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INTRODUCTION: Electrostatic repulsion between the 
negatively charged chondroit in sulfate glycosaminoglycan (CS-GAG) 
chains of aggrecan is a major determinant of cartilage biomechanical 
properties, responsible for >50% of the equilibrium modulus in 
compression [1,2]. In tissue, the CS-GAG chains are attached to the 
aggrecan core protein (~3-4 nm spacing along the core). In previous 
studies, we have imaged aggrecan monomers using atomic force 
microscopy (AFM) [3]. We have also measured directly the long-range 
electrostatic interaction forces between a ~50 nm chemically -modified 
probe tip and a planar substrate of end-grafted CS-GAG chains as a 
function of ionic strength (IS) and pH using high-resolution force 
spectroscopy (HRFS) [4]. The objectives of this study were (1) to 
measure the interaction forces between GAGs of intact aggrecan using a 
chemically-modified probe tip, and (2) to compare the results with 
HRFS measurements on isolated GAG brushes. 

METHODS: 50 µl of 500 µg/ml DI water solution of 
A1A1D1D1 aggrecan from fetal bovine epiphyseal growth plate was 
allowed to incubate on positively-charged mica that had been 
functionalized with A3-amino-propyltriethoxysilane (AP-mica) [3] for 
30-40 min, then rinsed, and dried in air for at least 10 hrs. COO--
modified probe tips of known negative surface charge density (-
0.018C/nm2) were made by modifying Au-coated Thermomicroscopes 
V-shaped Si3N4 cantilevers (probe tip radius, Rtip~50nm, spring 
constant~0.01N/m) incubated in 2 mM solution of 11-
mercaptoundecanoic acid (HS(CH2)10COOH (Aldrich #45,056-1) in 
ethanol for 48 hrs, followed immediately by rinsing with DI water 
before experimentation [5]. The forces between the negatively charged 
tip and the aggrecan monolayer were measured at 3-5 different locations 
along the monolayer in 0.0001-0.1M NaCl solutions using a 3-D 
Molecular Force Probe (3-D MFP) (Asylum Research) (Fig. 1a). To 
confirm the presence of a dense aggrecan monolayer, the substrate was 
first imaged in air using tapping mode with Olympus Si cantilevers 
(Rtip<10 nm, spring constant = 2 N/m) and in fluid using contact mode 
with the modified probe tip. Forces between a COO--modified probe tip 
(Rtip~120nm) and a CS-GAG brush layer were measured in 0.001-1.0 M 
NaCl solutions using a 1-DMFP (Asylum Research). The CS-GAG was 
obtained from rat chondrosarcoma cell cultures and end-grafted onto 
1cm x 1cm Au-coated silicon substrates using methods previously 
described [4]. The CS-GAG density was measured by DMMB assay and 
was found to be ~1 chain per 9nm2. 

RESULTS: Repulsive forces between the COO--modified tip and 
the aggrecan monolayer were observed on approach at all ionic strengths 
(Fig. 2). The repulsive forces at 0.1 and 0.01M NaCl were longer ranged 
than the forces at the 0.001M NaCl; the force at 0.01M NaCl started at 
about the same separation distance (~100 nm) as the force in 0.0001M 
NaCl. The retraction force was purely repulsive at lower ionic strength; 
however, attractive forces were observed on retract in some of the 
curves at the higher ionic strengths. The frequency of attractive 
retraction forces increased with increasing ionic strength. In contrast, the 
forces on the CS-GAG brush were purely repulsive on approach and 
retract, and the magnitude of the force decreased with increasing ionic 
strength as previously reported [4]. Most importantly, as shown in Fig. 
3, the force due to the aggrecan monolayer was longer range than the 
force due to the GAG brush alone. 

DISCUSSION: The force profiles for the lower IS (0.0001M and 
0.001M NaCl in Fig. 2) agree well with the predictions of an 
electrostatic repulsion model that represents aggrecan-GAG charge as a 
uniform surface charge [6]. This is consistent with the fact that the 
underlying AP-mica is positive and, therefore, the GAG chains most 
likely collapse onto the surface due to the strong electrostatic attractive 
force at lower ionic strengths. Since the GAGs lie on the substrate, they 
effectively form a very highly negatively charged surface. The collapsed 
GAG chains also effectively shield the tip from the positive AP-mica 
and the protein core, so the frequency of attractive forces on retraction is 
low. However, as the IS is increased (0.01M and 0.1M NaCl, Fig. 2), the 
length scale of interaction forces is only 1-3nm and only the GAG 
chains very near the surface would be attracted, leaving many GAGs 

oriented vertically into the NaCl solution. This hypothesis is consistent 
with the observed increase in the range of the measured repulsive force 
beyond what would be predicted from a surface charge model, since the 
GAG chains on the aggrecan are in a more physiological brush-like 
configuration away from the surface [6].  

The repulsion forces produced by the aggrecan monolayer also 
appear to act over a longer range than those produced by the GAG brush 
(Fig. 3). From the images of the aggrecan monolayer in air, the aggrecan 
density on the mica surface was found to be reasonably uniform over 
large areas (measured to be ~1 aggrecan monomer per 400 nm2). Since 
there are about 80-100 GAG chains per aggrecan monomer, this 
translates to almost 1 GAG chain per 4 nm2 which is much higher than 
the density of GAG in the CS-GAG brush experiment of Fig. 1b. This is 
also consistent with the observation that once the tip is within the 
aggrecan GAG-brush, the force due to aggrecan is bigger than the force 
due to the isolated CS-GAG brush. The contour length of the GAG 
chains on fetal bovine epiphyseal aggrecan is ~50nm while the contour 
length of the GAG chains from the rat chondrosarcoma cells is ~40nm. 
The forces on aggrecan would be expected to start only ~10nm further 
out than the forces on the GAG brush; however, the repulsive force due 
to the aggrecan monolayer starts at a distance almost 50nm further. 
Taken together, these findings suggest that the density of GAG on fetal 
aggrecan produces high repulsive forces that extend far from the 
macromolecule compared to forces attributable to less dense GAG 
brushes having GAG densities more similar to those of mature aggrecan 
[3,6]. 
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Figure 1. Schematics of experimental measurement of forces between 
negatively charged AFM tip and (a) an aggrecan monolayer versus (b) a 
CS-GAG brush layer. 

 
Figure 2. Averaged force in nN (dots) with standard deviation (dashed 
line) on approach  between negatively charged tip and an aggrecan 
monolayer at varying bath salt concentrations: 0.0001M NaCl (green), 
0.001M NaCl (black), 0.01M NaCl (blue) and 0.1M NaCl (red). 

 
Figure 3. Comparison of stress (kPa) between negatively charged tip and 
an aggrecan monolayer (dots) vs. a CS-GAG brush (line) at 0.01M NaCl 
(blue) and 0.1M NaCl (red) 
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