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SY N 0 PSIS 

Without elongational treatments, the fiber period of chondroitin-4-sulfate (0.87 nm) is 
shorter than in the elongated case (0.96 nm). The fiber period may change corresponding 
to its mechanical history. 0 1996 John Wiley & Sons, Inc. 
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I NTRO D U CTlO N 

Chondroitin sulfate is the main component of pro- 
teoglycan, which constitutes extracellular matrix 
with collagen. The molecular structures of many 
mucopolysaccharides have been determined using 
oriented fibers produced by elongation and anneal- 
ing. Determination of fiber period is of importance 
for x-ray analyses of any linear polymer. The fiber 
period of the chondroitin-4-sulfate Na form was de- 
termined as 0.96 nm by Isaac and Atkins' using an 
elongated specimen. The molecules should be in an 
energy minimum. However, we recently obtained 
another fiber period for chondroitin-4-sulfate Na salt 
in an unelongated but annealed sample. This fiber 
period was 0.87 nm. 

EXPERIMENTAL 

Chondroitin-4-sulfate Na salt was obtained com- 
mercially from Seikagaku Kogyo Co. Ltd. (Tokyo). 
It is sold as chondroitin sulfate A, of which the ratio 
of 4-sulfate to 6-sulfate is 0.76/0.242 and the mo- 
lecular weight is 2.65 X lo4 Da in atomic weight 
units. The molecular weight was determined by the 
sedimentation equilibrium method, by which 
weight average molecular weight is ~ b t a i n e d . ~  The 
material was further purified by recrystallization 
three times by the method of Tanaka and Katsura.2 
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Then the recrystallized chondroitin sulfate and its 
raw material were annealled as follows. 

The aqueous solutions of chondroitin sulfate of 
various concentration (0.5-12 g/100 mL) were made 
in the small eppendorf tubes and annealed at various 
temperatures (50-93°C) and various relative hu- 
midities (50-100% ) . The solutions were dried and 
became solid. 

Their x-ray diffraction and polarizing microscopic 
photographs were taken. IR spectrum was also taken 
to examine chemical degradation by annealing. 

RESULTS AND DISCUSSION 

Figure 1 shows the x-ray diffraction pattern of the 
recrystallized chondroitin-4-sulfate Na salt. About 
12 diffraction lines can be recognized. The raw ma- 
terial without recrystallized showed lower crystal- 
linity. We evaluated the crystallinity of a sample by 
the broadness of amorphous halo with naked eye 
observation. The sample of inferior quality also 
showed the broad diffraction lines. The best an- 
nealing conditions for good crystallinity were 2% 
solution, 80°C and 75% relative humidity (NaC1 
saturated solution) for about 24 h. 

The diffraction lines corresponding to spacing 
greater than 0.87 nm are not observed as seen in 
Table I and Figure 1. This means that the diffraction 
line corresponding to 0.96 nm does not exist in an 
unelongated specimen. 

The x-ray diffraction profile of Figure 1 was taken 
using a cylindrical camera without rotating the 
sample. No indication of orientation in the sample 
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Figure 2. 
of chondroitin-4-sulfate Na form. 

Polarizing optical micrograph of spherulites 

Figure 1. X-ray diffraction of chondroitin-4-sulfate Na 
salt spherulites, which were prepared by annealing a 2% 
solution at 80°C over NaCl saturated solution (75% rel- 
ative humidity) for 24 h. It was taken by a cylindrical 
camera without rotation to examine its orientation, but 
none was observed. So the unit cells in a sample are ori- 
ented in all directions. The arrow numbers in Figure 1 
correspond to the numbers of the diffraction lines in Table 
I. Some intense lines are shown by the arrows. This pho- 
tograph is double image of the x-ray film and a transparent 
film drawn the numbers. The distance of a sample to x- 
ray film was 35.0 mm and Ni-filtrated CuKa x-ray (0.154 
nm) was used. 

was found. In Figure 2, the polarized optical micro- 
graph shows that the specimen contains spherulite 
exhibiting the Maltese cross.' The photographs 
shown in Figures 1 and 2 are similar to those of the 
spherulite reported previously.* The earlier precip- 
itated spherulites were obtained by adding ethanol 
to the acidic aqueous solutions. These spherulites 
give the 0.87 nm line also, and it can be indexed as 
003.' So the fiber period should be 0.87 nm and the 

molecule takes the form of a threefold helix. The 
helical mode is same as that of the 0.96 nm case 
(elongated), but the fiber period is shorter than 
0.96 nm. 

In the earlier work, we had thought that this 
shortening came from the precipitates being exposed 
to poor solvent, but the fiber period of the unelon- 
gated sample was shorter, even though no ethanol 
was used in their preparation. So it appears that the 
increase in the fiber period may be a result the elon- 
gation process. The chondroitin sulfate molecule 
may take the 0.87 nm period in the relaxed condition, 
and changes its form, depending on the mechanical 
treatment. For relatively low stress, large-scale 
meandering of the molecular chains may be 
straightened, but at higher stress, the fiber period 
of the molecules may be increased. 

Some of the diffraction lines in the Figure 1 and 
Table I are broader than those of the ethanolic pre- 
cipitations. They are overlapped by a couple of real 
diffraction lines. 

Each solution of different concentration was dried 
to the solid state. However, the 2% solution was 
found to give the highest crystallinity in the solid, 
even though it must have also passed through the 
higher initial concentrations of the other specimens 
in doing so. It is proposed that this effects a result 
of different nucleation conditions. 

Table I. Diffraction Lines, Their Spacing and Intensity 

No. 
Diffraction 

Lines 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 

Spacing (nm) 0.865 0.780 0.660 0.57 0.48 0.41 0.357 0.323 0.292 0.265 0.202 0.174 
Intensity S m us S m m us W W W W W 
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