparation Az-OBCS

OBCS was immobilized covalently on the silanized
glass surface by using the photosensitive hetero-bifunctional
he buffer solution used in the protein adsorption exp
ents was PBS, pH 7.4. Quantification of adsorbed prote

he glass surfaces was performed using125I-labelled protein
25I-labelled protein was added to unlabelled protein solu
n order to obtain a final activity of about 107 cpm/mg. The
amples were immersed into 1 ml buffer solution at 37◦C,
nd then 1 ml fibrinogen solution (0.2 mg/ml) was ad
nd mixed. Adsorption tests were carried out at 37◦C dur-

ng 1 h. After protein adsorption, samples were rinsed t
imes with 2 ml of buffer solution. The gamma activities w
ounted with the samples placed in radio-immunoassay
y a Gamma Counter (FH-408, Beijing Nucleus Instrum
actory). Four replicates were used. The counts from
ample were averaged and the surface concentration wa

Fig. 1. (a) UV spectrum of Az-
 ; (b) FTIR spectrum of Az-OBCS.
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crosslinking reagent, 4-azidobenzoic acid. The reaction
scheme for the immobilization is shown inScheme 1.

Fig. 1(a) shows the UV spectrum of Az-OBCS (water
was used as solvent). An absorption at 267 nm, which is
assignable to the azidophenyl group[26], was observed. This
result indicates that the azide group had been introduced to
the OBCS molecules.

Table 1
Surface elemental composition from ESCA

Sample C1s O1s N1s Si2p Cl2p

Blank G 27.79 49.83 – 22.38 –
SCA/G 47.91 26.30 – 15.86 9.93
OBCS/SCA/G 60.66 33.51 4.88 0.44 0.51
Fig. 2. ESCA spectra of glass surfaces: left, blank G; middle, SCA/G; right, OBCS/SCA/G.
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Fig. 2. (Continued)

Fig. 1(b) shows FTIR spectrum of Az-OBCS, from which
it could be seen that there was an evident absorption peak at
2126.2 cm−1, which is the characteristic ofN3 [28]. This
result confirms the above conclusion that the azide group had
been bonded on the OBCS molecules.

3.2. ESCA analysis

The method of immobilizing OBCS was simple as de-
scribed in Section 2. Unbonded OBCS molecules were
washed out with water. Azide groups (N3) are known to re-

lease N2 under UV irradiation and to be converted into highly
reactive nitrene groups[28]. Nitrene groups are supposed to
interact quickly with C H on the surface of silanized glass
to generate CO NH and made OBCS chains crosslinked
as well (Scheme 1).

The changes in chemical structure of glass surfaces by
modification were investigated by ESCA analysis. ESCA
atomic composition of the glass surface was shown in
Table 1. Chloric content could be observed on the SCA/G
surface and nitrogenous content could be observed on the
OBCS/SCA/G surface. The silicon content of the glass sur-
Fig. 3. AFM images of: (a) blank G
; (b) SCA/G; (c) OBCS/SCA/G.
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Fig. 4. SEM images of the morphology of PRP contacted surfaces (1 h, 600×): (a) blank G; (b) SCA/G; (c) OBCS/SCA/G.

face (%) was dramatically decreased after modification, and
other contents of the glass surface (%) also changed along
with the two modification processes, which might be as-
cribed to that the surface of the modified glass surface was
silanized by SCA and then overlaid with the grafted OBCS
chains.

Details of the ESCA spectra for the modified glass surface
were shown inFig. 2. The C1s peak for OBCS/SCA/G could
be resolved into three component peaks due to hydrocarbon
peak ( C C C ) at 284.51 eV, amide peak (NH CO )
at 286.19 eV and ester carbon peak (COO ) at 288.10 eV.
The peaks of hydroxyl carbon peak (C O H), ether car-
bon peak ( C O C ), silicon carbon peak (C Si ) and
chloric carbon peak (C Cl) are too small to allow ac-
curate peak resolution. The wider O1s peak might reflect
a combination of the contribution from the silicon oxy-
gens ( Si O), hydroxyl oxygens (C O H), ether oxygens
( C O C ) and ester oxygens (COO). Furthermore, the
new peaks (N1s and Cl2p) appeared at the ESCA spectra of
OBCS/SCA/G in contrast with that of blank glass surface.
The N1s chart could reflect a combination of the contribu-
tion from the amide peak (NH CO ) and nitrogenous car-
bon peak ( NH C C ). The peak 198.29 eV was used to
fit Cl2p peak ( C Cl). The ESCA results also indicate that

OBCS has been successfully grafted onto the silanized glass
surface.

3.3. Atomic force microscopy

The AFM approach has the advantage of providing im-
ages of polymers and organic materials coated on insulating
substrates. This makes the AFM technique as the charac-
terization method of choice for the present studies involv-
ing OBCS films on glass. Images were obtained by scanning
surface for 10 min in a tapping mode using a silica carbide
probe.

Fig. 3 shows the AFM images of the glass surface with
different chemical treatment. As shown inFig. 3(a), the blank
glass surface morphology is very smooth and its roughness
is the smallest in the three samples. The silanization may
have been enough to cause increased surface roughness in the
glass surface as shown inFig. 3(b). In particular, the silanized
glass surface contained surface aculeated peaks correspond
with the bright region as shown inFig. 3(b). The surface
roughness of the silanized glass was dominated by the surface
aculeated peaks. After grafting OBCS, the morphology of
OBCS/SCA/G as shown inFig. 3(c) has the visible difference
with the morphology of glass surface that only modified by
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Table 2
Bovine fibrinogen (BFG) adsorption onto glass surface

Sample BFG adsorption (�g/cm2)

Blank G 2.635± 0.069
SCA/G 3.429± 0.112
OBCS/SCA/G 1.776± 0.083

silanization. The aculeated peaks became planar. It is indicate
that OBCS has been successfully grafted onto the silanized
glass surface.

3.4. Platelet adhesion

Platelet adhesion results are shown inFig. 4. The
blank glass surface and the silanized glass surface showed
high platelet adhesion, most of the adhered platelets
were distorted with pseudopodia. Surprisingly, the surfaces
of OBCS-grafted silanized glass surface have nearly no
platelet adhered. The platelet adhesion test revealed that
OBCS/SCA/G show excellent anti-platelet adhesion. It is
considered that the improved antithrombogenicity can be
attributed to OBCS. Surface modification with hydrophilic
polymers used to enhance surface hemocompatibility. By UV
irradiation, intra-molecule crosslink reaction and insoluble
hydrogel formation occurred in this system, and the blood
compatibility of glass surfaces were enhanced effectively by
OBCS hydrogel. The results may offer the possibility of the
usage for biomaterial devices, which are directly in contact
with blood.

3.5. Protein adsorption
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OBCS-introduced glass surface has a good blood-compatible
property.
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