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ABSTRACT The conformation of the polysaccharide hyaluronan (HA) has been investigated by tapping mode atomic force
microscopy in air. HA deposited on a prehydrated mica surface favored an extended conformation, attributed to molecular
combing and inhibition of subsequent chain recoil by adhesion to the structured water layer covering the surface. HA deposited
on freshly cleaved mica served as a defect in a partially structured water layer, and favored relaxed, weakly helical, coiled
conformations. Intramolecularly condensed forms of HA were also observed, ranging from pearl necklace forms to thick rods.
The condensation is attributed to weak adhesion to the mica surface, counterion-mediated attractive electrostatic interactions
between polyelectrolytes, and hydration effects. Intermolecular association of both extended and condensed forms of HA was
observed to result in the formation of networks and twisted fibers, in which the chain direction is not necessarily parallel to the
fiber direction. Whereas the relaxed coil and partially condensed conformations of HA are relevant to the native structure of
liquid connective tissues, fully condensed rods may be more relevant for HA tethered to a cell surface or intracellular HA, and

fibrous forms may be relevant for HA subjected to shear flow in tight intercellular spaces or in protein-HA complexes.

INTRODUCTION

The polysaccharide hyaluronan (HA) is a linear polyanion,
with the repeating disaccharide structure poly [(1 — 3)-B-D-
GlcNAc-(1 —4)-B-D-GIcA-]. HA is found primarily in the
extracellular matrix and pericellular matrix, but has also been
shown to occur intracellularly. The biological functions of
HA include maintenance of the elastoviscosity of liquid
connective tissues such as joint synovial fluid and eye
vitreous, control of tissue hydration and water transport,
supramolecular assembly of proteoglycans in the extracellu-
lar matrix, and numerous receptor-mediated roles in cell
detachment, mitosis, migration, tumor development and
metastasis, and inflammation (Balazs, 1968; Balazs and
Denlinger, 1985; Laurent et al., 1996; Tammi et al., 2002; Day
and Prestwich, 2002; Turley et al., 2002; Toole et al., 2002;
Hascall et al., 2004).

The extensive repertoire of biological functions of HA
suggest the existence of a correspondingly large repertoire of
HA conformations and specific binding interactions. It is
likely that the conformation is affected by the local en-
vironment, including ionic strength and specific ion inter-
actions, local dielectric constant, excluded volume effects,
tethering to surfaces and fixed macromolecular assemblies,
exposure to perturbing mechanical forces, and presence of
interacting species (including but not limited to proteins and
lipids).

Studies of the solution properties of purified HA have
provided a relatively clear view of the molecular conforma-

Submitted July 9, 2004, and accepted for publication October 8, 2004.

Address reprint requests to Mary K. Cowman, Tel.: 718-260-3054; Fax:
718-260-3125; E-mail: mcowman@poly.edu.

© 2005 by the Biophysical Society
0006-3495/05/01/590/13  $2.00

tion relevant to the hydrodynamic and mechanical properties
of liquid connective tissues (Laurent and Gergely, 1955;
Laurent et al., 1960; Cleland, 1984; Fouissac et al., 1993;
Hayashi et al., 1995). In dilute solution, under physiological
solvent conditions, HA chains adopt semiflexible random
coil configurations, having an apparent persistence length of
~5 nm. The chains occupy large hydrodynamic domains
with a low density of chain segments, as a result of the: 1),
high molecular weight of native hyaluronan; 2), local
stiffness arising from the intrinsically large size of the
monomeric units (sugar rings); 3), hindered rotations about
the glycosidic linkages; and 4), dynamically formed and
broken interresidue hydrogen bonds (Day and Sheehan,
2001; Cowman and Matsuoka, 2002). The dynamic nature of
the chain conformation is evident in the observation of
segmental motions on the nanosecond timescale, detected by
NMR relaxation methods (Cavalieri et al., 2001; Cowman
et al., 2001; Letardi et al., 2002) and predicted by molecular
dynamics simulations (Almond et al., 1998, 2000).

In semidilute or concentrated solutions, the hydrodynamic
domains of the hyaluronan chains overlap. Because the
hydrodynamic domains of HA chains are so large, this can
occur at quite low concentrations; for example, HA chains
with a molecular weight of 3 X 10° begin to overlap at
a concentration of ~0.6 mg/mL (Fouissac et al., 1993;
Berriaud et al., 1998). The chains accommodate to one
another by reducing domain size, allowing transient in-
terpenetration of domains, and by transient intermolecular
interactions, leading to altered hydrodynamic properties. The
solution elastoviscosity is increased dramatically. Although
this effect has been suggested to arise from formation of
a network by intermolecular association, the changes in
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viscosity with increasing concentration or molecular weight
are matched by a simple expression for polymer solution
viscosity, which does not invoke entanglement or stable
associations, and is equally applicable to rigid chain and
flexible polymers (Kwei et al., 2000; Matsuoka and
Cowman, 2002a,b). Recent studies of HA diffusion in
semidilute solutions also lead to the conclusion that inter-
molecular association is not required to account for the dif-
fusion coefficient dependence on concentration and molecular
weight (Gribbon et al., 1999).

The above view of HA as a semiflexible random coil
molecule must be reconciled with other evidence strongly
suggesting that ordered conformations and stable self-
association can exist under specific conditions: 1), in smooth
muscle cells exposed to viral mimics or agents causing
endoplasmic reticulum stress, HA is produced in the form of
huge cable-like assemblies linking cells together, and having
specific binding interactions with unactivated mononuclear
leukocytes, thus mediating the inflammatory response (de la
Motte et al., 2003; Majors et al., 2003; Hascall et al., 2004);
2) x-ray diffraction analysis of oriented fibers of HA show
not only extended single helices, but also a double helical
form, containing antiparallel chains (Guss et al., 1975;
Winter et al., 1975; Sheehan et al., 1977; Winter and Arnott,
1977; Sheehan and Atkins, 1983; Armott et al., 1983); 3),
short segments of HA (having an average molecular weight
of <~15-20 X 103) can be shown to self-associate
intermolecularly in aqueous NaCl solutions (Turner et al.,
1988; Cowman et al., 1998a); and 4), electron microscopic
and atomic force microscopic (AFM) studies show even
high-molecular-weight HA has a strong tendency for inter-
molecular self-association when spread or sprayed on a mica
surface. Continuous networks and fibers are usually formed,
except at very low (<~1-10 ug/mL) HA concentration
(Hadler et al., 1982; Scott et al., 1990, 1991; Brewton and
Mayne, 1992; Gunning et al., 1996; Cowman et al., 1998a;
Jacoboni et al., 1999; Al-Assaf et al., 2002; Mclntire and
Brant, 2002; Scott et al., 2003). The network formation can
be inhibited by specific and nonspecific protein binding to
HA (Fessler and Fessler, 1966; Morgelin et al., 1988;
Brewton and Mayne, 1992). Because the physicochemical
properties of high-molecular-weight HA in solution do not
indicate stable intermolecular self-association under the
same conditions, the networks are created on the surface
during the sample preparation. These data should therefore
be viewed as an indication of the potential for self-
association under appropriate perturbing conditions.

Different AFM sample preparation and analysis tech-
niques favoring the observation of isolated HA molecules
can give an alternative view of the conformation of HA. Under
ambient conditions, the surface of mica is covered by a layer
of partially structured water (Israelachvili and Pashley, 1983;
Hu et al., 1995a,b; Beaglehole, 1997; Xu et al., 1998;
Miranda et al., 1998; Bluhm et al., 2000; Cantrell and Ewing,
2001; Cheng et al., 2001; Spagnoli et al., 2003) This thin
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water layer has been found to allow scanning tunneling
microscopy and scanning electrochemical microscopy im-
aging of biological macromolecules without metallic coating
(Guckenberger et al., 1994; Fan et al., 1995; Heim et al.,
1997; Fan and Bard, 1999). In previous studies (Cowman
et al., 1998a,b, 2000; Spagnoli et al., 2003), we used tapping
mode AFM in air to examine isolated HA deposited on
hydrated mica surfaces from dilute and semidilute aqueous
solutions. In this study, we manipulate the interaction of HA
with the surface and the water layer, revealing the potential
for a wide variety of molecular conformations. HA can be
visualized in extended forms, relaxed forms bearing sig-
nificant helical character, and specific condensed forms.
Ordered intermolecular associations based on extended and
condensed forms are also documented. These differing
shapes and assemblies may be relevant to the role of HA in
specific environments in vivo. A preliminary account of
some of this work has been presented (Cowman et al., 2002).

MATERIALS AND METHODS

Bacterial hyaluronan of low (~1 X 10%), moderate (~4-5 X 10°), and high
(~5 X 10°% average molecular weight was obtained from Genzyme
(Cambridge, MA). Additional high average molecular weight (2.2 X 10°%)
bacterial HA was obtained from Sigma Chemical (St. Louis, MO). Pig skin
HA with an average molecular weight of 1.5 X 10° was obtained from
Seikagaku Kogyo (Tokyo, Japan) Hylan A, a high (~2-6 X 10°) molecular
weight hyaluronan isolated under conditions that can result in limited cross-
linking, was obtained from Biomatrix (Ridgefield, NJ). Except for the lowest
molecular weight samples, all of the average molecular weights were de-
termined by agarose gel electrophoresis or viscometry (Lee and Cowman,
1994). The identity of the HA sample used for each of the presented images
is given in the figure legends, but we found no significant difference in
behavior among the samples, except for some molecular weight dependence,
as noted in the text. Each sample was dissolved and stored at 4°C, at
a concentration of 0.5-1.0 mg/mL in H,O or 0.15 M NaCl solution. For the
high-molecular-weight samples, the above stock solution concentration is
close to or above the coil overlap concentration, at which the domains of
isolated HA chains begin to interpenetrate. A secondary stock solution, from
which final dilutions for AFM studies are to be made, should be well below
this value to avoid excessive entanglements of the chains on the surface. The
secondary stock solution should furthermore be equilibrated for a sufficient
time to allow complete separation of the polymeric chains. (We use
secondary stock solutions of ~0.1 mg/mL, prepared weekly by dilution with
H,O or 0.15 M NaCl, and have found that overnight equilibration after
dilution is sufficient.) Subsequent dilutions, for example, to 2-10 ug/mL, in
the presence of 10 mM MgCl,, were done on the day of analysis.

Mica was either: 1), freshly cleaved or 2), prehydrated after cleavage by
storage under ambient temperature and humidity, protected from dust, for
a period of at least 16 h before use. A 4-uL drop of HA solution was applied
to the mica surface, allowed to interact for 30-120 s, then rinsed with H,O
and dried under a gentle stream of dry N,. The movement of water droplets
across the surface during drying can result in extension of HA molecules on
the surface (molecular combing).

The AFM instrument was a multimode scanning probe microscope
equipped with the type EV scanner, and Nanoscope Illa controller (Veeco
Instruments, Woodbury, NY). Images were obtained in air at ambient
temperature and humidity, over a range of ~30-60% relative humidity.
Imaging under water was not achieved, due to the intrinsically poor adhesion
of HA to mica. Imaging of HA on mica under butanol has been reported by
Gunning et al. (1996) and Al-Assaf et al. (2002), where the butanol is used to
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inhibit HA solubility. The tapping mode was employed, using etched silicon
probes of 125-um nominal length, at a drive frequency of ~300 kHz. The
root mean square voltage for the free amplitude of the probe in air was set to
2.5-3.0 V. The large free amplitude was chosen specifically to aid imaging
of the thin HA molecules through a water layer on mica surfaces. The
amplitude set point value used was always ~1 V lower, which corresponded
to the highest value (i.e., lowest force) possible to retain contact with the
surface. Data were recorded at a scan rate of 1-3 Hz, and stored in 256 X
256 pixel format. Images were processed using the Nanoscope version
4.4318 software. For images to be used in measuring heights, only zero-order
flattening was used. For image presentation, first-order flattening was used
unless otherwise indicated. Contrast enhancement was used where indicated
(parameters as follows: equalization 0, background removal 9, neighbor-
hood size 16).

RESULTS

Extended forms of HA on prehydrated
mica surfaces

Fig. 1 shows two examples of AFM images of HA chains in
extended conformations. The nearly linear chain aspect is
most commonly observed under the following conditions:
1), a sample preparation procedure that results in forced ex-
tension of the HA chain by molecular combing; 2), addition
of 10 mM MgCl, to the sample to reduce electrostatic
repulsion between the polysaccharide and the surface; and
3), prehydration of the mica surface at ambient humidity, to
create a layer of structured water before sample deposition
(previously characterized by Spagnoli et al., 2003). In the
absence of a preformed layer of structured water, extended
forms of HA are much less commonly observed (see below).

The average height of HA chains in the extended form is
~0.5-0.6 nm, relative to the apparent surface. This is in
good agreement with the expected diameter of an HA chain.
The chain height is uniform along the contour length of each
chain, suggesting that the chains are fully extended. The
conformation of an extended HA chain is likely to be similar
to one of the extended single helices documented by x-ray
diffraction analysis of pulled fibers of HA. The known single
helix structures have 2, 3, or 4 disaccharide units per turn of
the helix, and an extension of 0.85-0.98 nm per helical
repeat. The polydispersity of our samples precludes use of
the contour length to calculate the exact degree of chain
extension.

The extended conformation is not compatible with the
solution properties of HA in neutral aqueous salt solutions.
The images are therefore not projections of the three-
dimensional chain configuration in solution, which would
occur if the chains had sufficiently strong affinity for the
surface (‘‘stick where they touch’’) that subsequent rear-
rangement could not occur. The chain configurations are also
not two-dimensional equilibrated forms of the polysaccha-
ride, which would reflect the intrinsically short persistence
length of ~5-20 nm observed in aqueous solutions of
differing ionic strength. This means that the chain conforma-
tion is significantly affected both by the extensional force
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FIGURE 1 Extended conformations resulting from molecular combing in
HA deposited on prehydrated mica, observed in tapping-mode atomic force
microscopy (TMAFM) height images. Bar = 500 nm. Z range 1-2 nm. (A).
Low molecular weight bacterial HA deposited from 7 pg/mL solution in 10
mM MgCl,. (B) Low molecular weight pig skin HA deposited from 2 pg/
mL solution in 10 mM MgCl,.

applied, and by the subsequent moderately strong interaction
with the surface, which prohibits equilibration.

Loosely coiled forms of HA on prehydrated
mica surfaces

Fig. 2 shows four examples of loosely coiled HA chains
imaged after deposition on prehydrated mica. These chains
may not have been subjected to sufficient molecular combing
forces for extension after deposition (possibly as a result of
strong attachment to the water layer before combing, or the
short length of some chains). Alternatively, significant
relaxation may have occurred. The HA molecules exhibit
curved segments, with radius of curvature of ~20-60 nm.
The chains show little variation in height along the contour
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length, and the heights are close to the expected chain
diameter of ~0.5-0.6 nm.

Relaxed coil forms of HA on freshly cleaved mica

We have observed that it is more difficult to obtain clear
images of HA after deposition on freshly cleaved mica, even
in the presence of 10 mM MgCl, to aid attachment to the
surface. Frequently, the HA chains appear to be of very low
height (0.2-0.4 nm), even if located physically close to
a (much less common) prominent HA chain having the
characteristic appearance described above for an extended or
partially relaxed form, lying on top of the structured water
layer. The clear inference is that the low-height chains are
located within the water layer. The low apparent height is an
artifact of the instrumental difficulty encountered in defining
the surface position in the presence of structured water.

A second characteristic of the low-height chains is their
coiled configuration. Fig. 3, A and B, show images
containing multiple randomly coiled chains, which are rea-
sonably compatible with the known solution properties of
HA. An ensemble average conformation of loosely coiled
structures like those seen here would be expected to result
in the theoretical Gaussian distribution of chain segments
for a random coil polymer model. Thus, these relaxed coil
forms of HA provide a good mental image for the type of
instantaneous chain configurations adopted by HA in dilute
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FIGURE 2 Partial relaxation with marked curvature
in HA deposited on prehydrated mica, observed in
TMAFM height images. Bar = 250 nm. Z range 1-1.8
nm. (A) Low molecular weight bacterial HA deposited
from 5 wg/mL solution in 10 mM MgCl,. (B) Low
molecular weight bacterial HA deposited from 100 pg/
mL solution in 30 mM NaCl (C) High molecular
weight bacterial HA deposited from 2 pg/mL solution
in 10 mM MgCl,. (D) Low molecular weight pig skin
HA deposited from 2 ug/mL solution in 10 mM
MgCl,.

aqueous solution. No calculation of persistence length has
been made from these images, because the number of chains
observed in this way has been too small, the effective ionic
strength and dielectric constant at the surface are not known,
and the extent of conformational equilibration within the
structured water layer is not known. Therefore the compar-
ison to solution properties is made for qualitative purposes
only.

Fig. 3, C and D, show coiled chains with an apparent
repeated curvature, possibly reflecting a weak helical bias in
the chain direction. The chain conformations appear to be
relaxed forms of the extended helices observed by x-ray
diffraction, rather like the relaxed helix of a telephone cord
relative to a stretched cord. However, the number of residues
in a coil turn of perhaps 100-nm length, corresponding to
~100 disaccharide repeats, has no clear correspondence to
the 3—4 disaccharides per turn observed in the solid state by
x-ray diffraction. The helical bias can result from an intrinsic
tendency for curvature in chain direction. It should be noted
that the chains, if helical in tendency, are flattened by being
trapped within the finite thickness of the water layer on mica.
Thus the thin (<~2 nm) layer of water forces HA chains to
spread horizontally rather than vertically from the surface.

The images of loosely coiled HA chains deposited on
freshly cleaved mica frequently require contrast enhance-
ment, because the partially structured water layer interferes
with the ability to image the HA chains. The HA chains are
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not strongly immobilized within the partially structured
water layer; chain movement is sometimes seen during
scanning. The HA appears to act as a defect in the water
structure, which is formed at the same time as the deposition
of the HA on the freshly exposed mica surface.

Condensed forms of HA on mica

The intrinsic affinity of HA for mica is weak, especially in
the absence of a preformed structured water layer. The electro-
static repulsion between mica and polyanionic HA may be
poorly masked by the concentrations of MgCl, (10 mM)
or NaCl (0-150 mM) used in our imaging experiments.
The low affinity for the surface can result in configurations
that range from loosely coiled forms of HA to partially or
completely condensed chain configurations. Fig. 4, A-F,
show images of HA with varying degrees of condensation.
Such structures can be seen on either freshly cleaved or
prehydrated mica, but are most commonly seen on the
former.

A frequent characteristic of partially condensed HA chains
is the pearl necklace appearance, as seen in Fig. 4, A—B. The
chains have thin segments alternating with higher globular
features. The chains in Fig. 4 C appear to shorten in contour
length as the number and frequency of globular features
increases. Chains that are nearly fully condensed (Fig. 4 D)
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FIGURE 3 Relaxation to coiled conformations in
HA deposited on freshly cleaved mica, observed in
TMAFM height images. Images were contrast en-
hanced. Bar = 500 nm. Z range 1-1.3 nm (A) High
molecular weight bacterial HA deposited from 5 ug/
mL solution in 10 mM MgCl,. (B) High molecular
weight bacterial HA deposited from 10 pwg/mL solution
in H,O. (C) High molecular weight bacterial HA
deposited from 10 wg/mL solution in H,O. (D) High
molecular weight rooster comb hylan A deposited from
5 wpg/mL solution in 10 mM MgCl,.

are thicker than single chains of HA, with the thick portions
of the rods generally having a height of ~0.8 = 0.4 nm. This
approximates the thickness of two chains.

Chains that appear to be fully condensed are seen in Fig. 4,
E-F. The moderate-molecular-weight (~4 X 10°) HA
chains appear as short stiff chains. The width of the rodlike
form is artifactually broadened by the finite width of the
probe tip, but an estimate of ~6 nm can be obtained from the
measured width of 20 = 5 nm, assuming a tip width of 14-16
nm (Margeat et al., 1998). The degree of linear condensation
can be roughly estimated as ~10- to 20-fold, by comparison
of the expected average contour length for a given sample
with the length of the condensed form. A very high
molecular weight (~6 X 10%) modified HA (hylan A) forms
longer, less rigid, possibly imperfectly condensed, wormlike
chains upon condensation.

Frequency of observation of different forms

Considering only isolated (nonaggregated) HA chains, the
frequency of observation of each of the characteristic
conformations of HA on mica was as follows: 1), on
prehydrated mica, for 156 chains imaged, ~80% of chains
were extended or loosely coiled, <5% were relaxed coils,
and ~20% were substantially or completely condensed; 2),
on freshly cleaved mica, for 366 chains imaged, <5% were
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extended or loosely coiled, ~30% were relaxed coils, and
~70% were substantially or completely condensed.

Intermolecular aggregation of condensed
HA chains

The condensed forms of HA frequently exhibit further
aggregation, especially in areas of local high concentration
formed during sample drying. Loose clumps and fibrillar
assemblies are seen in Fig. 5, A—D. The short rods of Fig. 5,
A and B, show limited side-by-side association, and many
single point contacts. The longer condensed HA chains of
Fig. 5, C and D, also associated by twisting around each
other, to form fibrillar assemblies, in which the HA chain
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FIGURE 4 Condensation to pearl necklace or rod-
like forms in HA deposited on either freshly cleaved or
prehydrated mica, observed in TMAFM height images.
Bar = 250 nm. Z range 1.5-3 nm. (A) High molecular
weight rooster comb hylan A deposited from 5 ug/mL
solution in 10 mM MgCL,. (B) Higher magnification
image of same sample as in image A. (C) High
molecular weight bacterial HA deposited from 10 ug/
mL solution in H,O. (D) Moderate molecular weight
bacterial HA deposited from 100 pg/mL solution in 15
mM NaCl. (E) Moderate molecular weight bacterial
HA deposited from 5 pg/mL solution in H,O. (F) High
molecular weight rooster comb hylan A deposited from
500 pg/mL solution in 0.15 M NaCl.

direction was not constrained to be parallel to the fibril
direction.

Intermolecular aggregation of extended HA chains

When HA is deposited on mica from a high concentration,
and/or allowed to dry before rinsing away loosely bound
material, the local concentration becomes quite high. Under
these conditions, HA is well known to form networks on
mica. Fig. 6 A shows that the network contains globular
deposits of HA, linked by extended chain segments. HA
molecules having segments immobilized in two or more
different globules become extended by the self-association
process driving the globule formation (Fig. 6, B and C). It is
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interesting to note that adjacent extended chain segments
appear to twist around each other (with an apparent left-
handed chirality in Fig. 6 B), to form fibrils in which the HA
chain directions are nearly coincident with the fibril di-
rection. Formation of this type of fibril requires the applica-
tion of a force to extend the HA molecules (Marszalek et al.,
2001), and is fundamentally different from the process by
which fibrils form from condensed HA as described above.

DISCUSSION

Extended versus relaxed forms of HA: the role of
structured water on mica surfaces in determining
macromolecular conformation

It is generally understood that mica should be freshly cleaved
before use in sample preparation for AFM or electron
microscopic studies, to obtain a clean, hydrophilic surface.
Upon cleavage, a negatively charged surface is obtained, as
a result of partial loss of the potassium ions at the cleavage
plane. The surface begins to take up water from the air, but
the rate of surface hydration is not controlled. Recently we
used AFM to image the formation of a structured water layer
on mica at room temperature (Spagnoli et al., 2003). The
induction time for the appearance of the ordered layer was
variable, but growth proceeded rapidly once structure was
nucleated. The depth of the structured part of the water layer
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FIGURE 5 Intermolecular aggregation of intramo-
lecularly condensed chains of HA deposited on freshly
cleaved mica, observed in TMAFM height images.
Bar = 250 nm. Z range 2.5-6 nm. (A) Moderate
molecular weight bacterial HA deposited from 10 ug/
mL solution in H,O. (B) Moderate molecular weight
bacterial HA deposited from 10 wg/mL solution in
H,0. (C) High molecular weight bacterial HA de-
posited from 5 ug/mL solution in 10 mM MgCl,. (D)
High molecular weight rooster comb hylan A deposited
from 500 pg/mL solution in 0.15 M NaCl.

(but not the unstructured part, if present, because its depth is
not determinable by AFM) was measured by tapping mode
AFM, and ranged from a buckled monolayer with an
apparent height of 0.33 = 0.04 nm to multiple layers with
a total depth of ~1.5 nm.

In AFM studies of DNA, it has been found that a dry
atmosphere is preferred for imaging (Hansma et al., 1995).
On the other hand, the presence of the water layer on mica
has been exploited by Guckenberger and co-workers
(Guckenberger et al., 1994; Heim et al., 1997) and Bard
and co-workers (Fan et al., 1995; Fan and Bard, 1999) to
allow imaging of biological macromolecules by scanning
tunneling microscopy and scanning electrochemical micros-
copy without metallic coating being required, due to the
conductivity of the water layer. The depth of the water layer
in those studies was thought to be <~0.5 nm, in which DNA
with a diameter of 2 nm would be only partially submerged.

For HA and other thin, single-stranded biopolymers (even
single-stranded DNA or RNA), the water layer can have
a much more important role in determining the molecular
characteristics. HA has a diameter of only ~0.5-0.6 nm. It
can therefore be located completely within a structured or
partially structured water layer on a mica surface. We have
found that we obtain characteristically different images of
HA, depending on the hydration of the mica surface and the
extent of water layer structure formation before sample
deposition.
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FIGURE 6 Network showing twisted fibrils formed by extension of chain
segments between globules of HA deposited on freshly cleaved mica and not
rinsed before drying, observed in TMAFM height images. Bar = 500 nm. (A)
High molecular weight bacterial HA deposited from 100 pg/mL solution in
H,0. Zrange 15 nm. (B) High molecular weight bacterial HA deposited from
100 pg/mL solution in H,O. Z range 2.3 nm. (C) High molecular weight
bacterial HA deposited from 100 wg/mL solution in H,O. Z range 2.4 nm.
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If a mica surface was allowed to prehydrate under ambient
conditions for a suitable period (e.g., overnight) before
sample deposition, HA chains were frequently imaged lying
on top of a corrugated surface, which is identified as the
structured portion of the water layer, with ‘‘holes’” induced
by the heating due to repeated scanning. (The use of the
lightest possible tapping force, consistent with the large
tapping amplitude that allows penetration of the water layer
even at high humidity, is advantageous in imaging both the
structured water and the polysaccharide chains.) In
the absence of the corrugated appearance, the status of the
surface hydration layer is not determined. An apparently
smooth surface can be interpreted as either a mica surface
with only unstructured water, or a surface having a complete
layer of structured water. The HA chain height, measured
relative to the top of a corrugated structured water layer, is in
agreement with expectation for single chains, indicating that
the HA chains are located on top of one or more layers of the
structured water. The extent to which the HA chain is also
surrounded by unstructured water is not known.

An extended conformation is favored for HA deposited on
the structured water layer of prehydrated mica. This
conformation is attributed to a process termed ‘‘molecular
combing’’ (Bensimon et al., 1994; Allemand et al., 1997; Li
et al., 1998). Inhibition of recoil is proposed to result from
interaction of HA with the structured water layer. The
persistence length of such a chain conformation, when
caused by orientation and stretching, is larger than that
characteristic of the macromolecule in solution (Stokke and
Brant, 1990; Stokke and Elgsaeter, 1994; Mclntire et al.,
1995; Adams et al., 2003). The two-dimensional excluded
volume effect, in which chain overlap is disfavored, also
constrains the chains to structures with apparently increased
persistence length (Rivetti et al., 1996).

Deposition of HA solutions on freshly cleaved mica,
lacking the preformed layer of structured water, results in
a different characteristic appearance. Chain configurations
that are more compact and difficult to image are commonly
observed. A weak helical tendency is apparent. The chains
are trapped within a thin layer of partially structured water.
This pseudo-two-dimensional trapping also results in an
exaggerated persistence length (Bednar et al., 1995). The
local environment in the thin water layer is not completely
understood. Water at surfaces has a greater viscosity and
lower dielectric constant than bulk water (Etzler, 1983).
Fujimoto and Schurr (2002) point out that the effective ionic
strength at the surface is not known, and that ionic
distributions may show correlation effects. Additionally,
these authors show that the conformation of a chain trapped
in a thin water layer should favor the lowest energy form.
This latter effect is conceptually similar to a reduction in
temperature. Thus a semiflexible macromolecule like HA,
which may have a large number of accessible conformations
when free in solution, could favor a single low-energy con-
formation when trapped on a surface.
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Intramolecularly condensed forms of HA:
mechanisms for intramolecular condensation
of polyelectrolytes on surfaces

HA on mica surfaces, regardless of the state of surface pre-
hydration, oftens shows a strong tendency for intramolecular
condensation. The characteristic forms we have seen by
AFM are globules, pearl necklace arrays of subglobules, and
varying degrees of ordered condensation leading to rodlike
forms. The detailed molecular arrangements within the
condensed structures are not yet known, but the condensed
forms of HA are highly reminiscent of condensed forms of
other macromolecules, including DNA. It is therefore useful
to consider the theoretical explanations developed for the
condensation of DNA and other polymers (recently reviewed
by Bloomfield, 1998).

The solubility of a polyelectrolyte is enhanced by favorable
enthalpic interactions between the polymer and solvent, by
the entropic contributions favoring a statistically random
polymer chain configuration, by the mixing entropy for
polymer and solvent, and by electrostatic repulsion between
charged groups on the polymer. Intramolecular condensation
of a polyelectrolyte chain in solution is thought to occur when
the polymer concentration is dilute and one of three types of
conditions are met. These include: 1), near complete
neutralization of polyelectrolyte charges by multivalent (+3
or higher) ions, 2), low dielectric constant (e.g., in aqueous-
organic mixed solvents) and sufficient concentrations of
(usually) divalent ions, or 3), high excluded volume, due to
the presence of other species like polyethylene glycol, and
sufficient mono- or higher-valent counterion concentrations
to minimize repulsion. The effective neutralization of the
polyelectrolyte charges in each case is almost but not quite
complete. The counterions are localized to the immediate
vicinity of the polyelectrolyte chain, but are not generally site
bound. There are several models to explain the appearance of
an attractive electrostatic force between segments of like-
charged polyelectrolytes. Among these are: 1), an attraction
arising from correlated fluctuations in position of condensed
counterions on the polyelectrolytes (analogous to induced
dipole—induced dipole interactions) (Oosawa, 1968; Ha and
Liu, 1997), 2), sharing of counterions between chain seg-
ments, leading to an increased entropy for the counterions
relative to their more restricted locations in a thin shell
surrounding each separate chain segment (Ray and Manning,
1994), and 3), matching of lattices of counterions formed
around separate chain segments, so that holes in one lattice are
matched by counterions in a second lattice (Rouzina and
Bloomfield, 1996). If the polyelectrolyte has specific site
binding of the counterions, complementary arrays of charges
from the polymer and the counterion could exist, leading to an
“‘electrostatic zipper’’ mode of association (Sitko et al.,
2003).

In addition to the attractive electrostatic interaction,
a hydration contribution to polyelectrolyte condensation
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has been proposed. Highly hydrophilic polymers can
structure the water in their immediate environment. In a
manner conceptually similar to the hydrophobic effect, the
hydration effect results in increased entropy for water
molecules freed by association of two polymer segments.
The associated polymer surfaces can retain one or more
layers of water bridging between the polymers. An in-
teresting aspect of this contribution to polyelectrolyte
condensation is that chaotropic ions that disrupt bulk water
structure will favor polymer condensation, because the
entropic difference between bound water and bulk water is
increased.

The effect of surface interactions on the condensation of
polyelectrolytes is less well understood. By consideration of
the driving forces for condensation in solution, it may be
proposed that condensation would be favored if the poly-
electrolyte is poorly solvated by the structured water at the
surface, if counterion condensation leads to a more complete
charge neutralization, if reduction in the effective dielectric
constant increases the strength of attractive interactions
due to correlated ion fluctuations, and if the polyelectrolyte-
polyelectrolyte interactions are more favorable than surface-
polyelectrolyte interactions.

Intramolecularly condensed forms of HA:
morphologies for intramolecular condensation
of polyelectrolytes on surfaces

There are several characteristic morphologies for intramolec-
ularly condensed polyelectrolytes (Fig. 7). Polyelectrolytes
having complete charge neutralization, like uncharged
polymers in poor solvents, can collapse to toroids, rods, or
spherical globules (Dobrynin et al., 1996; Vasilevskayaetal.,
1997; Noguchi and Yoshikawa, 1998). The adopted form
is dependent on the polymer stiffness. Moderately or highly
charged polyelectrolytes in poor solvents retain too much

Possible Polyelectrolyte Condensation Modes for Hyaluronan
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FIGURE 7 Possible modes of hyaluronan polyelectrolyte condensation.
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intramolecular electrostatic repulsion to form spherical
globules, and prefer extended cylinder or pearl necklace
forms, in which multiple regularly spaced subglobules are
separated by thin connecting segments (Dobrynin et al., 1996;
Solis and Olvera de la Cruz, 1998). This form minimizes
solvent exposure and electrostatic repulsion, but retains
maximal short range attractive interactions between polymer
segments. The most interesting morphologies are found for
polyelectrolytes with nearly complete (perhaps 90%) charge
neutralization. Even in good solvents, toroids or thin rods may
form, depending on chain stiffness (Noguchi and Yoshikawa,
1998; Stevens, 2001). In the rods, more flexible chains are
believed to be folded with relatively sharp turns at the fold
points. The chain segments generally interact in a loosely
packed side-by-side manner (although this would not exclude
double helical folds). The counterions are trapped between
chain segments, and the above-described attractive electro-
static interactions stabilize the condensed form (Vasilevskaya
et al., 1997; Stevens, 2001). The thin rods are seen as quite
extended, apparently stiff structures. They are especially
favored in low dielectric solvents. The alternative toroid form
is seen for stiffer polyelectrolytes with near complete charge
neutralization. The polymer chain can have a minimum
favored loop size for condensation, leading to the adoption of
a short cylindrical structure containing packed loops (Hud
et al., 1995; Bloomfield, 1998; Stevens, 2001; Hud and
Downing, 2001; Sitko et al., 2003; Conwell et al., 2003). For
DNA, the toroids are pseudohexagonally packed arrays of
hydrated chain loops.

Experimental AFM observations of intramolecularly
condensed polyelectrolytes confirm the above predictions.
Stiff double-stranded DNA forms toroids or, less commonly,
thin rods (Lyubchenko et al., 1992; Allen et al., 1997,
Hansma et al., 1998; Golan et al., 1999; Sitko et al., 2003;
Danielson et al., 2004). Circular supercoiled DNA forms
flattened loops, which then can form toroids (Dunlap et al.,
1997). Under some conditions, DNA toroids or rods are not
uniformly smooth, but show globular substructure (Hansma
et al., 1996; Golan et al., 1999). DNA decondensing upon
exit from a viral capsid also shows the pearl necklace
morphology (Serwer and Hayes, 2001). The same types of
condensation have been seen for other polymers. The stiff
double-stranded polysaccharide xanthan forms mainly
toroids (Maurstad and Stokke, 2004). More flexible poly-
electrolytes, presumably having increased counterion con-
densation when bound to surfaces rather than free in
solution, tend toward the spherical globule and pearl
necklace forms. Such forms have been observed for single-
stranded DNA and RNA (Hansma et al., 1996; Fritz et al.,
1997; Rivetti et al., 1998), mucins (Round et al., 2002), and
the single-stranded forms of the polysaccharides amylose,
carrageenan, scleroglucan, low-molecular-weight acetan,
and HA (Vuppu et al., 1997; Ridout et al., 1998; MclIntire
and Brant, 1999, 2002; Cowman et al., 2000; Gunning et al.,
2003).
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In this study, the condensed forms adopted by HA on mica
show that HA is poorly attracted to mica, even in the
presence of 10 mM MgCl,. The partially structured water
environment, with the consequent changes in ionic inter-
actions, may also promote the intramolecular association of
HA. Considering the above description of condensed forms
seen for other polyelectrolytes, the globular, pearl necklace,
and rodlike forms of HA are compatible with the collapse of
a semiflexible polymer chain. An alternative mode of
condensation, however, may also be considered. The loose
helical appearance of relaxed HA chains could be part of
a transition from statistically random solution conformations
to ordered condensed forms. In such a case, the rodlike form
of HA could exist as a cylindrical helix, rather than
a repeatedly folded chain. The 10- to 20-fold reduction in
length could thus correspond to helical tubes having
diameters of 1.6-3.2 nm, or widths of 2.5-5 nm if flattened
by the tapping motion of the AFM tip. This flattened form is
in accord with the estimated width of ~6 nm, and height
equal to that of two chains. Further experiments are required
to address this question.

Intermolecular association of HA on surfaces

HA was observed to form intermolecular aggregates on mica
surfaces. Intramolecularly condensed HA chains form loose
aggregates and twisted fibrillar associations. Fibrillar aggre-
gates with extended HA chains can also form where molecular
combing causes chains to touch, or globule formation by HA
pulls chains into extended forms (Gunning et al., 1996;
Cowman et al., 1998a, 2000; Jacoboni et al., 1999; Mclntire
and Brant, 2002; Al-Assaf et al., 2002).

The intermolecular association of polyelectrolytes is com-
monly observed in nondilute solutions, under the same ionic
and solvent conditions that cause intramolecular condensa-
tion in dilute solution. The most favored forms of association
are fibrous and network, built by side-by-side associations.
Combinations of forms, such as intramolecularly condensed
toroidal or globular segments interspersed with fibrous asso-
ciations are also possible.

Relevance of AFM observations to the
physiological roles of HA

AFM has allowed the imaging of a wide variety of HA
structures. Extended chains resulting from extensional
forces, relaxed chains with a possible helical bias, chains
exhibiting varying degrees of condensation into globular and
rodlike forms, and intermolecular associations based on the
extended or condensed forms have been observed. Each of
these structures may be represented in the physiological
environments in which HA is found. HA in liquid connective
tissues and the extracellular matrix of cartilage is probably
well modeled by the relaxed coil forms of HA (where dilute)
or condensed forms (where excluded volume effects are
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significant). HA in tight spaces between cells (Scott et al.,
2003) or bound to cell surface receptors may undergo forced
extension and subsequent fibrillar association under the
influence of fluid flow. In the absence of extensional forces
or specific protein-induced conformational changes, in-
tracellular HA, being in a crowded environment, is likely
to adopt a condensed form. The crowded environment of HA
bound to the cell surface may also explain the observed
difference between free HA and cell surface HA in binding
to crystals of calcium-(R,R)-tartrate tetrahydrate (Zimmer-
man et al., 2002). Further investigations into the details of
the HA conformation in such environments will be useful in
understanding its physiological roles.

Portions of this work were presented at the Hyaluronan 2003 Conference,
Cleveland, Ohio, October 11-16, 2003.
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Biosurgery, and by the Matrix Biology Institute.
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