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Abstract

Techniques used in studies of polysaccharides, including chemical composition, linkage pattern, and higher order structures are in

constant development. They provide information necessary for understanding of the polysaccharide properties and functions. Here,

recent advancements in studies of the polysaccharides at the single-molecule level are highlighted. Over the last few years, single-

molecule techniques such as force spectroscopy have improved in sensitivity and can today be used to detect forces in the pN range.

In addition, these techniques can be used to investigate properties of single molecules close to physiological conditions. The

challenges in the interpretation of the observations are aided by control experiments using well-characterised polysaccharides and by

data provided by complementary methods. This field is expected to have increasing impact on the further advancement of the

molecular understanding of the role of polysaccharides in various biological processes such as recognition and cell adhesion.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Polysaccharides serve many important functions in

nature, such as building a mechanically strong structure,

storing energy in a readily accessible form and ensuring

specificity in biological recognition and communication.

A molecular understanding of the various functions

relies on insight into the detailed structure of these

materials. The structural information includes descrip-

tion of the chemical composition and geometric ar-

rangements of the atoms and molecules at various

length scales. To this end, an arsenal of methods has

been developed over the years. The general trend in the

development of such techniques is an increase in

sensitivity, an expansion of the measurable size range,

and a tendency to move closer to the biologically

relevant state. Here we focus on a set of techniques

that has the potential to provide increased insight into

the main features underlying the functions of polysac-

charides while at the same time allowing application

closer to the native environment (Fig. 1). Additionally,

this captures important current trends in the develop-

ment of techniques or the application of these in a novel

way, for determination of properties of polysaccharides.

We start with a brief description of methods for

primary structure determination. This information is

needed in the interpretation of diffraction patterns of

fibrous samples, which additionally provide information

about preferred conformations expressed in terms of

torsional angles f , c , and v in the glycosidic linkages.

Additionally, fibre diffraction yields structural informa-

tion about higher order structural elements such as

helicity and the number of carbohydrate chains forming

intertwining helices. Ultramicroscopic techniques such

as transmission electron microscopy (TEM) and the

later developed scanning probe microscopes, in parti-

cular atomic force microscopy (AFM), allow determina-

tion of single-molecule properties. This is so in imaging

mode where manifestations of thermally agitated fluc-

tuations around the preferred conformations can be

directly visualised and eventual helical structure can be

deduced indirectly or seen directly. Additionally, AFM

can be used to stretch single polysaccharide chains

allowing the determination of mechanical fingerprints

reflecting the chemical composition, linkage geometry

and higher order structure. Such single molecule probe

techniques can also be applied for direct determination

of molecular interactions, which is a prerequisite for e.g.

cell signalling, or interactions between polysaccharides

(like and unlike) in general. In such a way, the

information from these various techniques merges into

a comprehensive description that provides a fundament

for understanding the function of polysaccharides.

Fig. 1. Schematic illustration of how information obtained from a selection of experimental techniques is coupled together in order

to describe polysaccharides at different length scales. The methods described in this article include: a combination of chemical

characterisation and conformational analysis (a); scattering techniques (e.g., fibre X-ray diffraction from crystalline molecular

assemblies) (b); imaging by TEM and AFM (c); interaction studies with the use of AFM as a force measuring instrument (d). The

torsional angles of the glycosidic bond, in addition to f and c , cen include v , e.g., for (10/6)-linkages. (Reprinted from

Carbohydrate Research, Vol. 252, Lee et al., Structural roles of calcium ions and side chains in welan: an X-ray study, pp. 183�/207,

Copyright 1994, with permission from Elsevier.)
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The examples included in the following are mostly

bacterial polysaccharides. However, additional polysac-

charides are discussed either as necessary model com-

pounds, or because they have been studied using
approaches considered applicable to bacterial polysac-

charides. In addition to the techniques discussed, there

have been advances in the development of other physical

characterisation techniques. These include e.g. scattering

techniques such as small-angle X-ray scattering1 and

dynamic light scattering for characterisation of non-

ergodic states and turbid systems, NMR techniques for

investigation of e.g. sequence and conformational prop-
erties, and various approaches for determination of size.

Where appropriate complementary results have been or

could have been obtained by such techniques, they will

be referred to.

2. Primary structure

2.1. Structural variability in bacterial polysaccharides

The primary structure of proteins and polysaccharides

describes the arrangement of the different building

blocks, amino acids and monosaccharides respectively,

along the polymer chain. The possible structural varia-

bility due to available units and connecting patterns is

estimated to be about three orders of magnitude larger

for polysaccharides than for proteins.2 Moreover, since
the primary structure of polysaccharides is not coded

directly in the genetic sequence, the advancement in

primary structure determination has not evolved as

rapidly within the polysaccharide field as it has for

proteins. This, together with the fact that the experi-

mental procedures for determination of the relative

contents and arrangement of the monosaccharides are

technically more demanding, makes the description of
the polysaccharide primary structure not an easy task.

2.2. Determination of monosaccharide composition

Determination of the overall monosaccharide composi-

tion of polysaccharides often requires cleavage of all the

glycosidic linkages in the polysaccharide by acid hydro-

lysis. Differences in hydrolysis kinetics as well as
degradation of released monosaccharides offer compli-

cations to the experimental protocols. Nevertheless, this

procedure has been used successfully in a number of

studies, a recent example being the hydrolysis of

pneumococcal polysaccharides reported by Talaga and

co-workers.3 Bacterial polysaccharides are special in the

sense that they have a repeated structural motif with 2�/8

sugar residues, the sequence of which can be determined
by NMR. Currently known exceptions from this include

bacterial alginates. Procedures involving cleavage of the

glycosidic bonds are not always needed in order to

determine the monosaccharide composition. In some

cases the sequence of the repeated unit cannot be

determined unambiguously from NMR spectra of the

intact polymers, due to poor resolution in the resulting
spectra. In such cases, more reliable structural informa-

tion can be obtained from studies of oligosaccharide

samples. Oligosaccharide fragments can be prepared

from the polysaccharide either by mild acid hydrolysis

or enzymatic degradation with specific enzymes. One

example is the use of NMR and MS in combination for

the structural determination of the O-specific polysac-

charide of Vibrio cholerae O8.4

NMR studies can also provide information about the

stereochemical configuration, especially the anomeric

configuration, of the monomers in the polymer chains.5

In general, when obtaining spectra from higher mole-

cular weight oligosaccharides and polymers, the char-

acteristic signals from the end residues diminishes and

finally disappears when the molecular weight exceeds a

certain limit. The anomeric configuration is therefore
easier to determine from NMR spectra of short frag-

ments.

Different types of chromatographic methods can be

used for isolation of the oligosaccharides. Fractions

containing only oligosaccharides of a certain length can

be isolated and subjected to further analysis. One

elegant separation procedure is High Performance

Anion Exchange Chromatography coupled with a Pulse
Amperometric Detector (HPAEC-PAD) as described by

Brüll et al.6 The purified oligomers can be subjected to

further analyses by desorption and ionisation methods

like fast atom bombardment (FAB), electrospray ioni-

zation (ESI), or matrix assisted laser desorption ioniza-

tion (MALDI) coupled to MS.7 Such soft ionisation

methods will in most cases give rise to ions of the intact

oligomers and their fragments, resulting in mass spectra
from which an overall information on the sequence of

the monomers can be deduced. Tandem MS is a

powerful technique in this respect that allows determi-

nation of complex sequences. For bacterial polysacchar-

ides, the results of the MS experiments coupled with

methylation studies of the oligomers formed can lead to

the sequence of the repeating unit. For example, an

extracellular polysaccharide produced by the cyanobac-
terium Nostoc commune has been studied using this

approach.6 Oligomers up to five units were separated

and identified. It was also found by this method that

certain units in the polysaccharide had one of the

glucose units methylated at position 2.

2.3. Determination of linkage geometry, monosaccharide

configuration and substituent decoration

Chemical determination of the type of linkages between

the monomers is best performed by gas-chromatography

coupled with mass spectrometry (GC�/MS) analysis of
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the partially methylated, alditol acetates obtained after a

complete methylation of the polymer followed by acid

hydrolysis, reduction and acetylation. Monosaccharides

exist both in the D- and L-configuration. Hexoses are
normally present as D-sugars, but other monosacchar-

ides, e.g., arabinose, rhamnose and fucose, have a

tendency to exist in the L-sugar form. The absolute

configuration can be determined by GC of glycosides

prepared using an optical active alcohol, e.g., (�/)-2-

butanol, basically according to the method described by

Gerwig et al.8 The configuration of the monosaccharides

is determined by comparing the results of GC analysis of
the (�/)-2-butyl glycosides TMS-ethers, with those of

references.

Bacterial polysaccharides may also contain other

components than monosaccharides; methyl ether groups

may be present on all possible positions,6 and decora-

tions with acetate, sulfate and pyruvate esters are also

found. The position of the substituents can be deter-

mined e.g., by IR or NMR, or by GC�/MS analysis of
derived alditol acetates obtained after complete hydro-

lysis of the polymers.

3. Molecular structure

3.1. Information obtainable from X-ray diffraction

studies of polysaccharides

Fibre X-ray diffraction studies is the preferred method

for establishing the three-dimensional structure and

organisation of long chain polymers and biopolymers.9

So far, for these compounds it has not been possible to

grow single crystals sufficiently large to allow studies by

single-crystal diffraction techniques. To our knowledge,

the longest polysaccharide fragment studied by single

crystal X-ray diffraction is cycloamylose, with 26
glucose residues.10 Oriented polycrystalline fibre pat-

terns, however, can usually provide the information

required to establish the conformation of the polymer

chains, describe the lateral packing, and sometimes even

allow the determination of the co-ordinates of ions

included within the structure.11 The information needed

to fully describe the shape and structure of a poly-

saccharide chain can be divided into three groups. The
ring conformation for each of the units in the chemical

repeat must first be described, then the relative orienta-

tion of adjacent saccharide units must be characterised,

and finally questions related to the possible formation of

intertwining helices and the orientation of the polymer

chains (parallel, antiparallel) should be addressed. The

relative orientation of the adjacent saccharide units is

usually expressed in terms of the torsion angles f , c ,
and v around the glycosidic bond (Fig. 1a). Often,

molecular models are used to find the (f , c , v) values

which satisfy the constraints imposed by the experi-

mental data. For example, the pitch and the symmetry

of a helix formed by the polysaccharide chain can be

deduced from X-ray diffraction studies of fibres. In

addition, information about the distribution of f , c , v
torsion angles for a particular polysaccharide can be

determined from solution NMR measurements,12,13 or

from molecular modelling.

In general, the fibre diffraction pattern bears a

resemblance to that from a rotating single crystal. In

fibres, crystallites are aligned in such a way that the

polymer chain axis (typically c -axis) runs parallel to the

axis of the fibre. The azimuthal orientation of the
crystallites is random. A diffraction pattern taken with

the X-ray beam orthogonal to the fibre axis is therefore

similar to a single crystal rotation pattern, with the

crystal being rotated about c by 3608. In this type of

pattern, all the hkl diffraction intensities can be

recorded nearly simultaneously. For an orthorhombic

or a monoclinic unit cell, the diffracted intensities are

located on a set of parallel (if the film has a cylindrical
shape) or hyperbolic (for a flat film) layer lines. The a*

and b* directions (hk0 diffraction signals) are located on

the equator and c* is parallel to the meridian. The

spacing between the layer lines, for the flat film case

measured on the meridian, represents the stereochemical

repeat distance along the polymer chain direction. This

repeat usually includes more than one chemical unit.

Furthermore, for a chain in a helical conformation with
n�/number of units in a single turn, the diffracted

intensities on the meridian only occurs for the layer lines

with index l which is a multiple of n . For example, for a

51 helix meridional reflections will occur on the 5th and

the 10th layer lines.

In addition, the systematic absence of diffracted

intensities on entire layer lines provides information on

whether the polymer chains form single, double or triple
helixes. For example, in the case of two chains forming

an intertwining double helix, all odd layer lines will be

missing. Additionally, a small disruption of the perfect

double helix, caused by for example changes in the

relative humidity, can bring up weak intensities on the

missing layer lines. This fact can therefore be used to

further validate a double helical model.

In the structure determination procedure, the density
of the crystalline fibres should also be determined

experimentally (e.g., by the flotation method). This is

useful for two reasons, the first being that it can help

establishing the number of polymer chains per unit cell

and the amount of hydration water. Secondly, large

differences between the measured density and the

density calculated from the unit cell volume can indicate

errors in the assignment of the indexes to the diffraction
signals and as a consequence errors in the determined

unit cell parameters.

A more detailed analysis of the diffraction intensities

is needed in order to determine atomic co-ordinates,
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positions of ions involved in interchain interactions, etc.

In the most commonly used structure determination

procedure, the initial structural data is used to build a

starting model, which is then refined against observed

diffraction intensities and stereochemical interactions.

Finally, we should mention that even in the case of

high resolution X-ray diffraction data, it is usually not

possible to the determine positions of the hydrogen

atom with confidence. This is due to the fact that

hydrogen is a relatively weak scatterer of X-rays. It is

however a strong scatterer of neutrons. Neutrons are

also scattered in a significantly different way by different

isotopes of hydrogen. The power of neutron diffraction

in combination with specific deuteration for locating

hydrogen atoms and water molecules has recently been

shown in studies of cellulose14�17 and other biopoly-

mers.18 In one example, Nishiyama et al.16 used a

combination of fibre X-ray and neutron diffraction to

study the crystal structure and hydrogen-bonding sys-

tem in cellulose Ib. The data was recorded for oriented

fibrous samples prepared by aligning cellulose micro-

crystals from tunicin. The X-ray data were used to

determine the C and O atom positions. The positions of

the hydrogen atoms involved in hydrogen bonding were

determined from a Fourier-difference analysis using

neutron diffraction data collected from non-deuterated

and deuterated samples. It was discovered that the

hydrogen atoms involved in the intramolecular hydro-

gen bonds between O3 and O5 have well-defined

positions. On the other hand, the diffraction data and

IR observations indicated an intrinsic disorganization of

the hydrogen bond pattern for O-2 and O-6, suggesting

multiple geometry with partial occupation.

Stable associations between polysaccharide chains in

the solid state are believed to bear a similarity to the

associations of the polymer chains involved in formation

of junction zones in polysaccharide gels. Understanding

the junction zone structure is a critical step towards

identifying factors important in gel formation. The

structure in the solid state can also reveal the preferred

conformations of the polysaccharide chain. For exam-

ple, it was discovered for poly a-L-guluronic acid that
the shape of the molecule could both provide insight

into how the polymers interact with each other and

identify factors important for this process. Fibre X-ray

diffraction studies showed that the guluronic acid unit is

in the 1C4 conformation, giving the polymer chain a

characteristic zigzag appearance.19 This discovery was a

critical step in describing the mechanism of junction

zone formation involving divalent cations (so called egg-
box model).20

3.2. X-Ray diffraction studies of the bacterial

polysaccharide welan

To illustrate how fibre X-ray diffraction can be used to

study polysaccharides we will discuss welan, an indust-

rially important bacterial polysaccharide from the gellan

family. To do so, we should first briefly mention the
structure and properties of gellan. It is a linear, ionic

polysaccharide with a chemical repeat consisting of four

units (ABCD, Fig. 2a). Native gellan includes approxi-

mately 6% by weight O-acyl groups, and under appro-

priate conditions it can form weak elastic gels.21 In the

solid state, gellan polymer chains form intertwining

double-helical structures. The polymer chains are par-

allel, half-staggered (relative c -axis shift of c /2) and have
a 3-fold conformation.22 Weak gel formation is attrib-

uted to the interaction between double-helices and is

influenced by the presence of monovalent or divalent

cations.

Aqueous solutions of deacetylated gellan are very

viscous and can form gels at concentrations as low as

0.04%. An important feature of gellan gels is their

thermoreversibility.
Gellan was extensively used in the past as a model

system for studying the mechanism of gelation of

polysaccharides. Upon heating, the double-helical struc-

ture of native gellan can be thermally dissociated. In the

older model for the gelation of gellan and related

polysaccharides like k-carrageenan, it was suggested

that upon cooling some of the double helices would

reform and thereby interconnect many different polymer
chains. This process would lead to junction zones

supporting connectivity in the network formation.

Recent direct imaging studies using AFM indicate that

the gels are formed by fibrous, ion-mediated aggregates

of double-helices rather than by double helices con-

nected by more flexible disordered chains.23�25

The main chain chemical repeat of welan share the

four sugar units (ABCD, Fig. 2b) of gellan. In addition,
welan has a side chain (E) of which approximately two

thirds are a-L-rhamnopyranosyl and the remaining are

a-L-mannopyranosyl units. Approximately 85% of the

Fig. 2. Basic chemical structure of the repeat units of gellan (a)

and welan (b) polysaccharides. The Glcp residue depicted A in

native gellan is substituted at O-2 with L-glycerol and at O-6

with acetyl groups (50%).101,102
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3-linked glucosyl units (A) are substituted with O-acetyl

groups in the 2-position.26 Despite similarities in the

chemical structure between welan and gellan, welan is a

non gelling polysaccharide, forming highly viscous

aqueous solutions which are stable up to 130 8C. Based

on the fact that no thermally induced gelation is

observed, Crescenzi et al.27 postulated a model in which,

in solution, welan polymer chains exist in a disordered

coil structure, and do not form intertwining double-

helices similar to that of gellan.

An attempt to visualise single welan polymer chains

by TEM is shown in Fig. 3a. As expected, the observed

objects are elongated, but much less flexible than what

one would expect from the linkage pattern. The

appearance of the polymer chains is similar to that

seen for gellan double helices,25,28,29 suggesting that

welan forms similar structures. Extensive TEM investi-

gations involving a variety of preparation conditions

failed to produce welan chains in a more disordered

conformation. Other studies showed that the solution

properties of welan in aqueous solution are unaffected

by heating (up to above 100 8C)30,31 or cooling. How-

ever, changes similar to those observed for gellan can be

induced if welan is dissolved in Me2SO/water mix-

tures.30,31

The final proof of the double-helix structure of welan

came from fibre X-ray diffraction. Oriented and highly

crystalline fibres of welan calcium salt (see pattern

reproduced in Fig. 3b) were studied by Chandrasekaran

et al.26 The interpretation of the diffraction data showed

that the backbone conformation is similar to that

observed for gellan. It was discovered that the side

chains fold back on to the main chain, to form hydrogen

bonds with the carboxylate groups. It was suggested that

this feature have a strong stabilising effect on the double

helix, providing an explanation why no thermally

induced dissociation is observed in aqueous solution.

However at temperatures as high as 100 8C and in

aqueous environment, one would expect the conforma-

tion of the side chain to be highly disordered, with

hydrogen bonds between the side chain, the main chain

and the surrounding solvent dynamically breaking and
forming. Therefore the side chain should only have a

small effect on the stability of the double-helical

structure at such high temperatures. An alternative

explanation for the increased stability of the welan

double-helix at elevated temperatures considers the

contribution from the disordered side chain to the

conformational entropy of the double helix. This con-

tribution will lower the entropy difference between the
ordered double helix state and the disordered single

chain state. It therefore will have a stabilising effect

raising the ‘‘melting’’ temperature of the double-helix.

For certain, presence of this short side chains will hinder

association of the double-helices, preventing formation

of gels.

4. Imaging of bacterial polysaccharides by EM and AFM

While X-ray diffraction can be used for structure

determination on the atomic scale, imaging by the

ultramicroscopic techniques TEM and AFM provide

information in the nm to mm range. These techniques

can be used to determine, for example, the distribution

of the polymer chain lengths, polymer chain flexibility
(i.e., the persistence length, Lp) and the mass per unit

length, ML. Much of the information obtainable by

TEM and AFM is similar, and therefore they will be

discussed together. At first, however, we would like to

point out some of the important differences between

these two imaging techniques. Imaging with the use of

TEM requires the sample being compatible with high

vacuum. In many instances, TEM requires elaborated
preparation procedures to achieve contrast enhance-

ment and vacuum compatibility. The influence of

Fig. 3. Electron micrographs of welan gum (a) (unpublished work by the authors). Fibre X-ray diffraction pattern recorded from

crystalline and well oriented fibres of welan calcium salt (b), reproduced with permission from Chandrasekaran et al.26
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artefacts associated with the preparation procedure

needs proper attention in order to avoid possible

misinterpretations of the image. AFM has the advan-

tage of offering an operating environment close to

physiological conditions, with the images being recorded

in air or when the sample is immersed in liquid, e.g.,

water.

4.1. Determination of polymer chain flexibility using EM

and AFM

Ultramicroscopy provides direct pictorial evidence of

chain flexibility reflecting the linkage pattern of the

polysaccharide chains, e.g., (10/3), (10/4). In Fig. 4,

electron micrographs and AFM topographs of some

polysaccharides having different linkage patterns are

shown. A bacterial exopolysaccharide produced by the

halophilic Archaon Haloferax mediterranei32 having

mixed (10/6) and (10/4) linkages, the polysaccharide

sclerox having a (10/3)-linked b-D-Glcp backbone,33

and (10/4)-linked alginate34 (fraction of guluronic acid,

FG�/0.66) are shown. Although the chain stiffness of

polyelectrolytes is influenced by the ionic strength of the

solution, the images show that the mixed (10/6), (10/4)

linkages yield the most flexible structure. Additionally, a

dramatic increase in chain stiffness is seen when

comparing the double-stranded welan (Fig. 3a) with

the individual chains having (10/4) or (10/3) linkages.

This type of information can be used to study the

correlation between flexibility and linkage geometry.

The reverse problem, i.e., deducing the detailed linkage

pattern from the observed tortuosity is, however, not

currently possible because a similar appearance can be

realised by different linkage patterns.

Parameters describing chain flexibility can be quanti-

tatively determined from observed chain trajectories.

One prerequisite for quantifying the chain stiffness from

the chain trajectory is that the entire contour of

individual molecules is visible, free from overlaps and

distinguishable from the background. This limitation

sets a lower bound on the flexibility of polymers that can

be investigated using AFM and TEM. Polysaccharides

that are more flexible than sclerox and alginate (Fig. 4;

Lp in the range 5�/20 nm), e.g., dextran (Lp�/2 nm 35),

have a globular appearance that does not allow assign-

ment of chain trajectories.

The analysis of chain flexibility from observed chain

trajectories requires adoption of a model. Generally, the

micrographs depict macromolecular structures on a

surface, for which either a two-, three- or intermediate

dimensionality is an appropriate basis for the ana-

lysis.36�39 A preparation procedure yielding an image

as a projection of a 3D conformation requires polymer

statistics developed for the 3D case. Such a situation

occurs in TEM when imaging a 3D specimen, or when

the drying procedures yield polymers kinetically trapped

onto a surface without subsequent options for

relocation of initial contact points. A 2D chain statis-

tical model as a basis for model development is the other

extreme. This situation assumes an equilibrium

conformation where the allowed fluctuations yield an

excursion of the chain trajectory only parallel, and not

perpendicular to the plane of the substrate. One can

also imagine a situation in-between, where many points

are quasi-adsorbed to the surface, while the

Fig. 4. Comparison of polysaccharide chain flexibility observed using TEM and AFM for polymers with different linkage patterns.

Electron micrograph of bacterial exopolysaccharides produced by the halophilic Archaeon Haloferax mediterranei with mixed (10/

6) and (10/4) linkages (a); Transmission electron micrograph of sclerox1.0 which has a (10/3)-linked b-D-Glcp backbone

(reproduced from Stokke et al.33) (b). Tapping mode AFM topograph of (10/4)-linked alginate (fraction of guluronic acid, FG�/

0.66) (c). The samples were prepared by vacuum drying of the polysaccharides dissolved in aqueous glycerol and followed by low-

angle platinum rotary replication for the TEM studies.33 Tapping mode AFM was carried out on the vacuum-dried specimens

without the platinum replication.
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remaining loops between these points are forced into the

plane.37,40

The persistence length, Lp, can be determined from

statistical analysis of the change in the tangent direction,
u , of the polymer chain as a function of segment

separation, l, of the chain trajectory. The analysis

assumes that the angle u between consecutive segments

can be described by a Gaussian distribution, that the

interaction between the surface and the molecule does

not alter the local chain rigidity, and that the observed

two dimensional conformation is a 2D state as discussed

above. Providing that these conditions are met, the
following equations can be used for the analysis of the

polymer chain flexibility using trajectories recorded

from EM or AFM:36

hu(l)i�0 (1)

hu2(l)i� l=Lp (2)

hcos(u(l))i�e�l=2Lp (3)

hu4(l)i=hu2(l)i2�3 (4)

Here, the angle brackets denote the ensemble average of

the variables. Eqs. (2) and (3) yield the basis for

determination of Lp, whereas Eqs. (1) and (4) can be

used to test if the underlying assumptions are satisfied.36

In this way, Eqs. (1) and (4) provide necessary tests to
verify that the data set is sufficiently uncorrelated, and

thus validate the analysis.37 Methods for excluding

molecules aligned as e.g., a result of artefacts associated

with the specimen preparation, has also been established

and involved the use of an order parameter.37 If such

methods are not applied, alignment of polymer chains at

the surface due to the substrate interactions or drying

procedure, can be misinterpreted as an onset of excluded
volume effects at chain lengths lower than what is

observed in solution studies (the onset of the excluded

volume effects being about l:30Lp):/
This approach has recently been applied to analyse

conformations and flexibility of the bacterial polysac-

charides xanthan41 and succinoglycan,42 including stu-

dies at different salt concentrations. We have previously

given a review of some older data on polysaccharides
using this framework.43 In some of the latter reports,

clear deviations from the assumption of the model

described above are present. This fact could indicate

that the molecules were not equilibrated at the surface,

and could be one reason for the deviations reported

between the groups.

Determination of the mean-square end-to-end dis-

tance offers an alternative route to provide information
of chain stiffness,37 but will not be detailed here due to

the similarities, with regard to both concerns and

possibilities, with the method based on Eqs. (1)�/(4).

4.2. Determination of strandedness and co-existing

structural morphologies of polysaccharides using EM and

AFM

Ultramicroscopic imaging by EM and AFM provides

information about individual molecules. This is at

variance with most techniques for physical and chemical

characterisation that yields a specified type of average.

On the basis of images contour, lengths and end-to-end

distances of individual molecules as well as distributions

for a population of molecules can be obtained. If the

molecular dimensions are known (mass per unit length),
one can obtain molecular mass distributions from the

contour length distributions. The mass per unit length,

ML, can be determined experimentally from the ratio of

MW/LW or MN/LN. Comparing this with different

models, gives an indication of the strandedness of the

polymer, and the ratio can furthermore be compared to

calculations based on the helical pitch (obtained from

diffraction data) and the chemical structure. Analyses
like these have been carried out to characterise the

acetan-like extracellular polysaccharide produced by the

Acetobacter xylinum strain CR1/4 under different

growth conditions. In this study dimensional analysis

together with static light scattering was used and the

results indicated that the molecules formed double

helices.44 Additional examples include the bacterial

polysaccharide xanthan, and fungal polysaccharides of
the (10/3)-b-D-glucan family.

The values of ML obtained for xanthan, ML�/21009/

200 g mol�1 nm�1, indicate a double stranded nature.

Direct visualisation of xanthan in the disordered state

revealed co-existence of completely and partly strand-

separated species and well-matched duplexes.45,46 This

important ability to image co-existing structural

morphologies within an ensemble of polymers having
the same chemical composition, is another important

facet of ultramicroscopy that sets it apart from most

other physical and chemical characterisation methods.

Further examples include e.g., detection of co-existing

circular and linear morphologies of scleroglucan follow-

ing a de-renaturation cycle imposed by changing the

solvent conditions and thereby the stability of the triple-

helical state.47�51 This approach can also be applied to
determine cluster morphologies when capturing struc-

tural information in gelation of polysaccharides.52,53

The detection of long-chain branches as reported for

pectin,54 is a further example of information that can be

obtained from these techniques. Structural studies of

carrageenan employing cryo-TEM, where the aqueous

sample is ideally vitrified, show fibrous structures.55

Although this study indicates that the electron optic
contrast of single-polysaccharide chains is so low that

they are hardly visible, the potential of this technique is

expected to be large within e.g. gelation of bacterial

polysaccharides such as gellan. Recent studies of col-
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lapsed DNA showing a highly organised packing of the

chains in a toroidal state,56 indicate the potential of this

approach.

4.3. Challenges and potentials of AFM imaging of
polysaccharides

One advantage of AFM imaging as compared to TEM is

the height information provided by the former. Ideally,

the height measured by AFM should be comparable to

the dimensions obtained from X-ray diffraction mea-

surements of lateral packed polymer chains. However,

due to a number of factors, AFM studies tend to
measure height values lower than those determined

with other experimental techniques. This is the case

irrespective of whether the imaging process takes place

in air under ambient conditions or in liquid. An

influence from factors other than height variations

producing additional topographic variation in the tip-

specimen interaction cannot be ruled out. The differ-

ences in height are determined either from iso-force
contours or positions with equal oscillation amplitudes

of the AFM tip, in contact and non-contact mode,

respectively. A residual water layer adsorbed onto the

sample surface is expected to be of importance in

influencing the measured topographic variations for

imaging of dried specimens. This layer causes adhesion

between the tip and the sample and may therefore affect

the measured height. The thickness of this water layer
will depend on both the hydrophobicity of the sample,57

and on the relative humidity of the environment.58,59

When imaging under liquid, electrostatic interactions

between the tip and the sample, as well as between the

tip and the mica, will have an influence on the measured

height. These interactions will depend on the pH and

ionic strength of the solution.60 The height can thus be

measured more accurately by choosing conditions in
which charges on the sample and the tip are minimised.

The second major obstacle in accurate height measure-

ments comes from the fact that the AFM tip might cause

compression of the sample during imaging.61

One example illustrating the potential of high-resolu-

tion studies using AFM is the report of direct imaging of

helical repeats of acetan. AFM images revealed a

periodicity in height along the chain, which was
attributed to the helical structure of acetan.62 Recently,

there has been an improvement in AFM instrumenta-

tion that is reported to yield improved imaging of helical

character in the case of DNA.63 The rich plethora of

helical structures reported for many bacterial polysac-

charides represents a rich source of samples that wait to

be studied by such techniques.

Imaging by AFM has still not reached its limitations.
Improved lateral resolution is sought for mainly by

employing sharper tips, and tips with carbon nanotubes

attached. With their small diameter, carbon nanotube

tips are expected to improve the lateral resolution during

imaging.64,65 Cantilevers smaller than the commercially

available ones, having high resonance frequencies in

liquid, allow for decreased acquisition time, to the order
of a few seconds. This has been illustrated for DNA

imaged employing a prototype AFM built for small

cantilevers.66 Moreover, it has also been shown that

conventional silicon nitride cantilevers can be improved

by focused ion beam milling to minimise the width of the

cantilever legs, thus increasing their resonance frequen-

cies in solution.67 This is of interest, as increasing the

acquisition rate will greatly increase the possibility of
tracing molecular movement in time.

5. Single molecule force spectroscopy of bacterial

polysaccharides

5.1. Single molecule force spectroscopy of bacterial

polysaccharides

In the above analysis of polymer flexibility from chain

trajectories, a Gaussian distribution of bending angles

was assumed. In aqueous solution, thermal forces

govern the dynamics and magnitudes of the bending

angles. In addition to being an important imaging tool,

AFM also offers the possibility to stretch single polymer

chains and thereby probe their elasticity directly. This,

and other nanomechanical testing devices, can be used
to determine mechanical properties corresponding to

conformations and deformations beyond those visited

due to thermal energy.68 The range of deformation

forces where the free energy change is of entropic origin

and deviations from this can be determined. The

importance of enthalpic contributions to deformation

free energies has been documented for a number of

biopolymers within the DNA, proteins and polysacchar-
ides classes. These studies also provided evidence that, at

critical forces, many polysaccharides undergo force-

induced conformational transitions, including e.g., de-

formation of the most stable ring conformation. Thus,

this field of force spectroscopy offers fundamental new

knowledge concerning the molecular origin of the

deformation free energy of polysaccharide chains. Ex-

amples included here range from isolated well-defined
components, to similar studies on the polysaccharide

layer of microbial cells.

The first report of the use of the atomic force

microscope to probe the elastic properties of a single

polysaccharide chain was published in 1997.69 In this

study, carboxymethylated dextran chains labelled with

streptavidin groups and chemically bound to a gold

surface were brought in contact with AFM tips labelled
with biotin. Upon retraction of the tip, single dextran

polymers were stretched up to 250 pN, the maximum

force supported by the biotin/streptavidin pair. To
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explore the behaviour of the polysaccharide chain under

forces exceeding 250 pN, a non-specific coupling based

on the adsorption of the chain onto the AFM-tip was

used. Up to a certain stretching force, entropic forces
dominated the chain deformation. Above this force, the

chain was forced into a stiffer conformation. The

deformation curves were modelled by entropy springs

with segment elasticity, and were also interpreted using

molecular dynamics (MD) calculations. The elastic

response was explained by a twist of the C-5�/C-6

bond in the glucose unit, resulting in an elongation of

the chain. At forces exceeding 250 pN, both simulations
and measurements revealed a discontinuity of the

deformation indicating a conformational change, which

was also found to be reversible. The authors indicated

that the transition might be caused by a flip of the

dextran C-5�/C-6 bond. In light of the more recent work

of Marszalek et al. discussed below,70 the nature of this

transition might be related to the mechanically induced

conformational change of the saccharide ring observed
for polysaccharides with axial glycosidic bonds.

The studies on dextran were followed by similar

studies on other polysaccharides: amylose, pullulan,70

carboxymethylamylose, carboxymethylcellulose and he-

parin.71 Using non-specific attachments to both surface

and tip, polymers were stretched to forces up to several

nN (Fig. 5). Sudden changes in the curvature of the

force-elongation profile (Fig. 5) were identified as a
nanomechanical fingerprint of a-(10/4)-linked polysac-

charides, and disappeared when the pyranose rings were

opened as a result of oxidation.70 The pyranose ring was

thus identified as the structural unit controlling the

elasticity of the molecule, and the elastic behaviour of

the a-(10/4)-linked polysaccharides was assumed to be

caused by a force-induced deformation of the ring

structure resulting in an elongation of the virtual bond
vector. The overall transition was from a chair-like to a

boat-like conformation. Force curves reflecting the

stretching of molecules of different length indicated

that the elastic properties scaled linearly with the chain

length. The force at which the force-induced conforma-

tional transition occurred was constant for a polysac-

charide with a certain structure, independent of the

length of the polymer. The change in free energy, DG ,
per monomer associated with the conformational transi-

tion was estimated from the force spectra. It was 4.5 kcal

mol�1 for the monomer units in amylose, and �/11 kcal

mol�1 for the monomers in dextran.70 These energies

are comparable to the calculated free energy of inter-

conversion between conformers of cyclohexane and

related six-membered rings, ranging up to 12 kcal

mol�1 for the free monomers in solution.72 Like
cyclohexane, pyranose rings can adopt various confor-

mations that can be described by variations in the ring

dihedral angles, i.e., the chair, boat and twist-boat

conformers. Due to the lack of symmetry introduced

by the exocyclic substituents (i.e., the hydroxyl and

hydroxymethyl groups) and the ring oxygen, glucopyr-

anose exhibits more than one energetically and geome-

trically distinct form of the boat, twist-boat and chair
conformers. The conformation and orientation of the

pyranose ring observed in the AFM stretching experi-

ments are not easily determined since different boat

conformations of comparable energies can explain the

observed elongation of the stretched polymer segment.

The possible stretched conformation was investigated in

a separate molecular dynamics simulation study of

conformations.73 Conformational deformation path-
ways in the form of potential curves starting from the

ground-state chair conformation and ending at one of

the boat or twist-boat structures were constructed. The

twist-boat conformation was suggested as the most

likely endpoint in the AFM experiment, but the

existence of a hindrance for the transition to the twist-

boat conformation, caused by geometrical constraints

introduced by neighbouring monomers in the chain,
could not be ruled out.

The conformational change was postulated to result

from the torque generated by the axially oriented

glycosidic bonds when a force was applied to the

molecules. This interpretation implies that the glycosidic

bonds act as mechanical levers, driving the conforma-

tional transitions of the pyranose ring. When the

glycosidic bonds are equatorial the torque will be close
to zero, causing no conformational change. This hy-

pothesis predicts the number of transitions in a given

pyranose monomer with a known ring conformation

and linkage geometry. It has been investigated further in

a study of polymers containing different numbers of

axial linkages; two (pectin), one (amylose) or zero

(methylcellulose).74 The pyranose ring conformation

was altered from a chair to a boat and then to an
inverted chair in a clearly resolved two-step conversion

in a study of the plant polysaccharide pectin (10/4-

linked a-D-galacturonic acid, i.e., with two axial lin-

kages, Fig. 5). With this work, the number of known

force-driven transitions between the chair and boat

conformers of the pyranose ring structure was expanded

to include chair inversion. The authors expected the

observed force-induced deformation of pyranose rings
to play a role in accommodating mechanical stresses.

Single molecule force spectroscopy of xanthan using

physical adsorption of xanthan to the AFM tip, revealed

different mechanical properties of native and denatured

xanthan, arising from different secondary struc-

tures.75,76 A resemblance observed between the segment

elasticity of denatured xanthan and dextran strength-

ened the hypothesis that the segment elasticity is due to
the deforming of the monosaccharide unit within the

polysaccharides. Force curves obtained when stretching

double helical xanthan (Fig. 6) were different from the

curves obtained for the polysaccharides described above.
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A monotonic increase in force was seen, followed by a

plateau, the height of which was the same in the

collected force curves whereas its length varied. The

force induced chain deformation was reversible up to the

force marking the start of the plateau zone (400 pN). If

the molecules were stretched beyond this force, the

molecules would yield and a hysteresis was observed in

the approach retract cycle. The observed connection

between the double-helical conformation of xanthan

and the plateau zone, together with the irreversible

nature of the transition and the independence of the

plateau force on the length of the stretched strand, made

the authors attribute the plateau to the splitting of the

helix. A force driven transition into a different helical

structure similar to the overstretched state observed for

B-DNA was also pointed out as a possible explanation

Fig. 5. Fingerprints of elasticity of linear polysaccharides obtained by AFM. Reproduced with permission from Marszalek et al.79

On the left, force-extension relationships of single polysaccharides in solution obtained by vertically stretching the molecules

between a substrate and an AFM cantilever. On the right, the (simplified) monomer and the type of glycosidic linkages in the

polysaccharide for which the force-extension curves are displayed on the left. All force extension curves, except that of cellulose,

display marked deviations from the purely entropic elasticity. These deviations are the ‘‘fingerprints’’ characteristic of monomers

and linkages. All extensions were normalized by the molecule length determined at a force of 1500 pN.
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for the observed plateau in the curves. The tendency of

xanthan to form aggregates, if exposed to certain

thermal histories, has earlier been reported.77 Investiga-

tions of the xanthan sample used75,76 would therefore be

of value in order to rule out the existence of such

aggregates. The connection made between the observa-

tion of a plateau zone and the existence of a helix

structure was strengthened by a later study on carra-

geenan, a non-bacterial polysaccharide.78 Plateaus in the

force curves were observed for carrageenan after adding

NaI, a salt known to induce a coil-double helix

transition in this polysaccharide. Such studies allow an

experimental quantitative determination of the interac-

tions stabilising e.g., a double-helical structure deter-

mined by X-ray fibre diffraction as discussed above.

Above, challenges and possible conventional routes

for determination of the structure of polysaccharides

were presented. Marszalek and co-workers suggested the

use of single-molecule force spectroscopy as an alter-

native method for identifying the composition of poly-

saccharide samples by mechanically stretching

individual molecules in solution. The results from the

force-extension measurements discussed above are ex-

amples from a growing library of force curves suggested

to be used as molecular fingerprints for identifying

individual polysaccharides in complex mixtures (Fig.

5).79 This novel AFM based techniques opens a

possibility for mechanical testing of structure to func-

tion relations at the level of individual biological

macromolecules. In such an approach, one should be

aware that the obtainable data from stretching experi-

ments are restricted to the linkage geometry, stretched

segment length and persistence length of the polymers.

The difficulty in determining the binding geometry will

increase with increasing structural complexity of the

polysaccharide. The reliability of a possible chemical

identification based on force spectroscopy is judged to

be, at this point, not on the level of the more established

techniques used for primary structure determination.

This is due to the rather limited variability of the force-

elongation fingerprints relative to the possible chemical

structure variation. In order to conclude about the exact

chemical structure of polymers in an unknown sample,
additional information must be obtained by other

techniques. Other challenges that need to be addressed

when studying the structure-function relation by single-

molecule stretching experiments are related to the

possible chemical heterogeneity and existence of impu-

rities in the samples. In addition, polymers with a

marked difference in chain stiffness, which will give

rise to different force-distance curves, will also be
distinguishable directly in images of the deposit, see

e.g., the electron micrograph of xanthan blended with

alginate.43 On the other hand, force spectroscopy opens

for identification of polymers attached to a surface, and

therefore opens for studies affording additional infor-

mation on localisation, as described below. Other

phenomena, such as adhesion leading to force-extension

profiles indicating a combination of desorption and
stretching (Fig. 7), represent an additional type of

information obtainable.

5.2. Single molecule force spectroscopy applied to study

polysaccharides on the surface of bacteria

The methodology proposed by Marszalek and co-work-

ers79 not only facilitates the investigation of polysac-

charide-extracts. As the surface of bacteria and cells are
covered with polysaccharides, the technique opens for

studies aimed at identifying and locating polysacchar-

ides on cell surfaces. The first study where AFM was

used in this respect, aimed at mapping the distribution

of mannan polysaccharides on the surface of yeast

cells.80 The binding force was determined between

concanavalin A and its corresponding polysaccharide

ligand (a mannan) on the cell surface. Force maps were
produced from the tip-surface force measured in a

number of points within squares of 9 mm2 on the

surface. Molecular recognition events were identified

on specific locations of the cell surface, reflecting a non-

uniform distribution of mannan chains. A control

experiment was carried out by determining the absence

of adhesion between a bare gold-coated tip and the yeast

cell surface. A repeated investigation of the same surface
documented that the molecular recognition events could

be reproduced to a large extent. This reproducibility of

the force maps indicated that the probe was capable of

identifying its target molecule on a heterogeneous sur-

face.

The heterogeneity in bacterial surface macromole-

cules has also been investigated by bringing an AFM tip

in contact with the surface of Pseudomonas putida cells
and stretching the surface-polysaccharides.81,82 Fitting

the observations to the entropic freely jointed chain

(FJC) model was suggested to reflect the presence of

Fig. 6. Force-extension curve for native xanthan in PBS

buffer. Reproduced with permission from Li et al.75,76
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molecules with different flexibility, and variability

between different locations on the surface of a single

cell appeared to be as important as cell-to-cell varia-

bility. The published data illustrate the need for

increasing the control of the amount of interaction in

such measurements. Ensuring that the stretching profile

analysed is the result of a single polysaccharide chain

being stretched between the AFM tip and the surface is

essential in order to extract correct information. In

AFM stretching experiments, information about the

length of the polymer segment being stretched is

inherent in the force curves. On the other hand, the

force�/z-piezo translation profile alone do not allow the

determination of whether one or several polymers are

contributing to the observations. Still, this kind of

control is crucial since a situation where the force load

between the tip and the surface is shared between two or

several chains, will not reflect the properties of the single

polymer chains. Efforts should therefore be made to

reduce the probability for multiple unbinding events.

The argument presented by Li et al.75 that the small tip

radius (20�/50 nm) allow only a few molecules to interact

with the tip is not in accordance with the observations

presented by Camesano et al.,81 showing several succes-

sive detachment events. Evans has proposed another

approach to ensure a high probability for forming single

molecular bonds. His strategy was based on adjusting

the parameters in the experiments in order to observe a

sufficiently infrequent bonding (�/95% confidence for 1

attachment out of 10 trial touches).83 The more infre-

quent the bonding, the higher the probability that the

observations reflect the behaviour of single molecules.

AFM has also been used as a tool for measuring

bacteria-surface interactions.84 E. coli subjected to

physiological stress synthesises and secretes capsular

polysaccharides which, due to a high negative charge

density, will prevent bacterial adhesion to surfaces. The

effect of the surface polymers on the adhesion process

was evaluated by comparing the interaction between

AFM tips and lawns of E. coli strains with varying

surface polysaccharide composition. Different experi-

mental designs were tested; bacteria were immobilised

onto a surface or onto cantilever tips. A combination of

the two set-ups will allow studies of cell�/cell binding

events.

Although the study described above shows that the

force between a bacterium and a surface can be probed

by AFM, the interpretation of the force curves is

difficult. According to Velegol et al.85 the contributions

of the polysaccharide layer to bacterium�/surface inter-

actions remain unresolved in the studies of Razatos,84 as

well as in similar studies.86 This is due to an insufficient

consideration of cell elasticity, which will make the

bacterium deform under an applied load so that the

Fig. 7. Relations between force and z-piezo position (approach and retraction) for examples illustrating single polysaccharide

stretching (a), polysaccharide desorption (b) and combined polysaccharide desorption and stretching (c). The actual examples were

obtained as follow. (a) Stretching of mannuronan immobilised on the AFM tip and anchored with an epimerase enzyme to the mica

support.103 (b) Desorption between mannuronan anchored to the AFM tip and chitosan anchored to the mica substrate (in pH 6.4

MOPS buffer, 5 mM CaCl2 and 5 mM NaCl). The desorption profile shows a ladder-like appearance where each plateau level

reflects a distinct number of simultaneous mannuronan chains being desorbed. This is consistent with other reported polyelectrolyte

desorption profiles.104 (c) Force profiles between alginate anchored to the AFM tip and alginate on the surface (in pH 6.4 MOPS

buffer, 5 mM CaCl2 and 5 mM NaCl), showing simultaneous signatures of both desorption and polymer stretching.
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origin relative to the tip location is not known.87 Other

complicating factors also exist, such as electrostatics and

the effect of glutaraldehyde cell-fixation on cell adhesion

properties. Despite these limitations, polysaccharide
fingerprinting and the use of chemically modified tips

has allowed AFM to provide interesting observations at

a molecular level on bacterial and other cell surfaces

under near physiological conditions.

5.3. The use of single molecule force spectroscopy to

study the involvement of polysaccharides in specific

interactions

The days are gone when the role of the carbohydrate

covering of cells was ascribed only to the protection of

the cell against the outside environment by repulsive

interactions. In a review on carbohydrate�/carbohydrate

interactions published in 1996 the authors stated that

given the presence of carbohydrates on cell surfaces of

all multicellular organisms as well as on pathogens from

viruses to bacteria, the question should not be their
involvement as such but their precise role in such

encounters.88 Cell-walls contain a gallery of carbohy-

drates and proteins that appear to interact with other

molecules, both inside and outside the cell.89 Oligosac-

charides and glycoconjugates (glycoproteins and glyco-

lipids) have intrigued biologists for decades as mediators

of complex cellular events. This topic has recently been

reviewed.90 Less detail is known about the role of
extracellular higher molecular mass carbohydrates.91,92

In the following a few aspects of the role of poly-

saccharides in specific interactions are discussed with

focus on some examples where AFM force spectroscopy

has provided new information.

Misevic and co-workers were the first to provide, in

an AFM study on marine sponges, quantitative evidence

for the cohesive function of carbohydrates in recogni-
tion processes.93,94 The self-adhesion system of aggre-

gating cells involves membrane recognition. As a result

of this system, cells discriminate between self and non-

self.95 Misevic and colleagues showed that an adhesion

proteoglucan (AP) could be the primary cell adhesive

molecule essential for the evolution of multicellularity.

Observations of AP molecules by AFM showed that

they are arranged as about 20 arms, 180 nm long,
emanating from a common centre. The binding force

between the AP of the marine sponge Microciona

prolifera was quantified in various physiological condi-

tions by linking the AP molecules to the AFM tip and to

surfaces. Approach and retract cycles showed multiple

steps on the retraction curve at distances ranging from 0

to 200 nm above the surface. The delayed interactions

were interpreted as the result of interactions between the
stringlike arms of the molecules. The magnitude of a

single step, that is the interaction between two single

arms, was 409/15 pN. Both the probability of forming,

and the strength of the AP�/AP interactions, were

reduced when reducing the calcium concentration, and

monoclonal antibodies (mAb) were seen to inhibit the

interaction, indicating that the adhesion forces mea-
sured by AFM originated from specific AP�/AP inter-

actions.

So far, there are to our knowledge no examples

reported where single-molecule studies have shown a

clear function of polysaccharides in biological interac-

tions, but examples are known where further knowledge

can be obtained using such techniques. One of these is a

study on plant�/pathogen interactions, where the final
outcome of the interaction is propagated as a complex

cascade of recognition, attack, and defence reactions at

the host/microbe interface. Many signal molecules from

the pathogen or from the host that are able to trigger

defence responses are derived from polysaccharides

naturally occurring during plant�/microbe interac-

tions.96 Some species of algae are known to react by

defence reactions to the presence of degradation pro-
ducts from their own cell walls.97,98 It was suggested that

the oligomers need to adopt an ordered single or double

helix conformation for the biological recognition to take

place. In plant�/fungus systems, cell wall oligosacchar-

ides from the host behave as signalling molecules and

modulate the virulence of the pathogen. A certain

sulfate substitution pattern of the host cell wall poly-

saccharide is needed to elicit the response.99 In these
systems, the detailed mechanism underlying the ob-

served interactions is not known, and single-molecule

force probes can be expected to advance the under-

standing of these systems.

6. Concluding remarks

Carbohydrates are not biologically inert molecules, but
play active parts in cell-signalling processes by interac-

tions with proteins and other carbohydrates. Despite the

importance of carbohydrates in biology, the difficulty in

studying carbohydrate�/carbohydrate and

carbohydrate�/protein interactions has hindered efforts

to develop an improved understanding of carbohydrate

functions. This is due to the structural complexity of

carbohydrates, coupled with the weak, often cation
dependent and polyvalent character of carbohydrate�/

carbohydrate interactions and the weak binding affi-

nities of carbohydrate�/protein interactions. But even

though difficult to study, polyvalent interactions have

several mechanistic and functional advantages over their

monovalent counterparts. Among these are the ability to

produce graded responses with a single type of interac-

tion, and the ability to increase the specificity of the
interaction.100 A cooperation between researchers in

different fields is important in establishing the involve-

ment of these interactions in biological processes and in
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discovering new processes where carbohydrates play

an active part. Ensemble studies by calorimetric or

spectroscopic analyses of solutions do not provide

direct information about binding forces between mole-
cular pairs, and are thus complementary to AFM

measurements. AFM based techniques might develop

into becoming an important addition to the arsenal

of analytical techniques used in carbohydrate

research.
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