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Chitosans, prepared by homogeneous N-deacetylation of chitin, with degrees of 
N-acetylation ranging from 4 to 60% (FA = 0.04 to 0.60) exhibiting full water 
solubility and known random distribution of acetyl groups, were degraded with 
lysozyme. Initial degradation rates (r) were determined from plots of the viscosity 
decrease (A1/[~I]) against time of degradation. The time course of degradation of 
chitosans with lysozyme were non-linear, while the time course of degradation of 
chitosans with an oxidative-reductive depolymerization reaction (using H202) 
showed the expected linear relationship for a first-order, random depolymeriza- 
tion reaction, independent of the chemical composition of the chitosan. 

The effect of lysozyme concentration and substrate concentration on the initial 
degradation rates were determined, showing that this lysozyme-chitosan system 
obeys Michaelis-Menten kinetics. 

The initial degradation rates of chitosan with lysozyme increased strongly with 
increasing fraction of acetylated units (FA). From a Michaelis-Menten analysis of 
the degradation data that assumes different catalytic activities of lysozyme for the 
different hexameric substrates in the polysaccharide chain, it is concluded that 
the hexameric substrates that contain thre~four or more acetylated units 
contribute mostly to the initial degradation rate when lysozyme degrades 
partially N-acetylated chitosans. 

A chitosan with a very low fraction of acetylated units (FA = 0.010) was 
studied as an enzyme inhibitor. Initial degradation rates of chitosan (with differ- 
ent FA values) decreased as the inhibitor concentration increased, while the rela- 
tive rates stayed constant, indicating that the ratio between initial reaction rates 
for productive sites (hexamers containing three-four or more N-acetylated units) 
are unaffected by non-productive sites, as deduced from the theory of competing 
substrates. 

I N T R O D U C T I O N  

Chitosan, which is (partially) N-deacetylated chitin, 
con ta ins  2 -ace tamido-2-deoxy- /~-D-g lucopyranose  
(GlcNAc; A unit) and 2-amino-2-deoxy-/~-D-glucopyr- 
anose (GlcN; D unit) residues linked through ( 1 4 4 )  
glycosidic linkages, and may be considered as a binary 
heteropolysaccaride. We have shown (V~rum et al., 
1991a, b) that the A and D units are randomly distrib- 
uted along the chains in water-soluble, partially N- 
acetylated chitosans. 

*Preliminary results of this work were presented at the 
'International Symposium on Chitin Derivatives in Life 
Sciences', Hokkaido University, Sapporo, Japan in October 
1990, and published in the proceedings book Chitin Deriva- 
tives in LiJb Science, 1992. 

Lysozyme (EC 3.2.1.17) hydrolyses fl-(1---~4) glycosi- 
dic linkages, and its natural substrate is certain bacterial 
cell wall peptidoglycans. In addition, chitin is also a 
substrate for lysozyme. It has, however, been shown 
that lysozyme also may hydrolyse partially N-acetylated 
chito-oligomers. Fully acetylated chito-oligomers are 
hydrolysed much more effectively than the less acety- 
lated oligomers, while completely N-deacetylated chito- 
oligomers are not degraded by lysozyme (Amano & Ito, 
1978). Lysozyme degradability is one of  the important  
properties of  chitosan for its potential use in pharmacy 
and medicine. 

Hirano et al. (1989) have determined large differences 
in lysozymic degradation rates for partially N-acetylated 
chitosans, and found an opt imum degradation rate with 
~ 8 0 %  N-acetylated chitosan. The enzymatic reactions 
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were, however, determined in a two-phase system at 
pH 6.8, with the partially N-acetylated chitosans as 
suspended particles. As the solubility of chitosans 
depends on the degree of N-acetylation (Sannan et al., 
1976; VArum et al., 1992), differences in degradation 
rates may also be caused by differences in substrate 
solubility. In this regard it is interesting that it has 
recently been shown that chitosans prepared by hetero- 
geneous N-deacetylation of chitin may be separated into 
an acid-soluble fraction and an acid-insoluble fraction 
of different chemical composition (VArum et al., 1992). 
Sashiwa et al. (1990) found that the highest lysozyme 
susceptibility was obtained with a 30% N-acetylated 
soluble chitin; however, no comparable degradation 
rates were determined. 

The active binding site of lysozyme binds six sugar 
rings, and the purpose of the present work was to obtain 
further understanding of the mechanism of lysozyme 
degradation of partially N-acetylated chitosans. Initial 
degradation rates were compared using chitosans of 
different chemical composition: that is, fraction of 
acetylated units (FA), with known random (Bernoullian) 
distribution of acetyl groups, and full water solubility 
(one-phase system) at the chosen conditions for degra- 
dation. The initial degradation rates were determined by 
a viscosimetric assay, which monitors degrees of scission 
less than one percent (Smidsrod et al., 1965). This low 
degree of scission makes it possible both to correlate the 
reaction rates to the chemistry of the intact chitosans 
and to neglect any transglycosylation reactions. 

Table 1. Characterization of chitosan fractions used in this 
study. The fraction of acetylated units (FA) and the diad 
frequencies were determined from high-field proton NMR spec- 
troscopy (Virum et al., 1991a) and the intrinsic viscosities ([~/]) 
of the chitosan (free-amine form) were determined as previously 
described (Draget et al. (1992). The experimental diad frequen- 
cies of each chitosan are compared with the calculated diad 
frequencies of a chitosan with random (Bernoullian) distribution 

of A and D units 

Sample FA FAA FAD = FDA FDD [~] (mi/g) 

1 0.04 0.01 0.03 0.92 340 
random 0.04 0.00 0-04 0.92 

2 0.12 0.03 0-09 0.80 370 
random 0.12 0.01 0-11 0.77 

3 0.17 0.05 0-12 0.71 670 
random 0.17 0.03 0.14 0.69 

4 0.27 0-08 0.20 0.52 450 
random 0.27 0-07 0.20 0.53 

5 0.42 0.20 0.22 0.36 840 
random 0.42 0.18 0-24 0.34 

6 0.47 0.24 0.23 0-30 610 
random 0.47 0.22 0.25 0.28 

7 0.51 0.27 0.24 0-25 440 
random 0.51 0.26 0.25 0-24 

8 0-53 0.30 0.23 0.24 460 
random 0-53 0.28 0.25 0.22 

9 0.59 0,39 0.20 0.21 910 
random 0.59 0.35 0-24 0.17 

10 0.60 0.40 0-21 0.18 820 
random 0.60 0.36 0.24 0.16 

MATERIALS AND METHODS 

Chitosans 

Chitin was isolated from fresh shrimp shells. Chitosans 
prepared by homogeneous N-deacetylation of chitin 
(Sannan et al., 1978) with degrees of N-acetylation from 
4% to 60% (FA = 0.04 to 0-60) were used. The chit- 
osans were characterized by high-field NMR spectro- 
scopy (V~rum et al., 1991a, b) and by their intrinsic 
viscosities (Draget et al., 1992). Table 1 shows the 
chemical compositions, diad frequencies and intrinsic 
viscosities for the different chitosans. 

Inhibitor 

A chitosan with a very low fraction of acetylated units 
was used as inhibitor. This chitosan was prepared by 
further heterogeneous N-deacetylation of a commercial 
chitosan (FA = 0.15) obtained from Pronova Biopoly- 
mer (Drammen, Norway). The degree of N-acetylation 
was determined by proton NMR spectroscopy (V~rum 
et al., 1991a) to be 1.00% (FA = 0.010). The chitosan 
was then degraded using NaNO2 (Allan & Peyron, 
1989), and reduced conventionally with NaBH4, to a 

number-average molecular weight of about 10000 
([~] = 20 ml/g). 

Lysozyme 

Lysozyme from chicken egg white was used (Sigma L- 
6876, Grade I) without further purification. 

Viscosity assays 

Assay for enzymatic hydrolysis o f  chitosan 
The desired concentration of chitosan (0.046-0.69 g/ 
dl) was made by dissolving the chitosan in 1% acetic 
acid/sodium acetate buffer solution (6 ml) at pH 4.5 
(in some experiments inhibitor was added) and dilut- 
ing the chitosan solution with an equal volume of 
0.2 M KCI. Lysozyme (0.040--0-77 mg/ml) was 
dissolved in buffer solution containing 0.1 M KC1. 
Lysozyme solution (0.35 ml) and chitosan solution 
(4-2ml) were mixed, filtered through a 0.8#m 
membrane filter (Millipore Corp., Bedford, USA), and 
the relative viscosities were determined in a Schott 
Ger/ite Ubbelohde capillary viscosimeter at 20°C as a 
function of time. The accuracy in the determination of 
the initial slope (k; see Theory section for details) 
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from the time course of degradation curves (see 
Fig. 2) for a chitosan with FA = 0.60 was determined 
to +15%. However, when comparing degradation 
rates (r-values) for chitosans of different chemical 
composition, certain assumptions are also involved in 
converting the slope of the time course of degradation 
to actual degradation rates; i.e. the monomer mole- 
cular weight and the a-value are independent of the 
degree of acetylation (see the Theory section). 

Assay for oxidative-reductive degradation (ORD)  of  
chitosan with H202 in the presence of  Fe 3÷ 
Chitosan solutions (0.25 g/d 0 were prepared as descri- 
bed in the enzymatic assay, and 8.82 M H202 (90 pl) 
and 10 mM FeCI3 (0.7 ml) were added to the chitosan 
solution (6 ml). The relative viscosities were determined 
as a function of time. 

RESULTS AND DISCUSSION 

Characterization of chitosan fractions 

Time course of a random degradation of chitosans with 
different chemical composition 

For a first-order, random depolymerization of a rela- 
tively stiff polysaccharide (Mark-Houwink-Sakurada 
constant a close to 1), one would expect a linear curve 
when A(1/[rl]) is plotted against time of degradation 
(Smidsr~d et al., 1967; see the Theory section). This was 
confirmed by determining the time course of degrada- 
tion of chitosans with different chemical compositions 
by H202 in the presence of FeCI3, as shown in Fig. 1. 
Linear plots were obtained independent of the fraction 
of acetylated units (FA). It has recently been shown that 
the stiffness of the chitosan chain is dependent on its 
chemical composition (Wang et al., 1991; Anthonsen 
et al., 1993). An increase in the a-value from 0-58 
(FA=0) to 1-06 (FA=0.6) has been reported 
(Anthonsen et al., 1993). However, these differences in 
chain stiffness between chitosans do not seem to influ- 
ence the linearity of their time course of degradation for 
a random depolymerization of the chitosans. 

The chemical composition (FA), the diad frequencies, 
(FAA, FAD (=FDA) and FDD) together with the intrinsic 
viscosities for the different chitosans, which were 
prepared by homogeneous N-deacetylation of chitin 
(Sannan et al., 1978), are given in Table 1. The diad 
frequencies determined from the high-field proton 
NMR spectra of the chitosan samples were close to the 
calculated random (Bernoullian) diad distribution. Diad 
and triad frequencies determined from high-field 13C- 
NMR spectra (data not shown) confirmed the random 
distribution of A and D units, as previously described 
(V~trum et al., 1991b). 

Time course of lysozyme degradation of chitosans of 
different chemical composition 

Figure 2 shows A(1/(Zlsp/C)) plotted against the time of 
degradation for a series of chitosans with increasing FA, 
using a constant concentration of lysozyme. It is clearly 
seen that the degradation rates increase strongly when FA 
increases. The curvature in the plots indicates a non- 
random degradation of chitosan by lysozyme, parallel to 
what has been reported for a non-random hydrolysis of 
cellulose (Marchessault & R~mby, 1959). The curvature in 
the plots is present for all chitosans (not easily seen from 
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Fig. 1. Time course of degradation of chitosans with different chemical composition by H202 in the presence of FeCI3. 
X,FA = 0.12; &, FA ---- 0.27; *, FA = 0.47; A, FA = 0.53. 
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Fig. 2). Thus, the chitosan chains contain faster cleaving 
points for lysozyme hydrolysis which are regularly 
distributed along the polymer. 

Kinetics of lysozyme degradation of chitosans 

composition (FA), which must be caused by some site- 
specificity of  the enzyme. 

Michaelis-Menten analysis of iysozyme degradation of 
chitosans 

The effect of  substrate concentration on the degradation 
rate (r) was investigated for three chitosans of  different 
chemical composition (Fig. 3). Substrate saturation is 
observed at chitosan concentrations above c = 0.2% for 
all three chitosans. The slight reduction in r at the 
higher substrate concentrations is probably due to the 
error made by assuming that the reduced viscosity 
(~sp/C) is equal to the intrinsic viscosity ([7/]) (see the 
Theory section). This was confirmed by comparing 
degradation rates obtained from plots of  A(1/(rlsp/C)) 
versus time with A(1/[7/]) versus time for a chitosan with 
FA = 0.53. The value of  [77] was obtained from the value 
of  (rhp/C) using the Flory-Huggins equation (Tanford, 
1961), with a Huggin's constant of  0-5 (mean value from 
intrinsic viscosity determinations in our laboratory). 
The r-value increased by 15% at the highest substrate 
concentration (0.69%), while the increase was negligible 
at the lowest substrate concentration of 0.09%, when 
converting reduced viscosities to intrinsic viscosities. 

Figure 4 shows the effect of  the concentration of  
lysozyme on the degradation rates for two chitosans of  
different chemical composition. The rate increased in 
direct proportion to the concentration of  lysozyme. 
Thus, it is concluded that the degradation of  chitosans 
with different chemical compositions by lysozyme 
appears to follow Michaelis-Menten-type kinetics. 

Table 2 shows the initial lysozyme degradation rates 
of  chitosans with different chemical compositions. The 
data show clearly that the initial degradation rates of  
chitosan are extremely dependent on their chemical 

We have analysed our experimental degradation data in 
more detail in order to gain some understanding of  the 
mechanism of  lysozymic degradation of  chitosans with a 
known chemical composition (FA) and random distri- 
bution of  A and D units. 

We assume that the reverse reaction between E and P 
is negligible: 

kl kcat 
E + S  ~ ES ~ E + P .  

k-L 

Thus, the initial degradation rate is: 

r '  = kca t , [ES]. ( 1 )  

The dissociation constant for the ES-complex is, assum- 
ing that kca t is lOW compared to k~ and k_l, as assumed 
in the original analysis of enzyme kinetics by Michaelis 
and Menten: 

[El [S] 
Ks -- (2) [Es] 

o r  

[ E S ]  - -  [E] IS] (3) 
Ks 

It is well known that the active site of  lysozyme is able 
to bind six sugar rings, i.e. lysozyme contains a 
hexameric binding site. W e  now consider chitosan, 
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Fig. 2. Time course of degradation of chitosans with different chemical composition by lysozyme. The concentration of chitosan 
was 0-23 g/dl, and lysozyme concentration was 0.58 mg/ml. +, FA = 0.04; x, FA = 0-12; O, FA = 0.17; A, FA = 0.27; 

II, FA = 0.42; *, FA ---- 0.47; I-q, FA = 0-51; A, FA = 0.53; "k', FA = 0-59; Q, FA = 0.60. 



Degradation o f  N-acety la ted  chitosans with lysozyme 257 

Table 2. Lysozyme degradation rates (r) and relative rates of 
degradation (with degradation rate of chitosan with FA = 0.12 
equal to 1) of chitosans with increasing degree of acetylation 
(FA), compared at the same lysozyme concentration (0.58 rag/ 

ml) and chitosan concentrations (0.23 g/d0 

FA r (g2/(d12 rain)) Relative rate of degradation 

0.05 (0-002) ~ (0.033) 
0-12 0.052 1 
0.17 0.12 2 
0.27 0.61 12 
0-42 2.31 44 
0.47 2-73 53 
0.51 6.50 125 
0.53 8.77 169 
0.59 14.56 280 
0.60 18.68 359 

"This rate was lower than detectable in the viscosimetric assay, 
and the values given are extrapolated using the linear 
relationship in Fig. 5. 

composed of randomly distributed acetylated (A) and 
deacetylated (D) units, as a polymer substrate for lyso- 
zyme. There are 26 = 64 possible hexamers of different 
composition in the chitosan chain, from the fully 
deacetylated hexamer D - D - D - D - D - D  to the fully 
acetylated hexamer A - A - A - A - A - A .  Accordingly, 
there are 64 different Ki and k~at(0 for binding and 
degradation of the 64 substrates. Equation (3) then 
becomes: 

and 

64 64 

[es] = Z [ES], : [E].  [S]g 
i:1 ,=, K; (4) 

64 ( [El [Sli ~ 
r '  = Z kcat(i) Ki ] 

/=1 

(5) 
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Fig. 3. Initial degradation rates (logarithmic scale) of lyso- 
zyme on three chemically different chitosans as a function of 
chitosan concentration. Lysozyme concentration was 0.58 mg/ 

ml. ©, FA = 0.17; I ,  FA = 0.42; A, FA = 0.53. 

In order to simplify eqn (5), we assume in our model 
that the different Ks-values are of equal magnitude while 
the kcatii)-values are very different, resulting in the experi- 
mentally observed differences in the degradation rates 
(see Table 2). No experimental data on the binding of 
chitin/chitosan hexamers to lysozyme have been reported. 
However, Fukamizo et al. (1992) recently reported on the 
binding of  partially acetylated trisaccharides to lysozyme. 
Although they found no evidence of binding of the fully 
deacetylated trimer to lysozyme, their data indicated that 
the deacetylated units are also able to interact with lyso- 
zyme. Excluding the fully deacetylated hexamer ( D - D -  
D - D - D - D ) ,  the K s a l u e s  of the partially acetylated 
hexamers may be of  equal magnitude. Furthermore,  from 
Fig. 3 it is also seen that substrate saturation occurs at 
about the same chitosan concentration, independent of 
FA. If the/(,.-values of the partially acetylated hexamers 
were very different, the less acetylated chitosan would be 
expected to show substrate saturation at a higher concen- 
tration compared with the less acetylated chitosan 
(Kristiansen, Wtrum & Grasdalen, unpublished results). 
Thus, with (Kl) = /(2 : K3 . . . . .  K64 = Ks (where KI 
is the dissociation constant for the fully deacetylated 
hexamer), eqn (5) becomes 

64 

, [E] ( [s ; , .  (6) 
r -- Ks ,=1 

Using the total enzyme concentration, [E]T, which 
equals [El + [ES], we obtain 

64 

(IS],. 
r t = i=1 

64 (7 )  

Isl,+ Ks 
i = l  

The concentration of  each hexamer ([S]i) is just the 
fraction of the hexamer (Fg) times the total substrate 
concentration ([5]): 

[S]i = Fi . [S] (8) 

Combining, we obtain 
64 

[E]T. IS]. Z (Fi'kcat(,)) 
r t = i=l 

[S] + Ks 
(9) 

Interpretation of  the degradation rates of  chitosans with 
different chemical composition 

From eqn (9) it is seen that the degradation rate is 
proportional to the sum 

64 

(F, • kcat/il) = (FDDDOOD " kcatIll) + FDDDDDA " kcat(2t 
i = l  

+ ' ' -  -}- FAAAAAA " kcat(64). (10) 
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Fig. 4, Initial degradation rates of lysozyme on two chemically 
different chitosans as a function of lysozyme concentration. 
Chitosan concentration was 0-23 g/dl. A, FA = 0'27; 
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Fig. 5. Double logarithmic plot of initial degradation rates of 
lysozyme on chitosans (r) versus the fraction of acetylated 
units (FA) of the chitosans. Concentrations of chitosan and 

lysozyme as in Fig. 2. 

Amano & Ito (1978) reported on the degradation rates 
of partially acetylated chito-oligosaccharides with lyso- 
zyme. The highest rates were reported for the fully 
acetylated chito-oligomers. We tested the correlation 
between the number of acetylated units on lysozyme's 
hexameric binding site and the degradation rates. As the 
distribution of A and D units in the chitosans is 
random, the fraction of any hexamer can easily be 
calculated. As an example, we consider the hexamers 
containing four A units and two D units, where the 
fraction representing the sum of all hexamers with such 
a composition is simply F 4 • F 2. A log-log plot of the 
lysozyme degradation rates on chitosans versus FA is 
given in Fig. 5. The linearity in the plot, with a slope of 
3.6, suggests that kcat(i) is highest for hexameric binding 
sites that contain three-four acetylated units. A 
tendency for a positive curvature in Fig. 5 suggests that 
kcat(i) for hexamers containing five or six acetylated 
units may be even higher. It should be stressed that the 
similarity in the form of eqns (5) and (6) does not allow 
us to separate strictly between variations in Ki and kcat(i) 
from the type of experimental data which is plotted in 
Fig. 5. Further binding studies are necessary in order to 
study the effect of variations in Kt. 

Inhibition of lysozyme activity by a chitosan with a very 
low fraction of acetylated units (FA = 0.010) 

Negligible lysozyme degradation rates were observed 
for highly deacetylated chitosan (FA = 0-04, see 
Table 2). However, Fukamizo et aL (1992) reported 
that D units on a partially acetylated trimer also may 
interact with lysozyme. A chitosan with a very low 
fraction of acetylated units, i.e. with a very low prob- 

ability of more than single acetylated units occurring in 
the hexamer binding site of lysozyme, would therefore 
be expected to inhibit lysozyme degradation of chit- 
osans. Figure 6 shows a plot of the logarithm of the 
initial degradation rates versus the concentration of 
inhibitor, and it is seen that the degradation rates 
decrease as the inhibitor concentration increases for all 
chitosans. The relative decrease in the degradation rates 
for chitosan substrates of increasing FA (i.e. increasing 
amount of productive binding sites) with increasing 
inhibitor concentration (increasing amount of non- 
productive binding sites) is almost the same, which is 
seen as nearly parallel lines in Fig. 6. Thus, the ratio 
between the initial reaction rates for productive sites 
(hexamers containing three or more A units) are unaf- 
fected by the presence of non-productive sites (hexamers 
containing only one A unit), as has been deduced by 
Fersht (1985) in the theory for enzyme competition 
between different substrates. 

The monotonous increase in the rates of lysozyme 
degradation with increasing fraction of acetylated units 
reported in this work has been found earlier (Hirano et 
al., 1989), but with a much less pronounced increase in 
the degradation rates with FA. However, these enzy- 
matic reactions were carried out under heterogeneous 
conditions, and the accessibility of the substrate (chit- 
osan) to the enzyme would be as important as its 
chemical composition. 

Both lysozyme and chitosan are positively charged at 
pH 4-5, and the formation of the enzyme-substrate 
complex involves a direct contact between two polyca- 
tions. Lysozyme hydrolysing soluble chitin has a pH 
optimum near 5 (Marzotto & Galzigna, 1969), which is 
believed to be caused by the different pK-values of Asp-52 
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Fig. 6. The logarithm of the initial degradation rates of lyso- 
zyme on five chemically different chitosans as a function of 
increasing concentrations of a low-molecular-weight, almost 
fully N-deacetylated chitosan (inhibitor). Concentrations of 
chitosan and lysozyme as in Fig. 2. O, FA = 0.17; 

A, FA = 0.27; 0,  FA = 0.34; *, FA = 0.47; (b, FA = 0.60. 

and Glu-35 (acting as proton acceptor and proton donor, 
respectively) at the cleavage site of lysozyme. The site 
specificity may depend on pH and ionic strength, and 
further work along the lines presented here with well- 
characterized, soluble, model chitosans is necessary for 
clarifying the site specificity in a broader sense. In parti- 
cular, for the potential in-vivo use ofchitosan in medicine, 
degradation at physiological conditions is important. In 
such cases, partial solubility and two-phase systems have 
to be taken into account in addition to the question of  site 
specificity alone. A validation of the site specificity of  
human lysozyme compared with hen egg white lysozyme 
used in this study towards partially N-acetylated chit- 
osans is also of medical and pharmaceutical interest, and 
further studies are in progress. 

CONCLUSION 

Our data suggest that hexamers containing three-four 
or more acetylated units contribute mostly to the initial 
degradation rate when lysozyme degrades partially N- 
acetylated chitosans. This conclusion is firmly based 
upon a Michaelis-Menten type of  analysis of  the 
degradation data assuming different catalytic activity of 
lysozyme for the different hexameric substrates in the 
polymer chain. Our data do not allow us to separate 
fully between differences in formations o f -  or differ- 
ences in rates of cleavage of  - -  the different lysozyme- 
hexameric binding-site complexes, and further studies of  
the binding of lysozyme to hexamers of different 
composition and sequence are necessary. 

Determinat ion o f  rates o f  degradation 

Viscosity was used to determine initial rates of degra- 
dation by using the Mark-Houwink-Sakurada  (MHS) 
equation to convert the loss in viscosity to the degree of  
scission of  the glycosidic linkages. For a first-order or 
pseudo-first-order reaction, the degradation rate (r') 
can be expressed as 

r '  - d[S] da 
dt - [S]° 'd-~ (11) 

where [S]o and [S] are the molar concentrations of 
glycosidic linkages at the start of  the reaction and at 
time t, respectively, and • is the degree of scission (~ = 0 
for molecular weight = ~ and ~ = 1 for molecular 
weight equal to the weight of  the monomeric unit). 

If DPn0 and DPnt are the number-average degrees of  
polymerization at the start of  the reaction (time 0), and 
at the given (time t), respectively, it has been shown 
(Marchessault & R~nby, 1959) that for a first-order 
random-depolymerization reaction, the fraction of 
bonds broken (A~) is initially proportional to time: 

1 1 
Ac~ k ' -  At (12) 

DP,t DP~0 

where k'  is a constant. 
For  a given type of molecular weight distribution, the 

intrinsic viscosity ([r/]) is related to the molecular weight 
through the MHS equation: 

[T/] = K.  M n a (13) 

where M,  is the number-average molecular weight and 
K is a constant. By combining eqns (11), (12) and (13) 
and assuming that the exponent (a) equals unity and 
that M0, the monomer weight (Mn = M0 • DPn) is inde- 
pendent of  the degree of  N-acetylation, we obtain 

(' ') 
k' - ATAt -- [~/]t [~/]to " K.Mo/At 

1 . K.Mo/At. (14) 
= A  m 

For  low concentrations of  chitosan (c) it can be 
assumed that the reduced viscosity equals the intrinsic 
viscosity Olsp/C ~ It/]). Since we measure initial degra- 
dation rates at very low degrees of  scissions in the visc- 
osity assay, d~/dt equals A ~ / A t  and we obtain 

r '  = k ' -  [S]0. (15) 

It should also be noted that since we plot our degrada- 
tion data a s  A1/(Zlsp/C ) versus time, the experimentally 
determined slope (k) is related to k'  (eqn (14)) through 
k ~ k'/(K.Mo). 
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For  a first-order random degradation of  relatively stiff 
polysaccharides (a close to 1)), it has been shown that a 
plot of  A(1/(~sp/C)) against t is linear in a number of  cases 
(Smidsrod et al., 1967). The plots of A(1/(r/sp/C)) versus 
time for lysozyme degradation of chitosan were non- 
linear, and the initial slope (k) was determined by fitting 
the curves to a second-order polynom. 

In our degradation experiments we prefer to use 
weight concentrations, c (in g/dl) of chitosan, and we 
express the rate, r, as 

r = k.e. (16) 

The units for the reaction rates will then be gZ/(dl2 min), 
when the reduced viscosities are given in dl/g. Reaction 
rates r and r '  are related through the following equation: 

r '  ~ r [S]°" K.  Mo (17) 
C 
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