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Introduction: Gold is frequently used as a model 
substrate that can be modified using gold-thiol chemistry 
to provide well-defined surfaces of interest for 
biomaterials applications. In the area of blood contacting 
biomaterials typical modification strategies involve the 
reduction of non-specific protein adsorption (e.g. using 
polyethylene oxide, PEO), promotion of the adsorption of 
specific proteins to provide an antithrombotic function 
(e.g. antithrombin (AT) binding promoted by heparin) or 
a combination of the two. We have developed a covalent 
antithrombin-heparin complex (ATH) that has 
demonstrated increased systemic anticoagulant activity 
compared to heparin [1]. Preliminary studies have also 
demonstrated the potential of ATH as a surface modifier. 
The aim of the present work is to investigate the 
interactions of blood proteins on ATH-immobilized gold 
surfaces, as well as the anticoagulant properties, and 
compare these to analogous heparin-modified surfaces. 
Methods: Gold-coated silicon wafers were used as 
substrate. A small molecule, dithiobis (succinimidyl) 
propionate (DSP), and PEO-NHS ester disulfide were 
used as a linker and protein resister-spacer-linker 
respectively. After chemisorption to gold through sulfur 
interactions, the N-hydroxysuccinimide (NHS) functional 
chain ends were available to interact with free amino 
groups on ATH. ATH was also attached directly to the 
gold (presumably through thiol groups). Physicochemical 
characterization included water contact angle, XPS and 
ellipsometry. ATH was radiolabeled with 125I for 
adsorption studies. For comparison to ATH, analogous 
surfaces based on heparin alone were prepared. Heparin 
amounts on the surfaces were quantified using either 
radiolabeling for the ATH surfaces, or quartz crystal 
microbalance (QCM) for the heparin surfaces. AT and 
fibrinogen (Fg) adsorption from plasma were measured 
by 125I and 131I dual labeling. On some ATH surfaces, the 
active pentasaccharide sequence of the heparin moieties 
was selectively destroyed by periodate oxidation [2]. A 
chromogenic anti-factor Xa assay was used to measure 
and compare the amount of active heparin on surfaces. 
Results and Discussion: Contact angles and XPS data 
confirmed the modifications. Ellipsometry on DSP and 
PEO layers indicated amounts in the monolayer regime. 
The uptake of ATH on DSP surfaces was greater than on 
bare gold or PEO modified surfaces (Table 1). The lower 
amount on PEO surfaces is likely due to competition 
between protein repulsion from PEO and reaction with 
NHS groups. To make appropriate comparisons between 
ATH and heparin surfaces, quantification of heparin was 
needed and QCM was found to be an effective method. 
The amounts of heparin on DSP and PEO surfaces are 
shown in Table 1 and it is evident these surfaces bound 
substantially more heparin than ATH. The anti-FXa 
activity of the surfaces was also determined and a 
comparison of the ratio of this activity to the total surface 

density indicates that the ATH-modified surfaces had a 
greater proportion of heparin in active form than 
analogous heparin-modified surfaces (Table 1).  
Data on the adsorption of AT and Fg from plasma (Figure 
1) show that the ATH surfaces adsorbed more AT than 
the heparin. PEO surfaces showed minimal Fg adsorption. 
It is expected that an optimum balance exists between AT 
binding and resistance to non-specific protein adsorption. 
To investigate whether AT adsorption is through specific 
interaction with heparin’s active site on ATH, surfaces in 
which this site (pentasaccharide sequence) was selectively 
destroyed were prepared. These surfaces showed much 
lower AT binding (~0.02 pmol/cm2) than the 
corresponding surfaces where the heparin was intact, 
indicating that the heparin moiety of ATH is, for the most 
part, responsible for binding AT.  
 
Table 1. Total and bioactive surface densities of heparin 
and ATH.  

TOTAL BIOACTIVE BIOACTIVITY
Density

(pmol/cm2)
Anti-Xa Activity

(pmol/cm2)
RATIO

(%)
Au - ATH 1.39 ± 0.08 0.17 ± 0.03 12.23
Au - Heparin 9.23 ± 0.86 0.49 ± 0.17 5.30
DSP - ATH 2.41 ± 0.27 0.19 ± 0.04 7.89
DSP - Heparin 13.18 ± 0.48 0.24 ± 0.06 1.82
PEO - ATH 0.65 ± 0.06 0.20 ± 0.04 30.77
PEO - Heparin 17.68 ± 1.03 0.34 ± 0.25 1.92  
(Data are mean ± SD, n ≥ 2). 
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Figure 1. Fg and AT adsorption from plasma (after 2 h) 
to ATH- and heparin-gold surfaces. (Data are mean ± SD, 
n = 3). 

 
Conclusions: Well defined ATH-gold surfaces have been 
prepared using several methods to immobilize ATH.  
These surfaces bound more AT from plasma than 
“heparin alone” surfaces and also showed enhanced 
bioactivity. A competition between protein repulsion and 
AT binding is evident on surfaces modified with PEO and 
ATH. Further studies to determine an optimum 
composition are underway.  
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