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Abstract Attempts have been made to correlate estimates
of molecular weight for a group of cationic polysac-
charides known as chitosans between the highly popular
technique of size-exclusion chromatography coupled to
multi-angle laser light scattering, “SEC-MALLS”, and
the less convenient but more established technique of
sedimentation equilibrium in the analytical ultracentri-
fuge. Four pharmaceutical grade chitosans of various
molecular weights and degrees of acetylation (4-30%)
were chosen. Better correlation than previous was
achieved, although some batch variability was observed.
Despite the broad spectrum in degree of acetylation,
a logs®y.w versus logM,, scaling plot appeared to fit
a straight line with power-law exponent b=0.25=+0.04,
i.e. between the limits of rod (0.15) and coil (0.4-0.5),
although this may be the average of a lower b value at
low M, and higher b at high M. With regard to vis-
cosity, a log[yn] versus logM,, scaling plot appeared to
also fit a straight line with power-law exponent
a=0.96£0.10, again between the coil (0.5-0.7) and rod
(1.8) limits.
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Introduction

Despite their increasing importance in the pharmaceu-
tical and healthcare industries, chitosans [cationic poly-
saccharides consisting of N-acetyl-pD-glucosamine units
and D-glucosamine units in varying proportions (see
Fig. 1)] have proved difficult to characterize with regard
to molecular weight owing to their polycationic nature.
This is primarily because of the failure of results from
SEC-MALLS (size-exclusion chromatography coupled
on-line to a multi-angle laser light-scattering detector) to
agree or show compatibility with other techniques, such
as sedimentation equilibrium in the ultracentrifuge, or
measurements from viscometry. These difficulties have
largely been attributed to anomalous behaviour on the
size-exclusion columns that have been available, and
discrepancies of over an order of magnitude in the
weight average molecular weight have been observed.
When dissolved in aqueous acidic medium, chitosan
becomes a cationic polyelectrolyte, making it a potential
excipient for many applications in the food and phar-
maceutical industries. These include, for example, con-
trolled drug and flavour release from tablets or using
microencapsulation techniques, film formation or as
fillers in dietary foods, etc. (Illum 1998; Skaugrud et al.
1999). Chitosan is of particular interest to the pharma-
ceutical industry since it possesses mucoadhesive prop-
erties (see, for example, Harding et al. 1999), which
result in increased contact time with a mucosal surface
leading to enhanced drug absorption, and has also been
demonstrated to enhance the delivery of proteins and
peptides across mucosal membranes (Artursson et al.
1994; Illum et al. 1994, 2001; Natsume et al. 1999;
Tengamnuay et al. 2000; Davis 2001). The mucoadhe-
sive properties have been attributed to interactions
between the -NH;3 " groups left after deacetylation of
the chitin and the terminal —COO™ (sialic acid) on
mucosal surfaces, reinforced through hydrophobic
interaction between groups of un-deacetylated residues
on chitosan with fucose on mucins (Deacon et al. 1999).
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Fig. 1 Schematic representation of chitosan; R =acetyl or H,
depending on the degree of acetylation

Chitosan has also been shown to cause a transient
widening of the tight junctions of the epithelial cells in
vitro, which is thought to contribute to enhanced drug
permeability (Illum and Davis 2001; Illum et al. 2001).
For many applications of chitosan, and especially in
the pharmaceutical industry, the molecular weight and
degree of acetylation dictate the properties and thereby
the effectiveness of the chitosan for a particular appli-
cation. For example, Schipper et al. (1996) have reported
that both these properties are very important for its
absorption enhancement of hydrophilic drugs across
mucosal surfaces. They found that a low degree of
acetylation and/or high molecular weight appeared to be
necessary for chitosans to increase epithelial permeability.
It is clear that the pharmaceutically important
properties of chitosan (including solubility) are not only
dependent on their chemical nature (dictated by the
degree of acetylation), but also their physical properties
(molecular weight and conformation). Although the
degree of acetylation can be measured with considerable
confidence [e.g. by NMR (Varum et al. 1991)], it is also
important to be able to attach some degree of confidence
to the SEC/MALLS determination method for mole-
cular weight. Successful molecular weight determina-
tions of chitosan by SEC/MALLS have been reported
by Beri et al. (1993). However, these authors did not
compare their results with those from other independent
techniques. Attempts at molecular weight determina-
tions by SEC/MALLS in our own laboratories have
previously proved difficult due to the anomalous
behaviour of chitosan on our SEC columns, and results
were generally incompatible with those obtained by
sedimentation equilibrium in the analytical ultracentri-
fuge. The cationic nature of chitosan is responsible for
its wide range of desirable interactions; however, it may
also cause interactions with the SEC column packing
material and/or residues from other previously run
samples. A dedicated column system for chitosan was
therefore used for the re-examination of the use of SEC/
MALLS which was considered important due to:

1. The ease of obtaining absolute molecular weight
data from SEC-MALLS compared with the use of
other methods. Since 1991 (Horton et al. 1991;
Rollings 1991, 1992), this method has become the
most popular for characterizing polysaccharide
molecular weights in solution, and, since 1996, also

glycoconjugates such as mucus glycoproteins (Jumel
et al. 1996, 1997).

2. The belief that there is a clear link between the
functional properties of chitosans and their muco-
adhesive and epithelial absorption enhancement
capabilities for drug delivery and film forming po-
tential for healthcare products (e.g. shampoos).

This paper explores the use of SEC/MALLS for four
polysaccharides of pharmaceutical grade covering a
range of degree of acetylation, DA (4-30%), and
molecular weight. Comparative molecular weight data
were obtained by sedimentation equilibrium in the
analytical ultracentrifuge. A correlation of the Mark—
Houwink—Kuhn—Sakurada (MHKS) power-law type is
also attempted between weight average molecular
weight, M., and both the intrinsic viscosity or the sed-
imentation coefficient to check for consistency between
the data and to see if these particular chitosans of dif-
ferent DA and M,, approximate a homologous series.

Materials and methods

Materials

Four chitosans were provided by Pronova Biomedical, Oslo,
Norway (G112, G114, G213 and G214). These were glutamate salts
with DA values ranging from 4 to 30% and of reputedly different
molecular weight, as indicated by the dynamic viscosity values (of
1% solutions) provided by Pronova (Table 1). A separate batch of
G213 was also supplied.

For all experiments, the chitosan samples were dissolved in a
0.2 M acetate buffer (pH 4.3). For sedimentation equilibrium
experiments, samples were dialysed against the buffer solution
overnight so that the chemical potential of the solvent was equal in
both the sample solution and the reference solvent (dialysate).

Methods

Molecular weight: sedimentation equilibrium

Low-speed sedimentation equilibrium was used to determine the
molecular weights (weight averages) of the various chitosans. Two
analytical ultracentrifuges (AUCs) were employed. Firstly, a
Beckman XL-I Analytical Ultracentrifuge was used for chitosan
solutions in the range of concentrations 0.5-1.0 mg/mL, at a rotor
speed of 14,000 rpm (sample G112) or 8000 rpm (the other sam-
ples) and a temperature of 20.0 °C. The data collected from the
Rayleigh interference optical system were analysed using the
MSTARI algorithm (Célfen and Harding 1997) to give an appar-
ent weight average molecular weight, M\, ,,,. A low concentration
sample (0.3 mg/mL) was also analysed using a Beckman Model E

Table 1 Commercial manufacturer’s data (courtesy of Pronova,
Drammen, Norway)

Chitosan* Gl112 Gl14 G213®  G213® G214

Degree of 30 7 17 20 4
acetylation (%)

Viscosity of 1% S 18 79 153 59

solution (mPa s)

*G213®, batch no. 610-583-09; G213, batch no. FP1-A-708-01



Analytical Ultracentrifuge (at rotor speeds between 10,000 and
20,000 rpm and a temperature of 20.0 °C) equipped with Schlieren
optics, adapted with a CCD camera system (Clewlow et al. 1997)
for automatic capture of the optical data. Use was made of the long
optical path cells (30 mm), impossible to use in the XL-I. The data
were analysed by fitting to the Lamm equation (see, for example,
Clewlow et al. 1997):

dIn (%d_n>/d( ) Mz‘upp(l—l_Jﬂ)wz/zRT (1)

where v is the partial specific volume (mL/g) determined by pre-
cision densimetry for each chitosan (Kratky et al. 1973), p the
solvent density (ml/g ‘2 R is the gas constant and T the temperature
(K). A plot of ln ——f versus > has a slope proportional to the
apparent z-average moleculdr weight (M, .pp). The data set was
then transformed by integrating with respect to r (distance from the
centre of rotation in cm) and analysed using MSTARI (Célfen and
Harding 1997) to obtain My, 4pp.

To account for non-ideality, the reciprocal of the apparent
weight average molecular weights M, ., determined over a range
of concentrations, ¢, were extrapolated to zero concentration. The
thermodynamic or “‘osmotic pressure” second virial coefficient, B,
and the ““ideal” or “‘true” weight average molecular weight, My,
were estimated from plots of 1/M,, ,,, versus concentration
according to (see, for example, Harding 1995a):

1/ My app = (1/My,)(1 + 2BMyc) (2)

Molecular weight: SEC-MALLS

The molecular weights (weight averages) of the chitosan samples
were then also determined by using SEC-MALLS. Acetate buffer,
pH 4.3, was pumped at a flow rate of 0.8 mL/min through a column
system consisting of TSK-G5000PW, TSK-G4000PW and TSK-
G3000PW analytical columns protected by a guard column. Solu-
tions of each chitosan sample were prepared in acetate buffer, pH 4.3,
at a concentration of 5 mg/mL and 100 pL was injected onto the
columns at ambient temperature (sample filtered through 0.45 pm
filter to remove any insoluble material or dust prior to injection). The
eluting fractions were monitored using a Dawn DSP multi-angle
light-scattering photometer (Wyatt Technology, Santa Barbara,
USA) fitted with a 5 mW He-Ne laser and a differential interfero-
metric refractometer (Optilab 903, Wyatt Technology, Santa Bar-
bara, USA). Appdrent weight average molecular weights, M\, 4pp,
were obtained using the so-called Debye plot method (see, e.g. Wyatt
1992, 1993), where a plot of R()/Kc versus sin®0/2 yields M., Lapp from
the intercept, 6 being the scattering angle, R(G) the Raylelgh excess
scattermg ratio and K, the optical constant, is 47°n*(dn/dc¢)*/(Jo*NA);
n is the solvent refractive index, dn/dc is Ihe specific refractive index
increment (mL/g), Na is Avogadro’s number and A is the wavelength
of the scattered light in vacuo (cm). The specific refractive index

Table 2 Thermodynamic and hydrodynamic data
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increment was calculated from the DA using the equation of
Anthonsen et al. (1994):

dn/de = 0.201 — 0.056(DA) (3)

Because of the low concentrations after dilution from the column,
the contribution from the 2BMyc term in Eq. (2) can be reasonably
assumed to be ~0, so to a good approximation My~My, pp.

Sedimentation coefficient measurements

A Beckman XLI Analytical Ultracentrifuge was used for the
determination of the sedimentation coefficients at 20.0 °C and a
rotor speed of 45,000 rpm. Sedimentation coefficients (sops) Were
obtained by analysing 10 consecutive scans using the “‘time deriv-
ative” algorithm DCDT + (Philo 2000). These were corrected to
standard solvent conditions (the density and viscosity of water at
20.0 °C) using the equation (see Schachman 1959):

20w = { (1= 0p20w) /(1 = 0pr) H{nr /M0 }Sobs (4)

where s, is the sedimentation coefficient in terms of the standard
solvent water at 20 °C; s, is the measured sedimentation coeffi-
cient in the experimental solvent/buffer at temperature T; py and
20w are the density and viscosity of water at 20 °C and pr, is the
density and viscosity of the buffer used for the experiments at
temperature 7. Measurements were made at a series of low con-
centrations (0.3—1.0 mg/mL) to minimize non-ideality; nonetheless,
S20,w Values (or reciprocals thereof) were then extrapolated to infi-
nite dilution to yield 5°5¢ -

Determination of intrinsic viscosity

Intrinsic viscosities were determined using an Ostwald-type vis-
cometer of 2 mL capacity over a concentration range of 0.2-2.0 mg/
mL. The flow times were recorded at 20.00+0.01 °C. From the
solution/solvent flow-time ratio the kinematic relative viscosity was
obtained. Because of the low concentrations used (<1 mg/mL), the
density corrections were assumed to be negligible and the kinematic
viscosities were assumed to be approximately equal to the dynamic
viscosities (Tanford 1955). The intrinsic viscosity was found by
extrapolation to infinite dilution of the reduced viscosities using the
Huggins equation (see, for example, Harding 1997).

Results and discussion
Molecular weight

For four of the chitosans, much better agreement than
previous is seen between the two totally independent

Property* Units Fraction

Gl12 Gl14 G213® G213® G214
M, (sed. eqm.) g mol™! 57,000 + 800 82,000 + 9000 161,000 £ 18000 - 132,000 + 15000
M, (SEC-MALLS) g mol™! 42,400 + 3000 129,000 + 6000 203,000 + 8000 207,500 + 8000 172,000 + 6000
M, (sed. eqm.) g mol™! 90,000 + 11,000 386,000 + 30,000 442,000 == 30,000 417,000 + 41,000 246,500 + 18,000
My/M,=M,/M, - 22 34 2.5 2.9 1.5
2BM (sed. eqm.) mL g™ - 2200 4600 - 4100
5%20.w S 1.76 £0.04 1.99+0.05 2.714+0.22 2.69+0.07 2.74+0.12
[1] mL g™ 100£8 31015 420+£20 610+30 550+20

*M,, (sed. eqm.): weight average molecular weight obtained from
sedimentation equilibrium. M,, (SEC-MALLS): weight average
molecular weight obtained from SEC-MALLS. M, (sed. eqm.):
z-average molecular weight obtained from sedimentation equilib-

rium. My/M,= M,/M,: identity holds for a log-normal distribu-
tion (Fujita 1962). BM: product of second virial coefficient (B) and
molecular weight
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techniques of sedimentation equilibrium and SEC-
MALLS (Table 2) for the weight average molecular
weights, M, although, with the exception of G112,
sedimentation equilibrium molecular weights still come
out somewhat lower.

Figure 2 shows the light-scattering and refractive
index (RI, measurement of concentration) traces
obtained from SEC-MALLS for each chitosan sample.
From the light-scattering traces it can be seen that in
each case the peaks from the macromolecular compo-
nent are skewed and not symmetrical. There was also
evidence of persistently occurring trace amounts of high
molecular weight aggregate from the 90° angle light-
scattering traces, as indicated by the shoulders on the
low elution volume or high molecular weight side of the
light-scattering peaks. However, except for sample
G112, these light-scattering signals are not accompanied
by corresponding RI (concentration) signals, indicating
that only negligible amounts (<1%) are present in
the samples. No such supramolecular particles were

observed from the sedimentation velocity g*(s) distri-
butions obtained using time-derivative DCDT + anal-
ysis, which showed only a single, approximately
symmetrical, peak for in each case, including G112
(Fig. 3), and no fast moving supramolecular boundary
was observed.

Significance of non-ideality: advantage of SEC-MALLS

Both the SEC-MALLS and the sedimentation equilib-
rium methods allow direct evaluation of the absolute
molecular weight of the macromolecule. However, the
time scale for each method varies greatly, with the SEC-
MALLS measurement taking approximately 60 minutes
(after appropriate equilibration of the SEC columns).
The sedimentation equilibrium method, on the other
hand, can require up to 3 days for equilibrium to be
reached per sample. Further, since higher concentrations
are required (absolute minimum is 0.2 mg/mL),
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Fig. 3 g*(s20,w) Vversus sy, plot for chitosan G112 from a
sedimentation velocity experiment (45,000 rpm, 20.0 °C) and
DCDT + analysis

thermodynamic non-ideality effects cannot be neglected
and measurements at several concentrations (and
extrapolation to infinite dilution) are normally required.
The problem is particularly acute for chitosans because
suppression of one of the two main causes of solution
non-ideality — polyelectrolyte behaviour — by increasing
ionic strength is only partially possible because of sol-
ubility problems.

We explain further: non-ideality causes the molecular
weight for chitosan calculated from AUC data to be
lower than the true molecular weight. There are two
major contributing factors to this phenomenon: the ex-
cluded volume and the polyelectrolye effect. The ex-
cluded volume arises from one molecule excluding
another from the space occupied by it. For a sphere the
excluded volume is eight times the molecular volume: the
more extended the molecule (e.g. through intramolecular
charge repulsion effects if the molecule is charged), the
greater the excluded volume. Another contribution to
exclusion volume comes from the swelling of the mole-
cule through “hydration” or time-averaged association
with water molecules. For a polysaccharide molecule in
solution, the swollen volume can be 100 times its volume
in the dry state (see, for example, Harding 1995b). The
second contribution to solution thermodynamic non-
ideality comes from polyelectrolyte phenomena through
intermolecular repulsions. Such effects will be large for
chitosan owing to the high charge density on the mole-
cule (e.g. for a molecule of ~10% DA, there will be ~90

13 14 15

16 17 18 19 20

$20w (S)

charges per 100 monomer residues) when in aqueous
acidic solution. Such effects can normally be suppressed
by charge shielding simply by increasing the ionic
strength of the solution medium. Unfortunately for
chitosans, large increases in ionic strength lead to re-
duced solubility and salting out can occur.

To illustrate the significance of the non-ideality, we
have included in Table 2 values for the term 2BAM,,
(2xsecond virial coefficientxweight average molecular
weight) in Eq. (2). For a spherical, uncharged molecule
this would have a value of approximately 5-10 mL/g,
and the value increases as the system deviates from
ideality. From Table 2 it can be seen that values calcu-
lated for this term are in the range 1000-2000 mL/g,
indicating that chitosan is a highly non-ideal macro-
molecule [a comparative table for polysaccharides is gi-
ven in Harding (1995b)].

At very low solute concentrations, ideal behaviour is
approached (Van Holde 1998) and the effects of non-
ideality should be small. For many systems of biological
macromolecules, particularly  globular  proteins,
measurement at a single finite, but low (0.2-0.5 mg/mL)
concentration can give an estimate of the apparent
molecular weight within a few percent of the
true molecular weight. However, even with loading
concentrations as low as 0.2 mg/mL there can be non-
negligible underestimates of the true molecular weight
(Harding 1992) for those polysaccharides yielding
solutions of high 2BM,, values; chitosan appears to be
in that category (Harding 1995b). The problem is
compounded since the modern commercial instrument
(XL-I) permits a minimum concentration of not 0.2 but
0.5 mg/mL.
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With SEC-MALLS, however, there is normally no
need to correct for non-ideality in the system so long as
the sample is diluted in the columns to such an extent
that the concentrations of the volume “‘slices” passing
through the light-scattering detector are much lower
than the initial loading concentration. These concen-
trations are usually 0.1 mg/mL or less (depending on the
molecular weight of the scatterer), and corrections
arising from thermodynamic non-ideality are not sig-
nificant (Wyatt 1993).

Inertness of the SEC column

Although the SEC-MALLS method of determining the
molecular weight of chitosan is very quick and simple,
there may still remain some uncertainties in terms of the
“inertness” of the column packing materials and in the
extrapolation of the angular intensity functions to zero
angle, as highlighted by Harding (1995b). The former
appears to be particularly important in the case of
cationic polyelectrolytes; however, it seems that the
use of a dedicated column system can eliminate most
of these uncertainties. Nevertheless, it is still advisable
to determine the molecular weight using the AUC to
obtain a reliable and independent verification of the
results.

Conformation

The conformation of chitosans has been the subject of
considerable interest over the last decade, particularly
with the regard to the effect of the degree of acetylation
of the molecule, the molecular weight and the solvent
conditions in which it is studied (see, e.g. Wang et al.
1991; Anthonsen et al. 1993; Errington et al. 1993; Ottoy
et al. 1996; Berth et al. 1998; Colfen et al. 2001; Berth
and Dautzenberg 2002).

Many methods for assaying the conformation of
chitosan and other polysaccharides in solution appear
to be based on the dependence of a solution parameter
(such as intrinsic viscosity, radius of gyration or sedi-
mentation coefficient) with molecular weight. The
simplest are the Mark—-Houwink—Kuhn-Sakurada type
of scaling or power-law plots of log(parameter) versus
log(My,) (see, e.g. Smidsred and Andresen 1979;
Tombs and Harding 1997). Figures 4 and 5 shows such
plots for the four chitosans of this study in terms of
logs®y.w versus logM, and log[y] versus logM,,
respectively. The SEC-MALLs values for M, have
been included, and an additional data point has
been included corresponding to a separate batch of
G213, called G213®. A linear fit to the logs®0.w
versus logM, data yielded an MHKS exponent
b=0.25+0.04, i.e. between the limits of rod (0.15) and
coil (0.4-0.5). Similarly, a linear fit to the log[#n] versus
logM,, scaling data yielded an MHKS exponent
a=0.96£0.10, again between the coil (0.5-0.6) and rod
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Fig. 4 Double logarithmic plot of sedimentation coeflicient versus
weight average molecular weight (SEC-MALLSs values)
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Fig. 5 Double logarithmic plot of intrinsic viscosity versus weight
average molecular weight (SEC-MALLs values)

(1.8) limits. However, interpretation of such data
should be done with caution because of claims by
others of a dependence of conformation on the degree
of acetylation (see, e.g. Anthonsen et al. 1993). Despite
this reservation, the values obtained appear similar to
those for three chitosans of DA in the range 22-31%
(Colfen et al. 2001): a=~1 and b=0.24. Furthermore,
the data reassuringly show consistency between the
sedimentation coefficient and viscosity data. More
advanced analyses, such as involving normalized scal-
ing relations (Pavlov et al. 1997, 1999), can be used to
take into account the differences in DA, but these
await knowledge of the mass per unit length of chito-
sans as a function of DA. It should also be pointed out
that if the sedimentation equilibrium values for M, are
used instead, different values of ¢ and b are returned
(~1.5 and 0.5, respectively), although these values are
based on only four data points.



Conclusions

Confidence in our ability to measure molecular weight
and conformation accurately is of particular relevance to
the use of chitosans for the delivery of substances across
the mucosal membrane through bioadhesion and
absorption enhancement through transient widening of
tight junctions (Kotzé et al. 1997). Larger molecular
weights and more extended conformations would appear
to offer more opportunities for interaction.

In conclusion, however, although much better agree-
ment is now possible between SEC-MALLs and sedi-
mentation equilibrium, some caution still needs to be
exercised when interpreting molecular weight data for
these materials, particularly with regards to the trace
amounts of high molecular weight material appearing in
the SEC-MALLSs profiles. The use of two independent
methods for determining the molecular weights for these
substances is still highly recommended.
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