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Abstract—This article reviews some of the recent advances in analytical ultracentrifugation and how these advances have
impacted—and can impact—on our understanding of the size, shape through conformation modelling, interactions and charge
properties of polysaccharides in solution, particularly when used in combination with other solution techniques and also imaging
techniques. Specifically we look at (1) polysaccharide polydispersity and simple shape analysis by sedimentation velocity, and in
particular using new approaches such as SEDFIT analysis; (2) polysaccharide molecular-weight analysis by sedimentation equilib-
rium and MSTAR analysis and how this complements analysis of size exclusion chromatography coupled to multi-angle laser light
scattering; (3) polysaccharide conformation analysis using traditional procedures such as the Wales—van Holde ratio, power law or
‘scaling’ relations, more specialised treatments for rigid cylindrical structures, semi-flexible chains and worm-like coils and compli-
cations through draining effects; (4) Analysis of polysaccharide interactions and in particular complex formation phenomena, focus-
ing on interesting applications in the areas of mucoadhesion and sedimentation fingerprinting; and (5) the possibilities for

macromolecular charge and charge screening measurement.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The last two decades have seen significant advances in
analytical ultracentrifugation for the analysis of molecu-
lar weight, oligomeric state, solution conformation and
interactions of macromolecules. Much of the attention
has focussed on proteins, protein—protein and protein—
ligand interactions'? but there are now many new pos-
sibilities for polysaccharide analysis. The ultracentrifuge
is, of course, only one of a suite of methods for obtain-
ing fundamental biophysical information about solu-
tions of polysaccharides, but as is well known, these
substances are by no means easy to characterise. These
difficulties arise from their highly expanded nature in
solution, their polydispersity, the large variety of confor-
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mation and in many cases their high charge.>* All of
these features can complicate considerably the interpre-
tation of solution data but nonetheless provide a fasci-
nating challenge to the biophysical chemist—and the
ultracentrifuge. The analytical ultracentrifuge is well
positioned to deal with this mainly because of its diver-
sity, its absolute nature and inherent fractionation abil-
ity and without the need for separation columns or
membranes.” As with other methods it is of course most
powerful when it is used in combination with other solu-
tion techniques, and, where appropriate, with imaging
techniques like electron microscopy and atomic force
microscopy. In this way data from the ultracentrifuge
can provide the basis for some powerful modelling of
the overall conformation and flexibility of polysacchar-
ides in solution, complementing approaches such as
those of David Brant and co-workers who have been
at the forefront of investigating the local spatial
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distribution and dynamic properties of polysaccharides
using NMR, X-ray scattering and atomic force micro-
scopy as the basis of such modelling.® !

This article highlights some of the key advances and
challenges in the following areas: (1) Polysaccharide
polydispersity and simple shape analysis by sedimenta-
tion velocity, and in particular using new approaches
such as SEDFIT analysis which take advantage of the
automatic data capture and analyses facilities of the
new generation XL-I analytical ultracentrifuge; (2) poly-
saccharide molecular-weight analysis by sedimentation
equilibrium focussing on model-independent procedures
such as MSTAR, and how these procedures complement
analysis of size exclusion chromatography coupled to
multi-angle laser light scattering; (3) polysaccharide con-
formation analysis using traditional procedures such as
the Wales—van Holde ratio, power law or ‘scaling’ rela-
tions, more specialised treatments for rigid cylindrical
structures, semi-flexible chains and worm-like coils and
complications through draining effects; (4) analysis of
polysaccharide interactions and in particular complex
formation phenomena, involving interesting applica-
tions in the areas of mucoadhesion and sedimentation
fingerprinting and (5) finally we look at the possibilities
for macromolecular charge and charge screening
measurement.

2. Recording concentration distributions in the analytical
ultracentrifuge

Although some of the older-generation Beckman Model
E and MOM ultracentrifuges are still in use, the princi-
pal instrument for the analytical ultracentrifugation of
polysaccharide solutions since its launch in 1996 has
been the Optima XL-I from Beckman Instruments (Palo
Alto, USA)."” The laser (wavelength 670 nm) on this
instrument provides high-intensity, highly collimated
light and the resulting interference patterns (formed be-
tween light passing through the solution and the refer-
ence solvent sectors of an ultracentrifuge cell) are
captured by a CCD camera. A Fourier transformation
converts the interference fringes into a record of concen-
tration ¢(r) — c¢(a) relative to the meniscus (r = @) as a
function of radial displacement r from the axis of rota-
tion. The measurement is in terms of Rayleigh fringe
units relative to the meniscus, j(r), with J(r) = j(r) + J(a),
J(r) being the absolute fringe displacement and J(a) the
absolute fringe displacement at the meniscus. For a
standard optical path-length cell (/= 1.2 cm) with laser
wavelength 2=6.70x 10> cm, a simple conversion
exists from j(r) in fringe displacement units to ¢(r) in
g/mL:

c(r) =J(r)A1/{(dn/de)l}
= {5.58 x 107 /(dn/dc)} - j(r) (1)

with similar conversions for J(a) to c¢(a) and j(r) to
¢(r) — c(a). The term dn/dc is the (specific) refractive
index increment, which depends on the polysaccharide,
solvent and wavelength. A comprehensive list of values
for a range of macromolecules has recently been pub-
lished.”® In aqueous systems most values lie between
0.14 and 0.16 mL/g, although for nonaqueous systems
the values can range enormously (from 0.044 to
0.218 mL/g). For example, the data for k-carrageenan'?
suggest little temperature dependence, whilst that for
dextrans suggests a significant dependence on wave-
length. A study on the polycationic chitosan'? suggested
that the degree of substitution of some polysaccharides
can strongly affect dn/dc, particularly if ionic groups
are involved. Preston and Wik'> have explored in detail
the effect of ionic strength and wavelength on dn/dc for
the polyanion hyaluronate. These results show that if a
user needs, for whatever reason, an accurate value for
dn/dc for a polysaccharide he should measure it directly
in the particular buffer used for the ultracentrifuge
experiments.

At this point it is worth stressing that converting
fringe concentrations {;(r) or J(r)} to weight concentra-
tions is normally not necessary for most applications. In
addition, for sedimentation velocity work it is possible
to work with j(r) or ¢(r) — c(a), namely, concentrations
relative to the meniscus, without having to worry about
measuring the offset or meniscus concentration J(a) or
c(a) to convert to absolute J(r) or c(r).

3. Polysaccharide polydispersity and simple shape
analysis by sedimentation velocity

With sedimentation velocity we measure the change in
solute distribution across a solution in an ultracentrifuge
cell as a function of time. Traditional analysis methods
on these measurements have been based around record-
ing the movement of the radial position of the boundary
r, With time ¢, from which a sedimentation coefficient, s
(sec or Svedbergs, S, where 1S =101 sec) can be
obtained:'®

s = (dry/dt) 0’y (2)

w 1is the angular velocity (rad/s). Since the measured s
will be affected by the temperature, density and viscosity
of the solvent in which it is dissolved it is usual to nor-
malise to standard conditions—namely the density and
viscosity of water at 20.0 °C to yield szo,wm

s20w = {(1 = 0pa0)/(1 = 0po) } - {No/Ma0w} - 5755 (3)

po and 7, are the densities and viscosities of the buffer,
P20.w and 10 the corresponding values at 20.0 °C in
water. v is the partial specific volume, which for neutral
polysaccharides can often be reasonably estimated from
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the carbohydrate content'” and takes on values between
0.5 and 0.7 mL/g for neutral polysaccharides in aqueous
solvent. In cases where estimates based on composition
cannot be reasonably made—such as for polyanionic
and polycationic materials—&o can be measured by den-
simetry'® coupled with accurate concentration measure-
ment. For example Preston and Wik'> have shown that
v for hyaluronan varies from 0.47 to 0.57 from ionic
strengths 0.001-0.25mol L™'. A computer algorithm
SEDNTERP'”?" has been developed for facilitating
the correction in Eq. 3. There is no longer any need (ex-
cept for unusual solvents) to look up solvent densities
and viscosities in the Chemical Rubber Handbook or
other data books—a user of the algorithm just has to
specify the buffer composition and the temperature of
the measurement and the correction is done
automatically.

The s and 55, obtained from Eqs. 1-3 will be appar-
ent values because of the effects of solution nonideality,
deriving from co-exclusion and—for charged polysac-
charides—polyelectrolyte effects.'® To eliminate the
effects of nonideality it is necessary to measure either
s or sy for a range of different cell-loading concen-
trations ¢, and perform an extrapolation to zero
concentration. For polysaccharides this has been
conventionally achieved from a plot of 1/s (or 1/s9.,)
versus c:'°

{1/sh ={1/s°} - {1 + ksc} (4)

a relation valid over a limited range of concentration. k;
is the Gralén coeflicient named after Svedberg’s doctoral
student who introduced this term in his 1944 thesis on
the analysis of cellulose and its derivatives.*'

For a wider span of concentrations, a more compre-
hensive description of concentration dependence has
been given by Rowe:*>?

s =5{1 — [ksc — (((cvs

) 2, — 1))/ )]/ Thse — 2¢v,+ 1]}

(5)

vs (mL/g) is the ‘swollen’ specific volume of the solute
(volume (mL) of a polysaccharide swollen through sol-
vent association per gram of the anhydrous molecule)
and ¢, is the maximum packmg fraction of the solute
(~0.4 for biological solutes®). A least-squares proFit
(Quantum Soft, Zurich, Switzerland) algorithm has been
developed for fitting s versus ¢ data to Eq. 5.

For a polydisperse solution—the hallmark of solu-
tions of polysaccharides—s (and s°) will be a weight
average.'®?** If the solution contains more than one
discrete (macromolecular) species—such as a mixture
of different polysaccharides, the polydispersity will be
manifested by asymmetry in the sedimenting boundary
or, if the species have significantly different values for
S20.w» discrete boundaries are resolved?® as we will con-
sider later in this article.

3.1. Sedimentation coefficient distributions: SEDFIT

Since the appearance of the new-generation analytical
ultracentrifuges in 1990 (XL-A) and 1996 (XL-I), the
acquisition of multiple on-line data acquisition has
resulted in some important advances in software for
recording and analysing not only the change in bound-
ary position with time but the change in the whole radial
concentration profile, ¢(r,f) with time ¢. This advance
has in particular facilitated the measurement of distribu-
tions of sedimentation coefficient.’’*° The (differential)
distribution of sedimentation coefficients can be defined
as the population (weight fraction) of species with a sedi-
mentation coefficient between s and s + ds.?’ Different
symbols have been given for this parameter, either g(s)
or c(s) {the latter, of units weight concentration (g/
mL) per second or Svedberg, is not to be confused with
the same symbol ¢ conventionally used for weight con-
centration here and elsewhere in the ultracentrifuge litera-
ture}. A plot of g(s) [or c¢(s)] versus s then defines the
distribution. Integration of a peak or resolved peaks
from these types of plot can then be used to calculate
the weight average s of the sedimenting species and their
partial loading concentrations.

The simplest way computationally of obtaining a sedi-
mentation coefficient distribution is from time derivative
analysis of the evolving concentration distribution pro-
file across the cell.?”*® More recently, attention has
turned to direct modelling of the evolution of the con-
centration distribution with time for obtaining the sedi-
mentation coefficient distribution.?**° The distribution
has been related to the experimentally measured evolu-
tion of the concentration profiles throughout the cell
by a Fredholm integral equation

a(r,t) = / c($) - x(s,D,r,t)ds + ari(r) + ari () + ¢

| (6)

In this relation a(r,?) is the experimentally observed sig-
nal, ¢ represents random noise, ary(r) represents the time
invariant systematic noise and ary(f) radial invariant
systematic noise: Schuck® and Dam and Schuck® de-
scribed how this systematic noise is eliminated. y is the
normalised concentration at r and ¢ for a given sedi-
menting species of sedimentation coefficient s and trans-
lational diffusion coefficient D: it is normalised to the
initial loading concentration so it is dimensionless. The
evolution with time of the concentration profile
x(s,D,r,t) in a sector shaped ultracentrifuge cell is given
by the Lamm®' equation:

6

L= (1)) | D



814 S. E. Harding | Carbohydrate Research 340 (2005) 811-826

Although only approximate analytical solutions to
this partial differential equation have been available
for y(s,D,r,t), accurate numerical solutions are now pos-
sible using finite element methods first introduced by
Claverie et al.** and recently generalised to permit greater
efficiency and stability:*>** the algorithm SEDFIT??
employs this procedure for obtaining the sedimentation
coeflicient distribution. To solve Eq. 6 to obtain c(s) as a
function of s requires sp,;, and sp,ax to be carefully cho-
sen and adjusted accordingly: inappropriate choice can
be diagnosed by an increase of c¢(s) towards the limits
of Spmin OF Smax. However the contribution from diffusion
broadening also has to be dealt with. SEDFIT offers two
ways. The first is using a dependence of D on s, via the
translational frictional ratio fIf:

D(s) = {(VD/ (187} -kt -5 20,1 /12),) (1
- l_ipo)/l_i)_l/z (8)

fis the frictional coefficient of a species and f, the corre-
sponding value for a spherical particle of the same mass
and (anhydrous) volume (see e.g., Ref. 34). kg is the
Boltzmann constant. Although of course a distribution
of s implies also a distribution in D and f/f,, for protein
work advantage is taken of the fact that the frictional
ratio is a relatively insensitive function of concentration:
a single or weight average fIf, is taken to be representa-
tive of the distribution. Using this assumption, Eq. 6 can
be numerically inverted—that is, solved—to give the
sedimentation coefficient distribution, with the position
and shape of the c¢(s) peak(s) more representative of a
true distribution of sedimentation coefficient. (f1;),,,
where the subscript w denotes a weight average, is deter-
mined iteratively by nonlinear regression, optimising the
quality of the fit of the ¢(s) as a function of (fIf,),,. It has
been shown by extensive simulation that non-optimal
values of (fIf,),, have little effect on the position of the
c(s) peaks, although they affect the width and resolution,
i.e. the correct s value is reported. Regularisation®® can
be used, which provides a measure of the quality of fit
from the data analysis. The assumption of a single f7f,
representing the whole macromolecular distribution
may be reasonable for proteins but it is open to question
whether this is so for polysaccharides. The inappropri-
ateness of this assumption will affect the reliability of
distribution widths, but not peaks. Better approxima-
tions are being investigated.

The current version of SEDFIT also offers the option
of evaluating the distribution corresponding to nondif-
fusing particles, viz D ~ 0, that is, the diffusive contribu-
tion to Eq. 6 is small compared to the sedimentation
contribution. In this case, Eq. 6 can be inverted without
any assumptions concerning f/f,. If diffusive effects are
significant it will be an apparent sedimentation coeffi-
cient distribution, given as g*(s) versus s and the correct
s value for a peak is still reported. Figure 1 gives a com-
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Figure 1. Sedimentation concentration distribution plots for guar gum
using SEDFIT. (a) g*(s) versus s, (b) ¢(s) versus s. A Gaussian fit to the
data (lighter line) is also shown in (a). Rotor speed was 40,000 rpm
at 20.0 °C, concentration was 0.75 mg/mL in 0.02% NaNj. The guar
suspension had been heated at 160 °C for 10 min at a pressure of 3 bar.
From Ref. 35.

Ao} o
IS
(9} 3

parison of the least squares g*(s) versus s and c¢(s) versus
s distribution for guar gum.

There is a clear shoulder on the low s (lower M) side
of the g*(s) peak—consistent with some lower molecular
weight material observed using the technique of SEC-
MALLs (size-exclusion chromatography coupled to
laser light scattering) whereas the c(s) profile shows only
a symmetric peak. The current c¢(s) procedure in this in-
stance seems to have ‘oversmoothed’ the data. We would
suggest the evaluation of apparent distributions via g*(s)
at present, particularly for slow-diffusing polysacchar-
ides. Another example of a g*(s) plot where there has
been clear separation of material of different molecular
weight is shown in Figure 2 for starch.

It is possible to get molecular weight from the sedimen-
tation coefficient if we assume a conformation or if we
combine with other measurements, namely the transla-
tional diffusion coefficient via the Svedberg equation™®

M =RT -{s°/D°}/(1 — vp,) )
where p, is the solvent density (if s and D are their nor-

malised values 5, ., D3, and p, will be the density of
water at 20.0 °C, 0.9981 g/mL). Eq. 9 has been popularly
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Figure 2. Sedimentation velocity g*(s) profiles for starch polysacchar-
ides. Wheat starch (containing amylose, left peak and the faster
moving amylopectin, right peak), (total) sample concentration 8 mg/
mL in 90% dimethyl sulfoxide. Rotor speed was 35,000 rpm at a
temperature of 20 °C. From Ref. 26.

used, for example, to investigate the molecular weights
of  carboxymethylchitins,*”*®  glycodendrimers,***!
galactomannans,* beta-glucans**** and alginates.*’
The translational diffusion coefficient in Eq. 9 can in
principle be measured from boundary spreading as man-
ifested, for example, in the width of the g*(s) profiles:
although for monodisperse proteins this works well,
for polysaccharides interpretation is seriously compli-
cated by broadening through polydispersity. Instead
special cells can be used, which allow for the formation
of an artificial boundary whose diffusion can be
recorded with time at low speed (~3000 rev/min). This
procedure has been successfully employed, for example,
in a recent study on heparin fractions.*® Dynamic light
scattering has been used as a popular alternative, and
a good demonstration of how this can be performed to
give reliable D data has been given by Burchard.*
Whereas the s° is a weight average, the value returned
from dynamic light scattering for D° is a z-average. As
shown by Pusey,*’” combination of the two via the Sved-
berg equation (9) yields the weight average molecular
weight, M, although it is not clear what type of average
for M is returned if an estimate for D° is made from
ultracentrifuge measurements.

Another useful combination that has been suggested
is 53, with &>

My = N [6mnssy, /(1 — 5p0)] (3847 (k. 20)

—(u/0)]"? (10)

s, ks and vg can be obtained from fitting s versus ¢ data to
Eq. 5. The method was originally developed for single
solutes and where charge effects can be neglected (either
because the macromolecular solute is uncharged, or be-
cause the double layer or polyelectrolyte behaviour has
been ‘compressed’ by the addition of neutral salt). For
quasi-continuous distributions, such as polysaccharides,
one can apply Egs. 5 and 10 to the data, provided that
for every concentration one has a ‘boundary’ to which a
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Figure 3. Concentration dependence of the sedimentation coefficient
for wheat amylopectin. The data have been fitted to Eq. 5 (see text)
yielding s = (120 £ 10) S, ks = (170 £ 60) mL/g and v, = (40 £ 4) mL/
g. From Ref. 26.

weight-averaged s value can be assigned. If the plot of 1/
s versus c is essentially linear over the data range, then spe-
cific interaction can be excluded, the solute system treated
as a simple mixture and Eqs. 5 and 10 can be applied.

Figure 3 shows an example for wheat starch amylo-
pectin, where concentrations for total starch have been
normalised to amylopectin from the relative areas under
the g*(s) peaks. From this data a value for M, of
~30 x 10° g/mol is estimated.?®

This equation is only approximate—any contributions
from molecular charge to the concentration-dependence
parameter kg are assumed to be negligible or sup-
pressed—but is nonetheless very useful when other
methods—especially for very large polysaccharides like
amylopectin—are inapplicable. For the latter case, this
substance is too large for conventional sedimentation
equilibrium determinations of molecular weight and
solutions usually contain significant amounts of amylose:
unlike sedimentation velocity, sedimentation equilibrium
will not resolve away this component but contribute to-
wards a total average molecular weight. Static light-scat-
tering procedures based on the Rayleigh—-Gans—Debye
approximation are also compromised by the large size
of amylopectin. These restrictions are not a problem for
sedimentation velocity and the application of Eq. 10,
which can also provide an estimate for the swollen spe-
cific volume v,: for example, Majzoobi has obtained a
value of (40 * 4) mL/g for wheat starch amylopectin.”

For such polydisperse materials as polysaccharides,
the question is what sort of average M value is yielded
by doing so? In the absence of any obvious analytical
solution, computer simulation has been used to deter-
mine the form of the average. In work to be published,
A. J. Rowe and co-workers have shown that even for
‘unfavourable’ simulated mixtures (e.g., multi-modal,
no central tendency), the average M value yielded is very
close to an M, (i.e., weight-averaged M). To put this in
quantitative terms, the departure from My, is generally
<1% of the way towards M.. This is trivial, in terms
of the errors present in the raw data. Thus, there is an
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exact procedure which can be defined for the evaluation
of M (average) in a polydisperse solute system under the
defined conditions, and simulation demonstrates that
for all practical purposes the outcome is an M,,.

A sedimentation coefficient distribution—either c(s)
versus s or g*(s) versus s—for a polysaccharide can also
be converted into an apparent molecular-weight distribu-
tion if the conformation of the polysaccharide is known
or can be assumed, via a power law or ‘scaling’ relation:

0w = K'M? (11)

where the power law exponent is dependent on the con-
formation of the macromolecule, with the limits, in the
case of nondraining molecules b ~ 0.15 for a rigid rod
and ~0.67 for a compact sphere. A flexible coil shape
molecule has a b ~ 0.4-0.5.4*% An early example of this
transformation has been given for a heavily glycosylated
mucin glycoprotein with polysaccharide-like properties>’
based on a g*(s) versus s distribution given by Pain.!
The assumption was made that the contribution from
diffusion broadening of these large molecules was negli-
gible in comparison to sedimentation. Incorporation of
Eq. 11 instead of Eq. 8 into the ¢(s) versus s evaluation
process is now being considered for polysaccharides.

4. Polysaccharide molecular-weight analysis, MSTAR,
and the new role for sedimentation equilibrium

Whereas in a sedimentation velocity experiment at rela-
tively high rotor speed—for a polysaccharide say
40,000-50,000 rev/min—the sedimentation rate and
hence sedimentation coefficient are a measure of the size
and shape of the molecule, at much lower speeds, say
10,000 rev/min or less in a sedimentation equilibrium
experiment, the forces of sedimentation and diffusion
on the macromolecule become comparable and instead
of producing a sedimenting boundary, a steady-state
equilibrium distribution of macromolecule is attained
with a low concentration at the air/solution meniscus
building up to a high concentration at the cell base. This
final steady-state pattern®” is a function only of molecu-
lar weight and related parameters (nonideal virial coeffi-
cients and association constants were appropriate) and
not on molecular shape since at equilibrium there is no
net transport or frictional effects: sedimentation equilib-
rium in the analytical ultracentrifuge is an absolute way
of estimating molecular weight.

However, although the procedure is reliable, when
done properly it is quite slow and the method of choice
for obtaining polysaccharide molecular weights in solu-
tion is now SEC-MALLSs (size exclusion chromatogra-
phy coupled to laser light scattering): see, for example,
Refs. 53-58. Nonetheless uncertainties can sometimes
remain, particularly if materials have been incompletely
clarified or there are problems with the columns (the

form of the angular dependence data can usually tell
us if things are not well). Sedimentation equilibrium
offers a powerful and valuable independent check on
the results generated from SEC-MALLs: although it
takes a longer time to generate a result, and molecu-
lar-weight distributions are considerably more difficult
to obtain, agreement of M,, from sedimentation equilib-
rium with M,, from SEC-MALLSs gives the researcher
increased confidence in some of the other information
(molecular-weight distribution and R,—M dependence)
coming from the latter.

Since polysaccharides are by their very nature polydis-
perse, the value obtained from sedimentation equilibrium
will be an average of some sort. With Rayleigh interfer-
ence and, where appropriate, UV-absorption optics, the
principal average obtained is the weight average, M,,.'°
Although relations are available for obtaining number
average M, and z-average M, data these latter averages
are difficult to obtain with any reliable precision. Direct
recording of the concentration gradient dc/dr versus
radial displacement r using refractive index gradient or
‘Schlieren’ optics however facilitates the measurement of
M. (see Ref. 59). Such an optical system is unfortunately
not present on the present generation XL_A or XL-I
ultracentrifuges except for in-house adapted preparative
XL ultracentrifuges.®® Schlieren optics are also present
on the older generation Model E analytical ultracentri-
fuge: this is one of the main reasons why we at the NCMH
have kept and maintained one of these instruments.

An important consideration with polysaccharides is
that at sedimentation equilibrium there will be a redistri-
bution not only of total concentration of polysaccharide
throughout the cell (low concentration at the meniscus
building up to a higher concentration at the cell base)
but also a redistribution of species of different molecular
weight, with a greater proportion of the higher molecu-
lar weight part of the distribution appearing near the cell
base. In obtaining a true weight (or number, z averages)
it is therefore important to consider the complete con-
centration distribution profile throughout the ultracen-
trifuge cell, a feature often missed by some researchers.
The problem can be minimised by the use of ultra-short
solution columns (~0.7 mm from cell meniscus to base
as opposed to the conventional 2-3 mm) leading to re-
duced redistribution material (see e.g., Ref. 61) but at
the price of considerably reduced precision.

A procedure known as MSTAR—which can now run
from a Windows rather than MSDOS platform—takes
into account the full distribution and without require-
ment of very short columns. We will outline this briefly,
although for clarity we will confine our consideration
only to the extraction of the two most directly related
parameters: the weight average molecular weight and
the molecular-weight distribution. The extraction of
other less useful parameters are avoided here but can
be found in other articles (see Refs. 62-65).
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As already stated, UV-absorption optics—when they
can be applied—have the advantage that the recorded
absorbances A(r) as a function of radial position are
(within the Lambert Beer law limit of A(r) ~ 1.4) directly
proportional to the weight concentration ¢(r) in g/mL.
Although the multiple fringes in interference optics give
a much more precise record of concentration, we stress
again, these are concentrations relative to the meniscus,
that is, we obtain directly from the optical records a pro-
file of ¢(r) — c(a) versus radial displacement r, with the
meniscus at r = a. In fringe displacement units this is
J(r) — J(a), which we write as j(r) for short. To obtain
molecular-weight information we need J(r) and hence
some way of obtaining J(a) is required: this is not such
a requirement for sedimentation velocity where relative
concentrations are sufficient. The polydisperse nature of
polysaccharide prohibits the use of meniscus depletion
methods (as by selecting a high enough speed so that
J(a) ~ 0) because of loss of optical registration near the
cell base. Furthermore, it was recently shown by Hall
et al.%® that simply floating it as another variable in the
procedure for extracting M,, is not valid, particularly
for polydisperse or interacting systems. A convenient
procedure for extracting J(a) and then M, was given by
Creeth and Harding over two decades ago:®” a manipula-
tion of the fundamental equation of sedimentation equi-
librium leads to a function called M*(r) with dimensions
of molar mass at a radial position » and is defined by

M () = j(r)/{kJ(a)(rz — &)+ 2%k /arr i) dr}
(12)

where k = (1 — vp,)w?/2RT, with p, the solvent density.
Eq. 12 has the limiting form

lim,_o{j(r)/(* =)} =k-M"(a) - J(a) ~ (13)

A plot of N —a* versus {1/ —d?)}.
far r - j(r)dr has a limiting slope of 2k M*(«) and an inter-
cept kM*(a)J(a). Hence J(a) is determinable from
2 x (intercept/limiting slope). Once J(a) has been found
M* as a function of radial position r can be defined. Hall
et al.®® and the manual for MSTAR®® describe a method
involving synthetic boundary cell that can be used to
reinforce the determination of J(a) in this way.

A particularly useful property of the M* function is
that at the cell base (r = b),

M*(b) = Mw,app (14)

the apparent weight average molecular weight of the poly-
saccharide.®” It will be an apparent value because it will
be affected by thermodynamic nonideality (molecular
co-exclusion and, for charged polysaccharides, polyelec-
trolyte behaviour), which needs to be corrected for (see
below). Optical distortion effects at the cell base means
that a short extrapolation of M*(r) to M*( = b) is required,
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Figure 4. Sedimentation equilibrium MSTAR analysis of a chitosan.
MSTAR analysis for M .. from optical registration of the concen-
tration distribution using Rayleigh interference optics on the XL-I
ultracentrifuge and Eqgs. 12 and 14 (see text) for chitosan G213.
M, 4pp = 110,000 g/mol. £ is a normalised radial displacement squared
parameter: ¢ = (2 — a®)/(b> — a®) where r is the radial displacement
from the axis of rotation at a given point in the ultracentrifuge cell, and
a and b the corresponding radial positions at the solution meniscus and
cell base, respectively. £ =0 at the meniscus and =1 at the cell base.
Loading concentration 1.0 mg/mL in 0.2 M acetate buffer. From
Ref. 69.

but this normally poses no difficulty. Practical details be-
hind the MSTAR algorithm upon which this procedure
is based can be found from the Web download®® and Refs.
64,65 and a recent example shown in Figure 4.

It is worth pointing out here that another popular
algorithm for analysing molecular weight from sedimen-
tation equilibrium is NONLIN.”® Whereas this is useful
for the analysis of protein systems (monodisperse or
associating), for polydisperse system like polysacchar-
ides it is unsuitable: the estimate for M,, ,,, obtained
refers only to a selected region of the ultracentrifuge cell,
and provides no rigorous procedure for dealing with the
meniscus concentration problem.

4.1. Correcting for thermodynamic nonideality: obtaining
M,, from M, ,;,
For polysaccharides, nonideality, arising from co-exclu-
sion volume and polyelectrolyte effects, can be a serious
problem and, if not corrected for, can lead to significant
underestimates for M,,: this was considered in detail in
an earlier review.%? It was possible with the older gener-
ation Model E ultracentrifuges—which could accommo-
date long (30 mm) optical path length cells—to work at
very low solute loading concentrations (0.2 mg/mL). At
these concentrations, for some polysaccharides—parti-
cularly neutral ones or those of molecular weight <
100,000—the nonideality effect could be neglected:
the estimate for M, ,,, was within a few percent of
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the true or ‘ideal’ M,,.%> However the new generation
XL-I can only accommodate a maximum 12 mm optical
path-length cell with a minimum concentration require-
ment of 0.5 mg/mL: lower concentrations produce insuf-
ficient fringe displacement for meaningful analysis. This
is another reason why we have kept running a Model E
ultracentrifuge in the NCMH. This makes a large differ-
ence to the severity of the nonideality problem as Table
2 in Ref. 62 shows. The term (1 + 2BM,,), where B is
the thermodynamic second virial coefficient, represents
the factor by which the apparent molecular weight mea-
sured at a finite concentration ¢ = 0.2 mg/mL and
0.5 mg/mL underestimates the true or ‘ideal’ M. One
can see that, whereas the earlier lower limit (0.2 mg/
mL) for many cases led to only small errors for many
cases, with the new instruments (limit 0.5 mg/mL) lead
to severe underestimates in virtually all cases. Until
there is an adaptation of the XL-I ultracentrifuge to
enable the use of long path length cells, it is mandatory
to measure M, ,,, over a range of loading concentra-
tions followed by an extrapolation to zero concentration
using an equation of the form”!

{I/Mw,app} = {I/Mw} + 2Bc
= {1/M}(1 + 2BM ) (15)

correct to first order in concentration. The availability of
four and eight-hole rotors in the XL-A and XL-I means
that several concentrations can be run simultancously.
Further multiplexing is possible with the use of Yphantis
style 6-channel ultracentrifuge cells,”> which permit the
simultaneous measurement of three solution/reference
solvent pairs, although these tend to return M,, ,,,, values
of lower accuracy. In some extreme cases, third or even
higher virial coefficient(s) may be necessary to ade-
quately represent the data: for example x-carrageenan’>
and alginate.”® In a recent study on alginates, Stratmann
and Borchard’® have demonstrated excellent agreement
between M,, and B values obtained from sedimentation
equilibrium and light-scattering methods.

4.2. Distributions of molecular weight

Direct interpretation of the sedimentation equilibrium
concentration distribution profiles in terms of a molecu-
lar-weight distribution is generally impossible because of
complications involving nonideality. Successful attempts
have been given but only for simple discrete forms of
polydispersity (two to three macromolecular species’®).
The simplest procedure for avoiding these complica-
tions’” is to use sedimentation equilibrium in conjunc-
tion with gel-permeation chromatography (GPC).
Fractions of relatively narrow (elution volume) band-
width are isolated from the eluate and their M, values
evaluated by low-speed sedimentation equilibrium in
the usual way: the GPC columns can thereby be ‘self-cali-

brated’” and elution volume values converted into corre-
sponding molecular weights—a distribution can there-
fore be defined in a way which avoids the problem of
using inappropriate standards for GPC: the value of
multiplexing is clearly indicated. This procedure has
been successfully applied to, for example, dextrans, alg-
inates and pectins: for pectins excellent agreement with
analogous procedures involving classical light scattering
coupled to GPC has been obtained.”®

5. Polysaccharide conformation analysis

The sedimentation coefficient s provides a useful indica-
tor of polysaccharide conformation and flexibility in
solution, particularly if the dependence of s° on M, is
known.*’ There are two levels of approach: (i) a ‘general’
level in which we are delineating between overall confor-
mation types (coil, rod, sphere), (ii) a more detailed rep-
resentation where we are trying to specify particle
dimensions in the case of rigid structures or persistence
lengths for linear, flexible structures.

5.1. The Wales—van Holde ratio

The simplest indicator of conformation comes not from
s° but the sedimentation concentration dependence coef-
ficient, k. Wales and Van Holde’® were the first to show
that the ratio of %, to the intrinsic viscosity, [n] was a
measure of particle conformation. It was shown empiri-
cally by Creeth and Knight®® that this has a value of
~1.6 for compact spheres and nondraining coils, and
adopted lower values for more extended structures.
subsequently provided a derivation for rigid
particles, a derivation later supported by Lavrenko
et al.®! The Rowe theory assumed there were no free-
draining effects and also that the solvent had sufficient
ionic strength to suppress any polyelectrolyte effects. A
value of 1.6 was evaluated for spheres, reducing to
~0.2 for long rod-shape molecules.

Lavrenko et al.®! also examined in detail the effects of
free draining of solvent during macromolecular motion,
demonstrating that this also had the effect of lowering
k¢/[n]. A hydrodynamic intra-chain interaction or ‘drain-
ing’ parameter has been defined® with limits X = co for
the nonfree draining case and X = 0 for the free-draining
case. A relation was given between ky/[7] and X:8'-#2

{ks/In]} = 8X/(3 + 8X) (16)

This relation evidently leads to theoretical limits for ky/
[7] = O for free draining and 1 for nonfree draining. The
consequences of this are that unless the draining charac-
teristics of the chain are properly known, one has to be
cautious in making conclusions about particle asymme-
try, since it has been claimed that draining affects can
mimic increase in asymmetry in lowering the &/[7]. Non-
withstanding, many nonspherical molecules have empiri-
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cal values for ky/[n] greater than 1.0: pullulans for exam-
ple, considered as a random coil have been shown to
have ky/[n] ~ 1.4 (see Ref. 83). Berth et al.** have argued
that the very low ky/[y] values for chitosans are due to
draining effects rather than a high degree of extension.
Lavrenko et al.}' have compiled an extensive list of &/
[1] values for a large number of other polysaccharides,
complementing a list given by Creeth and Knight:** val-
ues are seen to range from 0.1 (potato amylose in 0.33 M
KClI) to ~1.8 (a cellulose phenylcarbamate in 1,4-diox-
ane), with some polysaccharides showing a clear depen-
dence on molecular weight.

5.2. Power law or ‘scaling’ relations

The relation linking the sedimentation coefficient with
the molecular weight for a homologous polymer series
given above is (see Ref. 48):

s =K'M" (11)

(n.b. Lavrenko et al.®' call the exponent 1 — b). This
relation is similar to the well-known Mark—Houwink—
Kuhn-Sakurada relation linking the intrinsic viscosity
with molecular weight:

(] = K'M* (17)

and also a relation linking the radius of gyration R, with
molecular weight.

R, = K"M¢ (18)

The power law or ‘MHKS’ exponents a, b, ¢ have been
related to conformation*®***3 (Table 1).

The coefficients in Table 1 correspond to the non-
draining case. If draining effects are present then these
will change the values for ¢ and b—see, for example,
Ref. 86. For example, it has been shown that a varies
from 0.5 (nondraining case) to 1 (draining), again
mimicking the effects of chain elongation. For homo-
logous, linear types of polymer the power law indices
are intercorrelated,* with

b~(1-¢), a~(2-3b) andc~(a+1)/3 (19)

Another scaling relation exists between the sedimenta-
tion coefficient and k (see Ref. 81).

ks = K" (s°)" (20a)

Lavrenko et al. give @ and K" for a range of polysac-
charides, and a similar relation linking the exponent ®
with 5:¥4

&= (2—3b)/b (20b)
Table 1. Power law exponents (from Ref. 48)
a b c
Sphere 0 0.67 0.33
Coil 0.5-0.8 0.4-0.5 0.5-0.6
Rod 1.8 0.15 1.0

5.3. General conformation: Haug triangle and
conformation zoning

Delineation of the three general conformation extremes
(random coil, compact sphere, rigid rod) as indicated
by the simple power or scaling laws and Wales/van Holde
ratio, have been conveniently represented in the well-
known Haug triangle (see Ref. 48). An extension of this
idea was given by Pavlov et al.®” who suggested the use of
sedimentation coefficient s with the concentration depen-
dence coeflicient kg and the mass per unit length M as a
guide to the general conformation type or ‘zone’ of a
polysaccharide. The zones were: A (extra rigid rod), B
(almost rigid rod), C (semi-flexible coil), D (random
coil), E (globular/branched). A and B are distinguished
by B having a very limited amount of flexibility. The
zones were constructed empirically using a large amount
of data (s, k;) accumulated for polysaccharides of
‘known’ conformation type, and plotted a scaling rela-
tion normalised with mass per unit length (M) measure-
ments. The latter parameter can be obtained from
knowledge of molecular weight from sedimentation equi-
librium or light scattering and the chain length L from,
small angle X-ray scattering, X-ray fibre diffraction or
high resolution NMR: Pavlov and colleagues give a com-
prehensive comparison of methods for heparin.*® If the
molecular weight is known, M can also be estimated
from electron microscopy.®® Measurement of a data set
(s,ks, M) of any target polysaccharide would then estab-
lish its conformation type (Fig. 5). The limiting slopes of
~4 (extra rigid rod) and ~0 (globular/sphere) were
shown to be theoretically reasonable. It should be

3.5

m Class A: Extra rigid
3.0 Class B: Rigid

7 Class C: Semi-flexible
2.54 Class D: Random coil
2.0 - Class E: Globular or

branched

log (kM)
i
1

0.5 1.0 1.5 2.0 25
log ([s)/M.)

Figure 5. Conformation zoning of polysaccharide. Empirical plots for
various polysaccharides of known conformation type. This helps to
define zones: A: extra rigid rod, B: rigid rod, C: semi-flexible coil, D:
random coil, E: globular/heavily branched structure. Measurement of
s, ks and M, for a target polysaccharide then define its conformation
zone or type. Redrawn and based on Ref. 87.
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stressed that this procedure is only a guide to conforma-
tion type. Along with other procedures using k; for con-
formation studies it assumes that charge contributions to
the concentration have been suppressed by the support-
ing electrolyte, and also that draining effects are not sig-
nificant or similar for the target polysaccharide and those
polysaccharides whose data were used to set up the
zones. Other normalised scaling relations have been sug-
gested based on viscometry methods.®’

5.4. Rigid cylindrical structures

Once a general conformation type or ‘preliminary classi-
fication’ has been established it is possible to use sedi-
mentation data to obtain more detailed information
about polysaccharide conformation. For example, the
low value of ky/[n] ~ 0.25 found for the bacterial poly-
saccharide xylinan has been considered to be due to
asymmetry.®® If we then assume a rigid structure, the
approximate theory of Rowe®*3” can be applied in terms
of a prolate ellipsoid of revolution to estimate the aspect
ratio p(~L/d for a rod, where L is the rod length and d is
its diameter) ~80.

For a cylindrical rod an expression also exists for the
sedimentation coefficient:”

s* ={M(1 —vp,)/(3mn,NaL)} - {In(L/d) + 7} (21)

where y is a function of p and has a limiting value of
~0.386 for very long rods (p — o0). Replacing L by the
(molar) mass per unit length M; = M/L (gmol~' cm™")
this becomes

s ={M; (1 —vp,)/ (B, Na)} - {lnM — In M,
—1Ind + 7} (22)

For the cases of finite p (in the range 2-20) the cur-
rently accepted expression for y(p) is that of Tirado
and Garcia de la Torre’!

y(p) = 0.312 + (0.561 /p) + (0.100/p?) (23)

Above p > 10 the limiting value (y = 0.386) can be
used.

From Egs. 16 and 20 we can obtain an estimate for
the rod length L if we know M or M (see above discus-
sion) and have an estimate for the diameter d. As
pointed out by Garcia de la Torre’* the choice for d is
not so critical since it comes into the equations as the
logarithm. It applies only to those polysaccharides
which are known to be rod like.

5.5. Semi-flexible chains: worm-like coils

Most linear polysaccharides are not rigid rods at all but
are semi-flexible structures. The conformation and
hydrodynamics of semi-flexible chains are most usefully
represented by worm-like chains (see Refs. 93-96), in

which the bending flexibility is represented by the persis-
tence length L. This is an intrinsic property of a linear
macromolecule: the greater the L, the greater the rigid-
ity and vice versa. More precisely, the conformation and
flexibility of a macromolecular chain depends directly
on L/Ly, the ratio of the contour length to the persis-
tence length. For L/L, < 1 the conformation is rod like
and Eqs. 21-23 can be applied. For L/L,>> 0 the con-
formation approaches that of a random coil.”* *® This
can be best seen from the dependence of the radius of
gyration on chain length, as clearly described by Freire
and Garcia de la Torre:”®

R; ={L-Ly/3}{1 — (3L/L,) + (6L; /L)
+6(L /L) (1 — e )} (24)

In the limit L,/L ~ 0, R, is proportional to L' (n.b.
this is misprinted in 96)—the classical dependence for a
random coil—whereas when L,/L,>> 1, the classical
relation for a rod is obtained: R, = L/,/12.

The sedimentation coefficient for worm-like chains
was first worked out by Hearst and Stockmayer,”” later
improved by Yamakawa and Fujii’® to give this expres-
sion for s°:

57 ={M(1 —p,)/(3mn,NaL)} - {1.843
x In(L/2Ly)"% + o + 03L /20" 4} (25)

If the persistence length L, is much larger than the
mean chain diameter, ¢, Yamakawa and Fujii gave lim-
iting values for o, = —In(d/2L,) and o3 = 0.1382. Freire
and Garcia de la Torre’® have further considered these
coefficients. The factor 2L, appears rather than L,
simply because 2L, is equivalent to the statistical
Kuhn segment length 27"

A fundamental problem with the sedimentation co-
efficient is that it is the least sensitive parameter to con-
formation when compared with the intrinsic viscosity [#]
and the radius of gyration R,. This lower sensitivity is
offset by its ease of measurement and the ability to
obtain s° to a higher accuracy (to better than 1%) com-
pared with the other parameters. Nonetheless it is advis-
able not to use s in isolation but in conjunction with R,
and [n] versus M: two recent examples are a comparative
study using ultracentrifugation, viscometry and light
scattering on the relative conformations and flexibilities
of galactomannans (guar, tara gum and locust bean
gum), after pressure-assisted solubilisation procedures®’
and a study using ultracentrifugation, viscometry and
small angle X-ray scattering to investigate the confor-
mation and flexibility of heparin.*®

6. Analysis of associative polysaccharide interactions

There are many instances where associative interactions
involving polysaccharides, whether they be self-associa-
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tion, complex formation or with small ligands are
important. The analytical ultracentrifuge would appear
to offer considerable potential for the analysis of these
and other types of interaction. Indeed one of the main
reasons behind the renaissance of analytical ultracentri-
fugation in the 1990s”'% was the simmering need by
molecular biologists and protein chemists for noninva-
sive solution based methods for studying biomolecular
interactions, particularly the weaker ones involved in
molecular recognition phenomena (see, e.g., Refs.
101,102). The analytical ultracentrifuge—its clean, med-
ium free (no columns or membranes)—and absolute
nature has indeed proven a highly attractive tool for
characterising the stoichiometry, reversibility and
strength (as represented by the molar dissociation con-
stant, K4) of an interaction between well-defined sys-
tems: protein—protein, protein—-DNA, protein—small
ligand (see Refs. 1,2). With polysaccharides we are gen-
erally dealing with a different situation. Firstly a poly-
saccharide does not have a single, clearly defined
molecular weight: it is polydisperse with a distribution
of molecular weights. Secondly, weak interactions
(Kq > 50 pM)—at least as far as we know—do not play
a crucial functional role with polysaccharides as they do
with proteins. Interactions, particularly involving poly-
electrolytes of opposite charge (chitosan—alginate for
encapsulation systems, chitosan-DNA for gene therapy)
tend to be very strong or irreversible: the complexes tend
to be much larger than for the simple associative pro-
tein—protein interactions. This means the main ultra-
centrifuge tool used for investigating protein—protein
interactions, namely sedimentation equilibrium, has
only limited applicability: sedimentation equilibrium
has an upper limit of molecular weight of ~50 million
g/mol. Examples of the use of the analytical ultracentri-
fuge to assay interactions involving polysaccharides
include a study on mixtures of alginate with bovine
serum albumin'®!%* a study of galactomannan incu-
bated with gliadin (as part of an ongoing investiga-
tion into the possible use of galactomannans to help
intestinal problems)'®® chitosan with lysozyme'®® and
synergistic interactions involving xanthan.'®” Polysac-
charides can also regulate weak interactions between
protein molecules. A recent example has been the use
of the ultracentrifuge to study the effect of low molecu-
lar weight heparin molecules on the weak dimerisation
of the plasminogen growth factor NKI, or at least a
mutant thereof.'”® Rivas and co-workers have investi-
gated the effect of nonspecific exclusion-volume or
‘crowding’ types of interaction of dextrans on the self-
association tubulin.'®

For large irreversible complexes involving polysacchar-
ides a more valid assay procedure is to use sedimenta-
tion velocity (which can cope with complexes as large
as 107 g/mol), with change in sedimentation coefficient
(s, normalised to standard conditions or not) or as our

marker for complex formation. If we so wish we can
then convert this to a change in molecular weight if we
assume a conformation and use the power law relation
Eq. 11. Alternatively we can simply use s directly as
our size criterion (this is not unusual): it is used, for
example, in ribosome size representations, 30S, 50S
etc.,l l%r in seed globulin, the 7S, 11S soya bean globulins
etc.

6.1. Polysaccharide mucoadhesive interactions

A good example of where sedimentation velocity has
played a valuable role in assaying large polysaccharide
complexes is in the assessment of polysaccharides as
mucoadhesives (see Refs. 112-114 and refs therein): a
drug administered orally or nasally tends to be washed
away from the site of maximum absorption by the
bodies natural clearance mechanisms before being
absorbed. Incorporating the drug into a polysaccharide
material which interacts with epithelial mucus in a con-
trollable way has been proposed as a method of increas-
ing the residence time and enhancing the absorption
rate. The key macromolecule in mucus is mucin glyco-
protein—a linear polypeptide backbone—with linked
saccharide chains to the extent that >80% of the mole-
cule is carbohydrate.”® The carbohydrate has potential
sites for ionic interaction (clusters of sialic acid or sulfate
residues) and also hydrophobic interaction (clusters of
methyl groups offered by fucose residues). Sedimenta-
tion velocity has been a valuable tool in the selection
of appropriate mucoadhesives and in the characterisa-
tion of the complexes.''>!!7

The approach is to first of all obtain mucin to a high
degree of purity and to characterise the mucin and
potential mucoadhesive. This is done by sedimentation
velocity (g*(s) analysis), sedimentation equilibrium
(M* analysis)—according to the procedures described
above, together with SEC-MALLs.""®!""? The reactants
are then mixed in various proportions, and the sedimen-
tation ratio (Scompiex/Smucin)—the ratio of the sedimenta-
tion coefficient of the complex to that of the pure mucin
itself—is used as the measure for mucoadhesion. The
ultraviolet absorption optics on the XL-A or XL-I ultra-
centrifuge have been used as the main optical detection
system. Although the polysaccharide is generally
invisible in the near UV (~280 nm), at the concentra-
tions normally employed, the mucin—in uncomplexed
and complexed form—is detectable.

This procedure has been used to assay the mucoadhe-
sive performance of a whole range of polysaccharides.
Neutral and polyanionic species showed no interaction
with mucin (Scomplex/Smucin & 1)120- 4S5 0T peinforcing
macroscopic observations on whole mucus using tensio-
metry.'?” A contrasting picture is seen for chitosans. A
highly charged chitosan (‘sea cure’ 210+) of degree of
acetylation Fa ~0.11 has impressive sedimentation
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ratios of 15-38 depending on the temperature. Interest-
ingly for a lower-charged chitosan of F ~ 0.42, values
of 31-44 were returned, reinforcing a view that both
electrostatic and hydrophobic effects are important.
The demonstration of large-size interaction products
by the analytical ultracentrifuge used in this manner is
reinforced by images from the powerful imaging tech-
niques of electron microscopy and atomic force micro-
scopy. Conventional transmission electron microscopy
clearly demonstrates large complexes of the order of
~1 pm in size,"?" and if we label the chitosan with gold
we can see that the chitosan is distributed throughout
the complex with ‘hot spots’ in the interior.''® Images
from atomic force microscopy, visualised in topographic
and phase modes, again shows complexes of this size.
Control experiments revealed a loose coiled structure
for pig gastric mucin and a shorter, stiffer conformation
for the chitosan, consistent with solution measure-
ments.'*> An advantage of the analytical ultracentrifuge
is that since it is a pure solution technique with no col-
umns or membranes it allows us to easily alter the sur-
rounding solvent conditions. For example,''""'"* if we
vary the pH we see that the sedimentation ratio is
~34-48 at pH ~6.5 but is still found to be significant
at pH 2.0 (Scomplex/Smucin ~ 12-22), below the pK, of
the sialic acid groups on the mucin—which not only
suggests the importance of the electrostatic contribution
but indicate the existence of significant hydrophobic
types of interaction. Attempts to investigate the effects
of bile salts and differing ionic strengths down the
alimentary tract also yield very much the same
picture.m’114 At 0mM bile salt Scompiex/Smucin Was
found to be ~18-21, whereas at 6 mM the inter-
action is still significant, with
14-18.

Scomplexlsmucin ~

6.2. Sedimentation fingerprinting

Much of the work on the molecular basis of mucoadhe-
sion has involved mucin extracted from a source avail-
able in large quantities: pig gastric mucus. Researchers
would dearly love to perform these types of experiments
on human small intestinal mucin if it could be obtained
in sufficient quantities in purified form. There has how-
ever been success in performing experiments on human
mucin extracted from different parts of the stomach,
namely the cardia, corpus and antrum regions.
Although available in miniscule quantities we can assay
mucoadhesiveness of chitosan on these by using a
modification of the approach using the analytical ultra-
centrifuge described above, called Sedimentation
Fingerprinting. In this method, introduced a few years
ago,'”* the Schlieren optical system is used to record
the concentration (refractive index) gradient dn/dr as a
function of radial position r in the ultracentrifuge cell.
The area under a ‘Schlieren peak’ provides a measure

of the sedimenting concentration. Alternatively, if inter-
ference optics on the XL-I ultracentrifuge are used, the
area under a g*(s) versus s or c(s) versus s plot would
provide similar concentration information. Although
the mucins from human stomach are at too low a con-
centration to be detected we can assay for interaction
from the loss of area under the chitosan peak caused
by interaction. In this way it has been possible to show
significant differences in mucoadhesive interactions for
different regions of the stomach. This type of informa-
tion obtained with the ultracentrifuge reinforced with
other data is helping us design effective mucoadhesive
systems. The current challenge is to design cross-linked
chitosan encapsulation systems using, for example, tri-
polyphosphate:'** in this regard the use of co-sedimen-
tation strategies to assay for effective encapsulation of
a drug—as successfully applied previously to synthetic
polymer systems'?> '?7 will prove useful. This and other
aspects are considered in a recent review specifically on
mucoadhesion. '

7. Macromolecular charge and charge screening
measurement

The final application which is providing us with a con-
siderable challenge is the measurement of charge on
polyelectrolyte polysaccharides, and the extent of charge
screening through interaction with low molecular weight
electrolyte.'®® In recent years there has been a tendency
to identify the charges on polysaccharides (and polynu-
cleotides) with the values calculated from the chemical
structure. However, the phenomenon of charge screen-
ing (or counterion condensation) has long been an
established feature of polyelectrolyte theory.'?* '3! Win-
zor and co-workers have employed measurements of the
Donnan distribution of small ions in dialysis'*® to rein-
force earlier evidence of charge-screening effects in poly-
saccharide anions.'**'** These researchers used the
absorption optical system of a Beckman XL-I ultracen-
trifuge to monitor the distribution of ions in polysaccha-
ride solutions dialysed against a buffered solution
(pH 6.8, T 0.08) supplemented with 0.2 mM chromate
as an indicator ion. After extensive dialysis against the
same chromate-supplemented buffer to establish the
Donnan equilibrium distribution of small ions, the dif-
ference between chromate concentrations in the polysac-
charide and diffusate solutions was monitored by means
of the absorption optical system: the ultracentrifuge is
merely being used as a double-beam spectrophotometer
when a sufficiently low speed (3000 rpm) is used to
ensure uniformity of solution composition throughout
the cell. As in classical difference spectroscopy, diffusate
was placed in the reference sector of the cell to allow
direct measurement of the absorbance difference from
a scan at 375 nm.
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For dextran sulfate, heparin and polygalacturonate,
the effective net charges were shown by these researchers
to be only one-third of those deduced from the chemical
structures'*®—a reflection of charge screening (counter-
ion condensation) in aqueous polyelectrolyte solutions.
Whereas the extent of charge screening for the first
two polysaccharides agrees well with theoretical predic-
tion, the disparity in the corresponding comparison for
polygalacturonate was deemed to reflect partial esterifi-
cation of carboxyl groups, whereupon the experimental
parameter refers to the effective charge per hexose resi-
due rather than the effective fractional charge of each
carboxyl group. The use of the ultracentrifuge in this
way appears to have shown it is therefore wrong to cal-
culate the charge on a polysaccharide in solution on the
basis merely on the numbers or number density of
charged residues like CO,™ or SO5%7, even in cases
where the pH is such that the groups are fully ionised.

8. Concluding remarks

It is hoped this short review has demonstrated that,
whilst there are still challenges to be met, the analytical
ultracentrifuge can form a useful part of the armoury of
methods available to a researcher interested in under-
standing the size, conformation modelling and interac-
tion properties of polysaccharides in the environment
where many occur naturally—in solution state. The
challenges have been made easier since neither sedimen-
tation velocity nor sedimentation equilibrium require
the need for columns or membranes or immobilisation
onto a surface: it is a free solution technique.

In several places in this review of the use and potential
use of the ultracentrifuge we have referred tangentially
to comparable results obtained via light scattering. Cer-
tainly sedimentation velocity and SEC-MALLSs can pro-
vide complementary information on the heterogeneity of
material. Unlike SEC-MALLs the former provides a
sedimentation coefficient as opposed to a molecular
weight distribution although no column or separation
medium is required and hence no worries concerning
column/medium inertness. It is our opinion that in a
characterisation of a polysaccharide solution both meth-
ods should be used. For conformation analysis the two
corresponding principal parameters—the sedimentation
coefficient and the radius of gyration, again provide
complementary information, and as we have seen for
the analysis of polysaccharide interactions and complex
formation—and the particular case of mucoadhesion-
the two techniques again providing complementary
information.

It is also worth pointing out that this article, in focus-
sing on solutions, has not considered the opportunities it
also provides for the analysis of the rheological and
thermodynamic properties of polysaccharide gels,'*

phase diffusion and interfacial transport phenomena
involving polysaccharides,'*> and the formation of films
and membranes.'*® For solution work the main chal-
lenges appear to be in providing better representations
of sedimentation coefficient distributions. With confor-
mation modelling studies the ease of measurement of
the sedimentation coefficient is countered by its lower
sensitivity compared to the radius of gyration and
intrinsic viscosity: development of global procedures
involving s, R, and [y] and their dependencies on mole-
cular weight would appear a useful way forward, and
efforts are now well underway to address this.
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