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Two chitosan samples (fraction of acetylated units (Fs) 0.15 and 0.52) were
fractionated by preparative size exclusion chromatography (SEC). The molecular
weights and molecular weight distributions of the fractions were analyzed by
analytical size exclusion chromatography coupled to an on-line low angle laser
light scattering detector and a differential refractive index detector (SEC-LALLS-
DRI), and their intrinsic viscosities were determined. The exponent (a) of the
Mark-Houwink—Kuhn-Sakurada (MHKS) equation was found to be 0.92+0.07
and 1.1£0.1, respectively, at 1=0.1 and pH 4.5. No variation in F, reiated to
molecular weight was found. Reversible interaction between chitosans and
different column packings strongly influenced the log M-V relationships. This
interaction was generally most pronounced for the low-F, chitosan, suggesting
that the protonated amino groups are involved. Ammonium acetate buffer
reduced this effect and the use of a new type of SEC-packing seemed to eliminate
it. The more highly acetylated chitosan also had a more pronounced tendency
towards concentration dependent self-association, which most probably involve
intermolecular hydrophobic interactions between the acetyl groups. © 1997

Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Chitin, a structural polysaccharide in the outer skeleton
of arthropods, is a linear polysaccharide consisting of
(1—4)-linked 2-acetamido-2-deoxy-f-D-glucopyranose
units and is insoluble in water. Chitosan is commercially
prepared by (partial) N-deacetylation of chitin, resulting
in a (partially) water-soluble and positively charged
polysaccharide at low pH values.

A distinct compositional heterogeneity has been
determined in heterogeneously (i.e. commercially)
deacetylated chitosans as they can be fractionated into
an acid-soluble fraction and a chitin-like acid-insoluble
fraction. The acid-soluble fractions with F, from 0.20
to 0.52 were found to be only negligible depolymerized
during the deacetylation process under nitrogen purge
at 75°C (Ottoy et al., 1996), and the distribution of the
two monomers along the chain of the acid-soluble frac-
tions were shown to be consistent with a Bernoullian
(random) distribution (Ottey et al., 1996). Chitosans are
polydisperse with respect to molecular weight (Beri et
al., 1993; Yomota et al., 1993). In order to investigate if
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any correlation between molecular weight and chemical
composition exists in the population of chains in such
chitosan samples, preparative size exclusion chromato-
graphy (SEC) with subsequent chemical characteriza-
tion of the fractions with different molecular weights
may be performed.

Preparations of well-characterized chitosans with a
narrow molecular weight distribution (MWD) may also
be important for some medical applications, for regula-
tory reasons. In addition, fractions of chitosans with a
more narrow MWD may be used to determine the
Mark-Houwink-Kuhn-Sakurada parameters as an
alternative to estimates based on unfractionated chit-
osans (Anthonsen et al., 1993).

Determination of molecular weights by high-
performance size-exclusion chromatography (HPSEC)
is claimed to be a rapid, reproducible and simple
method relative to classical methods as static light
scattering and osmometry. It is, however, crucial that
the separation mechanisms in HPSEC are determined
by the size of the molecules and not by charge,
adsorption or exclusion. Such effects have been
reported for fully deacetylated chitosans on cationic
silica gels (Domard & Rinaudo, 1984), and for fully
deacetylated oligomers prepared from chitosan sepa-
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rated on polyacrylamide gels (Domard & Cartier,
1989; Domard & Cartier, 1991).

Determination of the molecular weight and mole-
cular weight distribution by HPSEC demands either
proper molecular weight standards with a narrow
MWD, application of universal calibration (Grubisic
et al., 1967; Hamielec & Ouano, 1978) or on-line
detectors for determination of absolute molecular
weight (e.g. light scattering) and concentration
(Lecacheux et al., 1986; Martin, 1982; Martinsen et
al., 1991; Yu & Rollings, 1987). Dextrans and pull-
ulans, which are highly flexible and uncharged poly-
saccharides, have been wused as standards for
determination of molecular weights of more rigid
polysaccharides, resulting in vigorously overestimated
molecular weights (Arcidiacono & Kaplan, 1992; Beri
et al., 1993; Goto et al., 1981; Hasagawa et al., 1994;
Wu et al, 1976). A better way of calibrating the
HPSEC-system is to use chitosan fractions with a
narrow MWD obtained from preparative SEC. Chit-
osan has been characterized by HPSEC (TSK-gels)
coupled to an on-line multiple angle laser light scat-
tering (MALLS)detector (Beri et al., 1993). However,
Beri and co-workers only characterized molecular
weight polydisperse chitosans with Fa-values varying
from 0.01 to 0.24.

Conventional static light scattering has, in some
cases, been shown to overestimate the weight average
molecular weights (M) of polysaccharides, due to
concentration dependent aggregate formation in solu-
tion (Anthonsen et al., 1994; Jordan & Brant, 1978;
Smidsred & Grasdalen, 1984; Smidsred & Haug, 1968;
Vérum et al., 1992). With aggregates present, a bimodal
LALLS-signal can be expected when column materials
which separate the entire molecular weight distribution
are used. This has been shown for fully deacetylated
chitosans (Domard & Rinaudo, 1986) and for a chit-
osan with Fa =0.6 (Anthonsen e¢ al., 1994). The physi-
cal basis for the aggregation phenomena in chitosan
solutions is poorly understood. One possibility is that
chitosan self-associates through intermolecular hydro-
phobic interactions between the acetyl groups (Amiji,
1995). An investigation of the possible correlation
between Fa and the tendency towards self-association
would give information about the nature of the aggre-
gation phenomena.

In this work we report on the fractionation of two
chitosans with F5 =0.15 and 0.52 by preparative SEC to
obtain fractions of a more narrow molecular weight
distribution. The intrinsic viscosities and the chemical
compositions of the fractions were determined, and the
MHKS-parameters were determined. The molecular
weight and MWD of both fractionated and unfractio-
nated chitosans are determined using HPSEC-LALLS-
DRI. This method is further used to investigate chit-
osan—column interactions, and the tendency of chitosan
to self-associate.

Table 1. Chitosan sample characteristics

Sample [n] (ml/g) Fa Reference
Chitosan 1 833 0.15 Varumetal, 1991a
Chitosan 2 385 0.52  Ottey et al., 1995
Chitosan 3 439 0.15  Anthonsen et al., 1993
Chitosan 4 1000 0.52  Ottay et al., 1995
Chitosan 5 1220 0.23  Ottay et al., 1995
Chitosan 6 1120 0.20 Ottoy er al., 1995
Chitosan 7 502 0.60  Anthonsen et al., 1993
Chitosan 8 564 0.15  Anthonsen e al., 1993
Chitosan 9 665 0.0 Anthonsen et al., 1993

MATERIALS AND METHODS
Materials

The intrinsic viscosities and fraction of acetylated units
for Chitosan 1-9 are listed in Table 1. Chitosan 1 was
deacetylated for 2h. Chitosan 2 was depolymerized by
ultrasonic irradiation of the acid-soluble fraction of the
2 h sample previously described (Ottoy et al., 1996), using
a Labsonic 2000 equipped with standard titanium probe
(B. Braun, Melsungen, FRG). The tritium[3H]-labelled
chitosans, ChitR1 and ChitR2, were obtained by reace-
tylation of fully deacetylated chitosan (Kurita et al.,
1989). The specific activities of ChitR1 and ChitR2 were
determined by a Scintillation counter (Wallac 1410,
Wallac, Oslo, Norway) to 162000DPM/mg and
149 000 DPM/mg. All chitosans were dialyzed exhaus-
tively, and freeze-dried in the chloride salt form. The
samples were dried under vacuum over P»Os, and the
water content of the samples were found, by DOC-
analysis (Suzuki et al., 1992), to be negligible. The algi-
nates used are described elsewhere (Christensen et al.,
1996). The pullulan standard (M, = 139.10*g/mol) used
to determine adsorption to the TSK-columns was kindly
supplied by Hayashibara Biochemical Lab. Inc.,
Okayama, Japan. The pullulan standards used for log M~
V. plots were from Polymer Lab. Ltd, Shropshire, UK.

Preparative size exclusion chromatography (SEC)

The chromatography system consisted of two columns,
each 9x95cm (Amicon Witten, Germany) attached in
series, packed with Sepharose CL-6B and Sepharose
CL-4B (Pharmacia, Uppsala, Sweden), respectively.
Chitosans (1-1.3mg/ml in 640 ml) were applied to the
columns and eluted with 0.02M Na acetate, pH 4.5,
containing 0.1M NaCl and 0.02% (w/v) NaN; at
250ml/h. The relative chitosan concentration was
monitored by a RID-detector (Shimadzu, RID-6A).
Fractions of ~182ml were collected, and the fractions
containing chitosan were pooled to give 10 (Chitosan 1)
and 9 (Chitosan 2) fractions. The fractions were
concentrated on a rotary evaporator, dialyzed exhaus-
tively against 0.2M NaCl followed by distilled water
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and freeze-dried. For the column system used, V,, was
determined as 4.01 and ¥V, was determined as 13.0L

'H-NMR spectroscopy

The Fa-values and the diad frequencies of fractionated
and unfractionated chitosans were obtained by 'H-
NMR spectroscopy as previously described (Varum er
al., 1991a).

Viscometry

The intrinsic viscosities [r] were determined in a Schott-
Gerate Ubbelohde viscosimeter as described by Draget
et al. (1992). The solutions were filtered through Milli-
pore AA-filters (0.8 um) before determining [7].

Determination of the Mark—Houwink—Kuhn—Sakurada
(MHKS) parameters

The MHKS-equation gives the relation between the
intrinsic viscosity [n] and the molecular weight (M.,):

] = K- M

where K and g are empirical constants. The viscosity
average molecular weight (M,) (Tanford, 1961) can be
replaced by the weight or number average molecular
weights (M, or M), in that case the determined K-
value must only be used on samples with the same
polydispersity index (M,/M,).

Analytical HPSEC-LALLS-DRI
HP SEC combined with low angle laser light scattering

(LALLS) detection was performed as described by
Christensen et al. (1993). The dn/dc-value used in all

experiments was 0.162 (Anthonsen et al., 1994). Two
different column systems were used. In both cases a
TSK Guard PWH coiumn, ID=7.5mm, 1=75mm,
(LKB, Uppsala, Sweden) was used. The first system
consisted of two serially connected columns (Ultropac
TSK G6000-PW and TSK G5000-PW, ID=7.5mm,
1=600mm). The second system consisted of columns
(Pharmacia HR 10/30, ID =10 mm, |= 300 mm) packed
with macroporous, monodisperse (15um) and hydro-
philic polymer particles with very large pores
(Christensen et al., 1996). The samples were eluted at
0.4 mi/min (Spectra-Physics IsoChrom LC-pump), at
ambient temperature. The solvent used in all experi-
ments was 0.2M ammonium acetate, pH 4.5. The
sample concentration was 0.125-0.250mg/ml (1-2mg/
ml for detection of aggregates) and the amount of
sample injected was 200-1750 ul depending on the
sample concentration. Before injection, the solutions
were filtered through Millipore HA-filters (0.45 um).
For all samples, 2—4 parallels were analyzed.

RESULTS AND DISCUSSION
Preparative SEC

A fully acid-soluble, heterogeneously deacetylated chit-
osan (Chitosan 1; F, =0.15) was separated into 10
fractions on Sepharose CL-6B—CL-4B. Fraction char-
acteristics ((Kav); , (W)i[nli (My)i, (My)) and (My/M.,))
are shown in Table 2. The M, /M -value of unfractio-
nated Chitosan 1 was 2.1, which is consistent with the
Kuhn-distribution (Tanford, 1961), and in accordance
with previous results obtained for heterogeneously
deacetylated chitosans (Ottey et al., 1996). The poly-
dispersity indices of the fractions vary between 1.2 and

Table 2. Fraction numbers (i), distribution coefficients ((K,,);), weight fractions (17,), intrinsic viscosities ([7]]), molecular weights
((M,,); and (M,);) and polydispersity indices ((M,,/M,),) of Chitosan 1 fractionated on preparative SEC with Sepharose CL 6B—CL 4B

i (Ka):! w; [7): (ml/g)’ (My)1073 (M)r107° (Mo M)
(g/mole)2 (g/rnole)2
1 0.06 0.143 1310 7.2 4.9 1.5
2 0.18 0.161 1000 3.6 26 1.4
3 0.28 0.194 899 2.7 22 1.2
4 0.38 0.163 506 1.7 14 1.2
5 0.48 0.158 461 1.1 0-84 1.3
6 0.58 0.087 206 0.61 0-48 1.3
7 0.68 0.045 118 0.34 0-28 1.2
8 0.78 0.06 n.d. 0.26 0-20 1.3
9 0.88 0.017 n.d. 0.22 0-15 1.5
10 0.97 0.005 n.d. n.d. n.d. n.d.
7 _ —
[n]calt = Z,‘=|(Wi[n]i) (MW)calc = Z?:I(Wi(Mw),‘)
=720 =27
Unfractionated sample 833 2.7 1.3 2.1

lKav = (Ve - Vo)/( Vt- Vo)-
n.d. =not determined.
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Table 3. Fraction numbers (i), distribution coefficients ((K,y);), weight fractions (W), intrinsic viscosities ([n]; ), molecular weights
((My); and (M,,));) and polydispersity indices ((M,,/M,),) of chitosan 2 fractionated on preparative SEC on Sepharose CL 6B—CL 4B

i (K, Wi [); (ml/g)* (M)r107° (M);107° (My/M,)}?
(g/mole)’ (g/mole)?
1 0.01 0.206 621 1.6 1.0 1.6
2 0.10 0.247 487 1.4 1.0 1.4
3 0.20 0.217 341 1.1 0.8 1.5
4 0.31 0.162 257 0.73 0.54 1.4
5 0.41 0.095 171 0.55 0.44 1.3
6 0.51 0.025 n.d 0.29 0.20 1.3
7 0.61 0.022 n.d n.d. n.d. n.d.
8 0.73 0.015 n.d. n.d. n.d. n.d.
9 0.87 0.011 n.d. n.d. n.d. n.d.
(7 cate = 2?:1(Wl'[n]i) (M“')c'alf = E?:l(Wi(MW)i)
=380 =11
Unfractionated sample 385 1.1 0.67 1.7
Kay=(Ve=Vo) (V= Vo).
n.d. =not determined.
1.5. The average intrinsic viscosity ([7].aic) of the whole
sample is slightly lower than the [r]-value obtained for
the unfractionated sample, and the weight average
molecular weight ((My,)carc) of the whole sample is very
close to the M,-value obtained for the unfractionated ~
sample. =
A fully acid-soluble chitosan with Fa=0.52 (Chit- =3
osan 2) was first depolymerized by ultrasonic irradia- G
tion and then fractionated on the Sepharose columns ¥
(Table 3). The unfractionated sample has a lower
polydispersity index (My/M,=1.7) than Chitosan 1, as
expected for an ultrasonically degraded sample (Varum i
et al., 1991b; Yanaki et al., 1983). The M, /M -values P
of fraction 1 to 6 range from 1.3 to 1.6. The [7]ca- and 0.00 ! 0,'20 l O_LO ' O.LO ! 0,:;0 ! 1_100

(M)carc-values for Chitosan 2 are consistent with the
[nl- and M-values obtained for the unfractionated
sample.

The sample recovery for both fractionations was
~80%, which is acceptable for preparative SEC. The
recoveries indicate no selective irreversible adsorption of
the positively charged chitosan, as the combined [7]cac-
and (M,)cac-values are consistent with the [r7)- and M-
values determined for the unfractionated chitosans.
Neither do the K,,-values between 0 and 1 for all frac-
tions in both fractionations point to any major rever-
sible adsorption effects. An attempt to separate more
high-molecular weight chitosans on Sepharose CL-2B
were unsuccessful due to complete adsorption of chit-
osan to this gel. Sepharose CL-2B is less crosslinked
(larger pore size) than CL-4B and CL-6B, and the
adsorption to this gel can be explained by varying
contents of residual negatively charged groups (i.e.
sulphate and carboxyl), interacting with the positively
charged chitosans.

The universal calibration plots ([n]-M, vs K,,) for
both chitosans are given in Fig. 1. The number of aver-
age molecular weights (M,) were used here, as this has
been shown to be the correct type of molecular weight
average for wuniversal calibration of polydisperse

K

av

Fig. 1. Semi-logarithmic plots of the hydrodynamic volume vs

K., (universal calibration) for () chitosan 1 (F5=0.15) and

(@) chitosan 2 (F5=0.52) fractionated on preparative
Sepharose CL-6B—CL-4B columns.

samples (Hamielec & Ouano, 1978). If the separation is
governed by the hydrodynamic volume only, one should
obtain nearly identical plots for both chitosans, as
shown previously for other polysaccharides (Martinsen
et al., 1991; Varum et al, 1991b). Linear plots were
indeed obtained for both chitosans, but the lines
differed both in the slope and the intercept with the
ordinate. The shift of Chitosan 1, which has the highest
charge density, towards higher K,,-values, may be
explained by a more pronounced ionic interaction with
negatively charged groups on the gel matrix. Estimation
of molecular weights of chitosans with different Fa-
values based upon a single universal calibration curve is,
therefore, precluded with the column materials used
here. However, the linearity in the plots indicates that
reliable calibration plots for chitosans of a specific
chemical composition (F,) can be obtained.

Double logarithmic plots of [7] vs M, for the chitosan
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Fig. 2. Double-logarithmic plots of intrinsic viscosity vs

molecular weight (M) (MHKS-plots) for (—<—) chitosan 1

and (-¢-) chitosan 2 fractionated on preparative Sepharose
CL-6B—CL-4B columns.

fractions are given in Fig. 2. We used the weight aver-
age molecular weights because the experimental error
when obtaining the number average molecular weights
from HPSEC-LALLS-DRI is higher (see below), and
the weight average is closer to the viscosity average for
a-values around 1. For Chitosan 1, with the highest
molecular weight, we observed a tendency towards
shear thinning (Bohdanecky & Kovar, 1982). Therefore
we excluded fraction 1 from the linear regression used to
obtain the MHKS-equation. The MHKS-equations for
the chitosans, in 0.02M NaAc/HAc, 0.1 M NaCl, pH
4.5 are:

Fp =0.15: [n](mi/g) = 8.5 - 1073 M2 'y = 0.9859

Fa =0.52: [p](ml/g) = 1.1 - 1073 - M}1*01 » = 0.9750

The exponent in the MHKS-equations increases with
increasing F,, in reasonable accordance with previous
results (Anthonsen er al., 1993; Wang et al., 1991). On
the other hand, Rinaudo et al. (1993) found no effect on
the stiffness of the chitosan chain with F4, which may be
explained by the limited range of Fa-values of their chit-
osans (0.02-0.21). The K-values depend on the molecular
weight average used, and on the molecular weight distri-
bution of the samples. The K, -values we obtained are

lower than the K,-values previously determined
(Anthonsen et al., 1993), in accordance with theory.
However, the samples prepared by Anthonsen and co-
workers were randomly degraded, implying M., /M ~2,
whereas our samples were fractions with more narrow
distribution, which means that the K-values obtained
cannot be directly compared. The MHKS-parameters
obtained here can be used to determine M|, for samples
when [7] has been determined in the same solvent as used
herein. Since M, is close to M, when a~1, variations in
MWD between different samples may be tolerated.

The chemical composition and diad frequencies of the
unfractionated chitosans and selected fractions were
determined by 'H-NMR spectroscopy (Table 4). The
results show no systematic variation in chemical
composition for the different samples. Thus, the distri-
bution in chemical composition of fully acid-soluble
chitosans previously described (Ottey er al, 1996;
Véarum et al., 1994) is apparently not correlated to the
molecular weight of the chitosans. This result should be
expected for undegraded chitosans and chitosans
degraded without altering the average F,. However,
even though the average F, is independent of the mole-
cular weight, there may be a broadening in composi-
tional distribution with decreasing molecular weight
(Varum et al., 1994). Also, the adsorption effects
discussed above are not large enough to cause any
chemical fractionation inside the two different molecule
populations contained in Chitosan 1 and Chitosan 2.

Analytical HPSEC of fractionated and unfractionated
chitosan

Adsorption of chitosans on TSK HPSEC-columns

It is important that the separation mechanisms in
HPSEC is determined by the size of the molecules and
not by charge effects, adsorption or exclusion. With
0.02 M acetic acid/Na acetate and 0.1 M NaCl pH 4.5 as
eluent, we observed irreversible adsorption of chitosans
to the TSK-columns. The most extensive adsorption
was observed with the fully deacetylated chitosan (data
not shown). However, with 0.2M ammonium acetate,
pH 4.5 as eluent, the irreversible adsorption could be
eliminated, as previously found for fully deacetylated
chitosan oligomers separated on Biogel (Domard &

Table 4. Intrinsic viscosities, chemical composition and diad frequencies of chitosans fractio-
nated on preparative SEC on Sepharose CL 6B—CL 4B

Sample [7] (ml/g) Fa Fan Fap=Fpa Fpp

Chitosan 1 (unfractionated) 833 0.15 0.05 0.12 0.71
Fraction 1 1310 0.18 0.05 0.13 0.69
Fraction 3 899 0.19 0.05 0.13 0.69
Fraction 6 206 0.16 0.04 0.12 0.71
Chitosan 2 (unfractionated) 385 0.52 0.28 0.24 0.24
Fraction 1 621 0.51 0.28 0.23 0.26
Fraction 4 257 0.54 0.31 0.23 0.23
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Table 5. Recovery of *H-labelled chitosans on TSK G6000-PW
G5000-PW columns

Sample [n] (ml/g) Fa Amount Recovery
injected (mg) (%)
ChitR1 660 0.37 0.2 90
0.3 92
0.4 85
ChitR2 250 0.20 0.3 90
0.5 81

Cartier, 1989). This was shown by measuring the
recoveries of different injected amounts of two tritium-
labelled chitosans with different chemical composition
and molecular weight (Table 5). As an independent
approach, the relationship between the integrated area
and the amount of injected sample was investigated for
Chitosan 3 (Fig. 3). The linearity in the plot
(r=0.9992), and the fact that the intercept with the
ordinate is 0, confirms that any irreversible adsorption
to the columns was negligible. The integrated areas for
the same injected amount of chitosans with different
chemical composition (F5 =0.0, F5=0.15 and Fs =0.6)
were also comparable (data not shown).

Determination of molecular weight and molecular weight
distribution

The chosen experimental condition (0.2M ammonium
acetate, pH 4.5) was used to characterize the chitosans
and the corresponding fractions on the TSK HPSEC-
columns (Fig. 4). The figure confirms that the poly-
disperse chitosans have been fractionated into fractions
with different molecular weights and of more narrow
molecular weight distributions. Both Chitosan 1 and
Chitosan 2 are well separated on the TSK-columns
according to the on-line determined molecular weights
(Fig. 5a). The calculated molecular weights and poly-
dispersity indices (M/M,) are given in Tables 2 and 3.
There is a scatter in the M-values in the low-molecular

1400 —

1200 —

1000 —

800 —

Rl-signal
i

600 —|

400 —

200 —

0 T T T T T T T T T 1
0.0 0.1 02 03 04 05
Amount chitosan injected [mg]

Fig. 3. Area of concentration-profile (RI-signal) plotted as a
function of injected amount of chitosan 3 fractionated on
analytical TSK G6000-PWXL-G5000-PWXL columns.

weight range, due to a low signal to noise ratio in the
LALLS-signal (not shown). This primarily effects M, It
appears from Fig. 5a that Chitosan 2 has a somewhat
lower M,, than Chitosan 1, at the same elution volume.
This may be explained by increased chain stiffness with
increasing F, and/or by an increased weak reversible
adsorption to the gel with decreasing F4. In an attempt
to distinguish between the two mechanisms, we sepa-
rated three chitosans with different Fo as well as two
alginates on another column material (Christensen et
al., 1996). The results are given in Fig. 5b, showing that
the on-line determined molecular weights of the two
alginates and three chitosans are almost identical at the
same elution volume. These results suggest that weak
reversible adsorption can explain the results in Fig. 5a.
A series of flexible pullulan standards with a narrow
MWD were also analyzed, it can be seen from Fig. 5
that the pullulan standards elute at higher volumes, due
to lower molar hydrodynamic volumes, compared to
alginate and chitosan, at the same molecular weights.

250 —
3 b) 225
200
175 -]
_ B 150
gn % 125 -]
[~ 2 100
75j
50
25
0 ——:
2 o Vv (ml) TOT
Fig. 4. HPSEC-chromatograms of chitosan fractionated on analytical TSK G6000-PWXL-G5000-PWXL (———)

Unfractionated chitosan. (—) Fractions obtained from prep. SEC. (a) chitosan 1 (F5 =0.15); (b) chitosan 2 (F5 =0.52).
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Fig. 5. (a) M,, determination of (—e—) pullulan standards, (— ——-) chitosan 1 (F5 =0.15) and (—) chitosan 2 (Fa =0.52) frac-

tionated on analytical TSK G6000-PW—-G5000-PW; (b) M,, determination of (—e—) pullulan standards, (~—-) alginate and (—)
chitosan 4, chitosan 5 and chitosan 6 fractionated on column packing (Christensen et al., 1996).

The difference in ¥, between the pullulan standards and
the chitosan/alginate samples is most pronounced in
Fig. 5b, indicating less reversible adsorption to this
column. It should also be noted that this column mate-
rial is very well suited for characterizing MWD of algi-
nates and chitosans with varying Fa, as the log M,, vs
V. calibration curves are almost identical.

The influence of F 4 and molecular weight on the tendency
of chitosan to self-associate in solution

It has been shown that chitosan may form concentra-
tion dependent aggregates in solution (Amiji, 1995;
Anthonsen et al., 1994), although it was not possible to
reveal any differences in aggregate formation between
chitosans of different chemical composition by use of
static laser light scattering (Anthonsen et al., 1994).
When analyzing the chitosans by HPSEC-LALLS-DRI
at concentrations above 1 mg/ml we frequently noticed

250 —

150 —

LALLS-signal

50 —

a bimodal LALLS-signal. The first peak of the LALLS-
signal can be ascribed to a small amount of high mole-
cular weight aggregates (Domard & Rinaudo, 1986).
The presence of the aggregate peak in the LALLS-signal
was most pronounced for highly acetylated chitosans
when comparing at the same concentration and at
about the same molecular weight. In Fig. 6 the LALLS-
signals of three different chitosans are shown at
concentrations of: (a) c=1mg/ml; and (b) ¢=0.125mg/
ml. At c=1mg/ml the LALLS-signal of Chitosan 7 is
obviously bimodal, whereas for Chitosan 8 it is broad
and somewhat flattened, and for Chitosan 9 it is unim-
odal. This indicates an increasing tendency of chitosans
to self-associate with increasing acetyl content. Thus,
chitosan is likely to aggregate through intermolecular,
presumably hydrophobic, interactions between the
acetyl groups for the solvent used in these experiments.
Although ammonium acetate is known to interrupt

150 —

LALLS-signal

50 —

-50

20

Fig. 6. Concentration normalized LALLS-signals of chitosans fractionated on analytical TSK G6000-PW-G5000-PW. I: chitosan
7 (Fo=0.6); II: chitosan 8 (Fa =0.15). III: chitosen 9 (F5 =0.0) chitosan concentration before injection on the column system; (a)
I mg/ml, (b) 0.125 mg/ml.
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Table 6. The influence of F, and molecular weight on the
tendency of chitosan to self-associate in solution (¢ =1 mg/ml)

Sample M,-107° (g/mole) % Aggregates

Chitosan | (Fp=0.15)

Fraction 3 2.7 18

Fraction 4 1.7 7

Fraction 6 0.61 3
Chitosan 2 (F5=0.52)

Fraction 1 1.6 19

Fraction 3 1.1 5

Fraction 5 0.55 3

hydrogen-bonds (Domard & Rinaudo, 1984), changes
in the solvent (i.e. increasing concentration of ammo-
nium acetate or changing pH) had no influence on the
tendency of chitosan to self-associate, implying that the
self-association is not caused by hydrogen-bonding.
From HPSEC-LALLS-DRI it is possible, by excluding
the high molecular weight tail from the calculations, to
make a rough estimate of the fraction of aggregates
formed in solution (Anthonsen et al., 1994). This was
done for some of the fractions (Table 6). The relative
content of aggregates in solution increased with
increasing molecular weight, as expected. When
comparing Chitosan 1, fraction 4, and Chitosan 2,
fraction 1, which have about the same molecular
weights and polydispersity indices, it can be seen that
the more acetylated Chitosan 2 has a much higher
tendency towards self-association, again suggesting that
the aggregate formation at the present solvent condi-
tions is caused by intermolecular hydrophobic interac-
tions between the acetyl groups.
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