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Proteoglycan monomers, prepared from bovine nasal cartilage, were reassembled 
with a commercial hyaluronic acid, with or without link protein. The effects of 
link protein on the rheological properties of proteoglycan aggregates were studied 
over the concentration range 0.1-2.0 g/l00 ml. Aggregate formation of proteo- 
glycan monomer with hyaluronic acid increased the dependence on shear rate and 
shifted the Newtonian region to lower shear rates, compared to that observed with 
a proteoglycan monomer solution at the same concentration. The dynamic 
viscoelasticity also increased. In the presence of the link protein there is no 
Newtonian flow region over the shear rate ranges at a concentration of 1 g/l00 ml 
or above and the value of the loss tangent remained low over the angular 
frequencies examined. Link protein strengthens the intermolecular interactions 
increasing the relaxation time of the aggregate solution. It increases the co-oper- 
ativity of the binding of the proteoglycan monomers to the hyaluronic acid chain 
allowing a dynamic network structure to be developed in solution. The rheology is 
strongly dependent on the weight ratio of the proteoglycan to hyaluronic acid. 

INTRODUCTION 

Proteoglycans are major structural components of 
cartilage extracellular matrix and contribute signiti- 
cantly to the stiffness of cartilage, its ability to immobi- 
lize water, and interactions between cartilage cells and 
the matrix (Muir, 1980). Proteoglycans exist as mono- 
mers and aggregates. Proteoglycan monomers consist of 
chondroitin sulfate and keratan sulfate chains cova- 
lently bound to a core protein. Monomers have 
approximately 90 chondroitin sulfate chains/monomer, 
50 keratan sulfate chains/monomer and a molecular 
weight of approximately 2.6 x lo6 (Hascall & Sadjera, 
1970; Pastemack et al., 1974). 

In native cartilage, most of the proteoglycan mono- 
mers exist in the form of proteoglycan aggregates 
formed by approximately 100 proteoglycan monomers 
non-covalently bound to a hyaluronic acid molecule 
together with a link protein. The link proteins have a 
molecular weight of about 45,000. They associate both 
with the hyaluronic acid binding region of the proteo- 
glycan core and with the hyaluronic acid chain, and 
stabilize the reversible, non-covalent binding between 
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proteoglycan monomers and hyaluronic acid. Aggre- 
gates can form in the absence of link protein, but 
those formed with link protein are more stable and 
have a larger sedimentation coefficient (Hascall & 
Sadjera, 1969; Hardingham & Muir, 1974; Hascall & 
Heinegard, 1974; Rosenberg, 1975; Hascall & Kimura, 
1982). 

Gel chromatography studies (data not published) 
have shown that aggregates formed in the presence of 
link protein have more proteoglycan monomer mole- 
cules on a hyaluronic acid chain, in comparison to those 
formed without link protein. The electron microscopic 
measurements also show that link proteins shorten the 
distance between proteoglycan monomers along the 
hyaluronic acid chain and increase the regularity of the 
distance between the proteoglycan monomers (Rosen- 
berg et al., 1975; Buckwalter et al., 1984). Mow et al. 

studied the rheological properties of bovine cartilage 
proteoglycan monomer and aggregate at concentrations 
similar to those found in situ (Mow et al., 1984). They 

reported substantial differences in the rheological prop- 

erties between the native aggregate and monomer solu- 

tions. However, little has been discovered about the 

effect of link protein on the physico-chemical properties 

of the aggregates. 
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In this study, proteoglycan monomer and link protein 

isolated from bovine nasal cartilage were reassembled 

with commercial hyaluronic acid under various aggre- 

gate conditions. We attempt to elucidate the effects of 
link protein and the weight ratio of proteoglycan 

monomer to hyaluronic acid (PG/HA) on the rheologi- 
cal properties of PG aggregates measured under 

physiological conditions. 

MATERIALS AND METHODS 

Chemicals 

All reagents were analytical grade except for guanidine 

hydrochloride (Gdn-HCl) and cesium chloride (CsCI). 

Gdn-HCl (specially prepared reagent) was obtained 
from Nakarai Chemical, Ltd, Japan. CsCl (density 
gradient grade) was from Wako Pure Chemical Indus- 

tries, Ltd, Japan. HA from rooster comb (SPH, Mole- 
cular weight (MW) = 1.2 x 106) was supplied by 

Seikagaku Kogyo Co., Ltd, Japan. 

Isolation of PC and LP 

To remove non-aggregatable PGs, diced bovine nasal 
cartilage was washed by slowly stirring for 24 h at 4°C in 

5 volumes of 0.1 M NaCl/O.OS M sodium acetate (pH 5.8) 
containing proteinase inhibitors. Extracts were filtered 
and centrifuged at 9000 r.p.m. for 30 min at 4°C. Super- 
natants were recovered, then dialysed against 9 volumes 
of 0.05 M sodium acetate (pH 5.8) for 24 h at 4C. Equi- 
librium density gradient centrifugation under associative 

conditions was carried out in 3.5 M CsCl/O.OS M sodium 

acetate (pH 5.8) at 10°C for 70 h at 124.500g;1L. 
The gradient was divided into six equal fractions, 

called Al-A6. The bottom fraction (Al) was dialysed 
exhaustively at 4°C against water, then lyophilised. 

PG and link protein were prepared as follows. The 

above fraction was dissolved in 4.0 M Gdn-HCl/O.OS M 

sodium acetate (pH 5.8) at 4°C and stirred overnight to 
give a final concentration of about 0.2 g/ml. Equili- 
brium density gradient centrifugation under dissociative 
conditions was carried out in 3.0 M CsCl/4.0 M Gdn- 
HCljO.05 M sodium acetate (pH 5.8) at 5°C for 70 h at 

124,5oog,,. The gradient was divided into six equal 

fractions, called A 1 D 1 -A 1 D6. PG fraction (bottom 
AlDl) and link protein fraction (Al D6) were dialysed 

against water, then lyophihsed. 

Reassembly of proteoglycan aggregates in the presence 
and absence of link protein 

Dilute solutions of PG, HA and link protein (LP) were 
prepared separately in 4.0 M Gdn-HCl/O.OS M sodium 
acetate (pH 5.8). Solutions of the PG and HA were 
combined to give a PG/HA ratio of 100,300 and 500 with 

or without LP. The final concentration of PG was 

approximately 0.5 g/100 ml. For LP containing aggre- 

gates, the ratio by weight of proteoglycan monomer to LP 

was 20. The LP content of the aggregate was approxi- 
mately 4.8%. Excess amounts of LP were used to yield the 

maximum amount of aggregate from the mixed solution of 
PG and 0.3% HA. In this study, HA could bind approxi- 

mately 300 times by weight of HA, thus PG/HA = 300 was 
an approximately equivalent aggregating condition. 

After mixing, the solution was allowed to stand over- 
night at 4°C. Each solution was then dialysed against 9 

volumes of 0.05 M sodium acetate (pH 5.8) for 24 h at 

4’C and subsequently water, then lyophilised separately. 

Viscosity of dilute solutions 

A capillary viscometer (Cannon-Manning semimicro. 
No. 100) was used for determination of the intrinsic visc- 

osities of PG and its aggregates. Measurements were 
carried out at 37°C and in 0.1 M NaCl/O.OS M Tris-HCl 
(pH 7.0) at a concentration range of 0.01~0.1 g/ml. The 

intrinsic viscosity was estimated by extrapolating the 
reduced viscosities to zero concentration (Huggins, 1942). 

Rheological measurements 

PG or its aggregates were dissolved in 0.05 M TrissHCl 
buffer, pH 7.0, containing 0.1 M NaCl, at concentra- 

tions ranging from 0.1 to 2 g/100 ml, by standing for 
48 h at 4°C. The concentrated solutions were centri- 

fuged at 3000 r.p.m. for 5 min to remove air bubbles. 
The solutions were tested using a cone-plate (cone 

angle 0.06 rad and radius 4.0 cm) or a coaxial-cylinder 
type rheometer (Shimadzu RM-I, equipped with a 

reduction gear, RDG-I). The shear rate available ranged 
from 1.52 x lo--’ to 4.34 x 10’ s-’ . All measurements 

were carried out at room temperature (21 f 2°C). 
Dynamic viscoelastic measurements were measured at 

concentrations of 1 and 2 g/ 100 ml. The angular frequency 

employed ranged from 1.18 x 1O-2 to 2.35 rad/s. 
The rotation angle of the plate and the twist angle (torque) 
of the cone were recorded with an X-Y plotter. From the 
Lissajous figure obtained the phase angle and hence the 
storage modulus (G’) and the loss modulus (G”) were 
calculated. Loss tangent (tan 0) is calculated from 

tan H = G/‘/G’. 

RESULTS AND DISCUSSION 

Effect of LP on the rheological properties of proteoglycan 
aggregate (PG/HA = 300) 

Dilute solution viscosity 

Figure 1 shows the concentration dependence of the 
reduced viscosity for PG and its aggregates. For a PG 
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Fig. 1. Concentration dependence of reduced viscosity (77 red) 
of proteoglycan monomer and its aggregates (PG/HA = 300). 
Open squares show PG, open circles LP free proteoglycan 
aggregate; and solid circles LP containing proteoglycan 

aggregate. 

Table 1. Intrinsic viscosities of proteoglycan monomer and its 
aggregates (PG/HA = 300) 

Sample Link protein Intrinsic viscosity 
(100 ml/g) 

Proteoglycan 
Aggregate 

_ 1.97 
- 2.82 
+ 4.02 

A capillary viscometer (Cannon-Manning semimicro, No. 100) 
was used for the determination of the intrinsic viscosity. 

solution, little concentration dependence of reduced 
viscosity was observed. However, aggregate formation 
increased the reduced viscosity and the concentration 
dependence. As shown in Table 1 the intrinsic viscosity 
of the PG was increased by the formation of the aggre- 
gate. Even higher values of reduced viscosity (Fig. 1) 
and intrinsic viscosity (Table 1) were observed with LP 
containing aggregate. The number of proteoglycan 
monomers bound on HA chain may be increased by the 
presence of LP. 

Concentration dependence of steady shear viscosity 
As shown in Fig. 2a, PG solution behave as a Newto- 
nian liquid at concentrations below 1 g/100 ml. 
However, proteoglycan aggregate solutions (Fig. 2b) 
showed the shear rate dependence of the specific visc- 
osity except at the solution of lowest concentration 
(0.2 g/100 ml). Specific viscosity values of this aggregate 
were increased, compared with those of PG of similar 
concentration (Fig. 2a). The dependence of the specific 
viscosity on shear rate showed Newtonian at low shear 
rates. The onset of Newtonian behaviour was observed 
at lower shear rates as the solution concentration 
increased. This suggests that proteoglycan aggregate 
interacts to form a gel-like structure in solution. 

LP containing aggregates showed an enhanced shear 
rate dependence of specific viscosity (Fig. 2~). In the 
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Fig. 2. Variation of specific viscosity (r& with concentration 
and shear rate (i) for PG and its aggregates (PG/HA = 300). 
(a) PG; (b) LP free proteoglycan aggregate; and (c) LP 

containing proteoglycan aggregate. 

high shear rate region, the viscosity of this aggregate 
was only slightly higher than that of LP free aggregate. 
The specific viscosity in the Newtonian region, that is, 
the ‘zero-shear’ viscosity value (Morris et al., 1981), of 
LP containing aggregate was about twice that of LP free 
aggregate (Fig. 2b) and, the Newtonian flow region was 
shifted to lower shear rates. The presence of LP may 
strengthen the intermolecular interaction resulting in a 
more stable, gel-like structure in solution. 

Figure 3 shows the shear rate dependence of the speci- 
fic viscosity of solutions of the PG and its aggregates’ 
solutions at concentrations of 1 g/100 ml. The same 
tendency was observed at 2 g/100 ml concentration solu- 
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Fig. 3. Shear rate (j) dependence of specific viscosity (71,~) for 

1 g/l00 ml PG and its aggregates (PC/HA = 300). Symbols as 
in Fig. I. 

tions. PG solutions behaved like Newtonian liquids even 
in these highly concentrated solutions. However, marked 

non-Newtonian behaviour was induced by aggregate 
formation. Aggregation of the PG with HA increased the 

‘zero-shear’ viscosity (approximately lOO-fold), and the 
solution showed Newtonian behaviour only at low shear 

rates, compared to that of PG monomer solutions. It 
seems that aggregates interact to form intermolecular 
linkages, either chemical or physical, of longer relaxation 

time. In other words, a gel-like structure develops in the 

aggregate solution (Flory, 1953). 
The presence of LP enhanced this tendency. As 

shown in Fig. 3, the specific viscosity of the LP 

containing aggregate solution was markedly increased 

in the low shear rate range. No Newtonian flow region 
was observed over the shear rate range examined. LP 
may strengthen the intermolecular interactions to 

increase the relaxation time of a gel-forming linkage. 

Dynamic viscoelastirit~~ 

Figure 4a shows the angular frequency dependence of 
the dynamic viscoelasticity for a PG and its aggregate 
solutions at 2 g/100 ml concentration. The effects of LP 
and its concentration on the angular frequency depen- 
dence of the loss tangent are shown in Fig. 4b. 

PG solutions behaved as a low viscosity liquid with 
high values of the loss tangent and low values of the 
moduli even at concentrations of 2 g/l00 ml. 

Aggregate formation without the LP increased both 
moduli and decreased the loss tangent values. At high 
angular frequency, both I and 2 g/100 ml aggregate 
solutions showed low loss tangent values of approxi- 
mately 0.8. The loss tangent of I g/l00 ml solution, 
however, markedly increased with increasing angular 
frequency. In the low concentration solutions, it 
appeared that the lifetime of the gel-forming linkage 
was not strong enough to be retained at low frequencies. 
In other words, the relaxation time of the gel-forming 
linkage was rather short. For LP containing aggregate 
solutions, both moduli were further increased particu- 
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Fig. 4. (a) Angular frequency (w) dependence of the 
dynamic viscoelasticity for 2 g/l00 ml PG and its aggregates 
(PC/HA = 300). Squares show PG; triangles LP free 
proteoglycan aggregate; and circles LP containing proteo- 
glycan aggregate. Filled symbols show the storage moduli 
(G’) and open symbols the loss moduli (G”). (b) Angular 
frequency (w) dependence of loss tangent for proteoglycan 
aggregates (PC/HA = 300). Triangles show I g/100 ml solu- 
tions and circles 2 g/l00 ml solutions. Open symbols show 
LP free proteoglycan aggregates and filled symbols LP 

containing proteoglycan aggregates. 

larly at low angular frequencies. The value of the loss 
tangent remained low (approximately 0.7) even at low 
angular frequencies, regardless of the change in 
concentration. Thus, it appears that LP may increase 
the relaxation time of a gel-like structure in an aggre- 
gate solution (Rees et al., 1982). 

Effects of PC/HA ratio and LP on the rheological 
properties of proteoglycan aggregates 

Dilute solution viscosity 
Intrinsic viscosities of proteoglycan aggregates with PG/ 
HA ratios of 100, 300 and 500 are listed in Table 2. The 
intrinsic viscosity of PG/HA mixtures decreased with 
increasing PG/HA ratio. This may be explained by an 
increase in the fraction of free PG that did not partici- 
pate in aggregate formation. However, intrinsic viscos- 
ity values for LP containing aggregates were not 
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Table 2. J.ntrMc tiscdti of proteoglycaa aggregates 

F’G/HA 
ratio (w/w) 

Link protein Intrinsic viscosity 
(100 mug) 

100 - 3.30 
+ 3.85 

300 _ 2.82 
+ 4.02 

500 - 2.59 
+ 3.69 

A capillary viscometer (Cannon-Manning semimicro, No. 100) 
was used for the determination of the intrinsic viscosity. 

affected significantly by changes in the PG/HA ratio. 
PG may bind to HA chains effectively and co-opera- 
tively in the presence of LP. 

Rheological behaviour 
Figures 5a and b show the shear rate dependence of 
the specific viscosity, for 0.5 and 1 g/100 ml PG and 
its aggregate solutions of PG/HA ratio of 500, with or 
without LP respectively. The PG/HA ratio of 500 is 
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Fig. 5. Shear rate (9) dependence of specific viscosity (q-) 
for PG and its aggregates @G/HA = 500). (a) 0.5 and (h) 

1 g/100 ml solutions. Symbols as in Fig. 1. 

the excess condition of PG to HA. The shear rate 
dependences of these aggregate solutions were similar 
to those of the aggregate of PG/HA ratio of 300 at 
the same concentration (Fig. 3). Aggregate formation 
increased the zero-shear viscosity (approximately 6 
and 100 times, for 0.5 and 1 g/l00 ml solution, 
respectively) and shifted the Newtonian flow region to 
lower shear rates, compared with those of PG solu- 
tions. For LP containing aggregate at 1 g/100 ml 
solution, no Newtonian flow region was observed in 
the shear rate range examined (Fig. 5b). The effect of 
LP, however, was small for this aggregate condition. 
The viscosity values of these LP free and containing 
aggregate were small over the shear rate ranges 
examined, compared to the aggregates of PG/HA 
ratio of 300 at the same solution concentration. These 
are also suggested by the measurement of dynamic 
viscoelasticity. Aggregate formation increased both 
moduli (Fig. 6a), compared with those of PG solution, 
and showed low loss tangent values (approximately 
0.8-1.2) at high angular frequency (Fig. 6b). But, the 
loss tangent value of this LP free aggregate showed a 
larger concentration dependence and also a higher 
angular frequency dependence even at 2 g/100 ml 
solution, compared with those of PG/HA ratio of 300. 
In the presence of LP, the loss modulus gave lower 
values than those found for LP free aggregate solu- 
tions in the angular frequency region examined. The 
values of the loss tangent remained low even at low 
angular frequencies. However, both the moduli for 
proteoglycan aggregates with and without LP were 
lower than those with a PG/HA ratio of 300. These 
results suggest the presence with a unbound PG even 
in the presence of LP, because of the deficiency of HA 
to PG. 

For the LP free aggregate of PG/HA ratio of 100 (the 
deficiency condition of PG to HA), the shear rate 
dependence of viscosity (Fig. 7a) was similar to that 
found with a PG/HA ratio of 300 at the same solution 
concentration (Fig. 2b). That is, aggregate formation 
increased the zero-shear viscosity value (approximately 
10 times) and shifted the Newtonian flow region to a 
lower shear rate range. As shown in Fig. 7b, LP free 
aggregates at a concentration of 1 g/100 ml showed a 
lower zero-shear viscosity compared with other PG/HA 
ratios. This LP free aggregate showed a larger angular 
frequency dependence of the dynamic viscoelasticity 
(Fig. Sa), and higher loss tangent values at lower angu- 
lar frequencies than those observed with other LP free 
aggregates (Fig. Sb). This may be because, under 
conditions of excess HA to PG, the decrease in the 
number of PG bound on a HA chain increases the 
mobility of the HA chain. However, the largest effect of 
the presence of LP was observed for aggregates 
containing excess HA, particularly in concentrated 
solution (Figs 7b, 8a and Sb). The physico-chemical 
properties were similar to other LP containing aggre- 
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Fig. 6. (a) Angular frequency (0) dependence of the dynamic 
viscoelasticity of 2 g/100 ml proteoglycan aggregates 
(PG/HA = 500). Triangles show LP free proteoglycan aggre- 
gates; and circles LP containing proteoglycan aggregates. Filled 
symbols show the storage moduli (G’) and open symbols the 
loss moduli (G”). (b) Angular frequency (w) dependence of loss 
tangent of proteoglycan aggregates (PG/HA = 500). Triangles 
show 1 g/100 ml; and circles 2 g/100 ml solutions. Open 
symbols show LP free proteoglycan aggregates; and filled 

symbols LP containing proteoglycan aggregates. 
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Fig. 7. Shear rate (j) dependence of specific viscosity (nsp) for 
proteoglycan monomer and its aggregates (PG/HA = 100). 

(a) 0.5; and (b) 1 g/100 ml solutions. Symbols as in Fig. 6. 

gates, that is, there was a marked shear rate dependence 
of viscosity and no Newtonian flow region was observed 
(Fig. 7b). Dynamic viscoelasticity values were further 
increased and angular frequency dependence of both the 

Log w Wad-s-') Log w (rod-s-‘1 
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Fig. 8. (a) Angular frequency (w) dependence of the dynamic viscoelasticity of 2 g/100 ml proteoglycan aggregates 
(PG/HA = 100). Symbols as in Fig. 6a. (b) Angular frequency (w) dependence of loss tangent of proteoglycan aggregates 

(PG/HA = 100). Symbols as in Fig. 6b. 
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storage and loss moduli were decreased (Fig. 8a), 
compared to that found with a LP free aggregate solu- 
tion. The values of the loss tangent remained low over 
the angular frequencies examined (Fig. 8b). These 
suggest that LP increases co-operatively in the binding 

of PG on the HA chain resulting in the development of 
a gel-like structure in aggregate solution. 

CONCLUSION 

Cartilage PG solutions of concentrations at least as high 
as 2 g/100 ml behaved like Newtonian liquids. 

Aggregate formation of PG with HA increased mole- 
cular dimensions. This resulted in interactions between 
macromolecules to form intermolecular linkages even in 
dilute solutions. This interaction developed gel-like 
structures with long relaxation times in the solution, 
particularly for concentrated solutions, and shows 
marked non-Newtonian behaviour and an increased 
dynamic viscosity. 

LP should increase co-operativity in the binding of 
PC to the HA chain. This results in the enhancement 
of intermolecular interaction and elongation of 
relaxation time to increase the viscosity and elastic 
properties of the aggregate solution. This rheological 
property of LP containing aggregate may greatly 
contribute to maintaining the mechanical structure of 
the cartilage. 
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