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Abstract—Extended, relaxed, condensed, and interacting forms of the polysaccharide hyaluronan have been observed by atomic

force microscopy (AFM). The types of images obtained depend on the properties of the surfaces used. We have investigated several

different surface conditions for HA imaging, including unmodified mica, mica chemically modified with two different kinds of

amino-terminated silanes (3-aminopropyltriethoxysilane and N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride), and

highly oriented pyrolytic graphite. We found the degree of HA molecular extension or condensation to be variable, and the number

of bound chains per unit area was low, for all of the mica-based surfaces. HA was more easily imaged on graphite, a hydrophobic

surface. Chains were frequently observed in high degrees of extension, maintained by favorable interaction with the surface after

molecular combing. This observation suggests that the HA macromolecule interacts with graphite through hydrophobic patches

along its surface. AFM studies of HA behavior on differing surfaces under well-controlled environmental conditions provides useful

insight into the variety of conformations and interactions likely to be found under differing physiological conditions.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Atomic force microscopy (AFM) is an instrumental tech-

nique used for imaging of biological molecules deposited

on surfaces. Successful AFM imaging requires the inter-

action between the substrate and the deposited material
to be strong enough to avoid displacement of the sample

by the AFM probe tip. As a result, immobilization tech-

niques, which can affect the molecular conformations of

the deposited material, are often employed in imaging

experiments. Therefore, it is necessary to carefully evalu-

ate whether the images obtained are representative of the
0008-6215/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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conformations of a biological sample under physiologi-

cal conditions, or are a consequence of the interaction

of the material with the substrate. If sample–substrate

interactions play a significant role, then manipulation

of those interactions can provide a different type of in-

sight into the conformational properties of the sample.
For example, if a molecule has more than one physio-

lo-gically relevant conformation, triggered by changes

in solvent environment, presence of interacting molecu-

lar species, etc., then one may also see the evidence for

that conformational versatility in AFM images obtained

under varying conditions.

Hyaluronan (HA) is a negatively charged polysaccha-

ride found in extracellular, cell surface, and intracellular
environments. It exhibits hydrodynamic behavior
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typical of a slightly stiffened random coil in dilute aque-

ous salt solution.1–8 AFM imaging of HA on mica sur-
faces has shown a variety of chain conformations and

intramolecular and intermolecular interactions, but the

most notable property of HA on mica is a rather strong

tendency to form aggregates, even when deposited at

low concentrations.9–17 Although the aggregate forma-

tion has been attributed to an intrinsic tendency for

HA to form networks,9,12 the evidence for such net-

works in solution remains elusive.8,18–23 An alternative
explanation for the network formation may be consid-

ered to derive from sample–surface interactions. The rel-

evant surface properties include the nature of the mica

surface itself, as well as the thickness of the hydration

layer, the extent of structuring of the water, the effective

dielectric constant, the effective ionic strength, and cor-

relation effects in ionic distributions.24 The microenvi-

ronment at the surface could favor HA self-association
over HA–mica interactions. A more complete under-

standing of the dependence of HA conformation and

interactions on local surface characteristics would be

valuable in interpreting the relevance of the AFM obser-

vations to the physiological forms and properties of HA,

especially when in unique environments such as may be

found at the cell surface.

The question of the influence of surface immobiliza-
tion on the conformation and interactions of biological

macromolecules has been most extensively examined for

DNA and polysaccharides. In a common sample prepa-

ration technique, DNA is immobilized on mica by depo-

sition from solutions containing divalent cations of

various metals, such as nickel, cobalt, zinc, manganese,

or magnesium.25,26 These metal cations exchange with

potassium ions on the mica surface to form bridges be-
tween the negative charges on the surface and on

DNA.27 Polysaccharides have also been deposited on

mica using divalent counterions, or alternatively using

simple aqueous solutions, sometimes containing a vola-

tile buffer such as ammonium acetate.28 It has been

observed that the details of the deposition and

immobilization procedure can affect the apparent degree

of extension and conformation of the polymer. The con-
tour length, molecular weight, molecular weight distri-

bution, and apparent persistence length of a polymer

can be determined by electron microscopy (EM) or

AFM, if the polymer is fully in contact with the sur-

face.28–32 The degree to which the persistence length

on a surface reflects the solution properties of the poly-

mer depend on the strength of the polymer–surface

interaction. Two different scenarios are generally consid-
ered: the polymer molecules can be kinetically trapped,

or be in equilibrium with the surface. If kinetically

trapped, the chains resemble two-dimensional projec-

tions of the conformations they assumed in solution,

with only slight deformations. If at equilibrium, the mole-

cules appear as if they are in a two-dimensional solu-
tion. Under the equilibrated condition, the persistence

length calculated from AFM images can match that of
a polymer in solution, after taking the difference in

dimensionality into account. It is important to note that

the proper conditions for equilibration are not generally

known in advance, but require matching of the images

with the known persistence length. Potential sources of

error in determining the persistence length include

incomplete attachment and flattening of the polymer

on the surface, orientation and extension of polymer
molecules caused by sample deposition and drying pro-

cedures, and strong adhesion of the chains to the surface

at a limited number of points, thus constraining the

molecular relaxation on the surface.28,30–36

Alternative surfaces that may provide better attach-

ment and equilibration of biological macromolecules

than bare mica have been investigated. One such sub-

strate, used successfully for attachment of DNA, is 3-
aminopropyltriethoxysilane (APTES) modified mica

(AP-mica),37 a surface functionalized with amino

groups. XPS measurements38 on an AP-mica showed

that the fraction of amino groups pointing toward the

surface was no more than 10% of the total number.

About 50% of these amines were protonated, and there-

fore capable of interacting electrostatically with DNA.

Thus the surface has a low density of positive charges.
The binding of DNA to AP-mica affords a stronger

interaction than that to bare mica. Supercoiled and bent

DNA have been observed to retain conformations simi-

lar to those assumed in solution when deposited on such

substrates.39–45

The influences of surfaces on the form of ordered con-

densates and assemblies of macromolecules have also

been observed by AFM. For example, DNA and poly-
saccharide condensates have been deposited on bare

mica and imaged in air46,47 and in liquid.48 Mica sur-

faces treated with APTES, spermine or spermidine have

also been used for DNA condensate imaging in air,49,50

and it was found that the structure of supercoiled DNA

in solution was close to that observed on mica treated

with spermine. Incomplete condensates have been im-

aged in air using poly-LL-ornithine-coated mica, a sub-
strate that showed higher affinity for DNA and

allowed kinetic trapping of forming toroids.51 Interest-

ingly, surface-directed condensation in the absence of

multivalent cations has also been observed.52 Differences

between DNA condensation on mica and in solution

have also been observed: in the presence of protamine,

toroids appeared to be larger when condensation took

place on the surface.53 There is also evidence that the
morphology of the condensed forms observed by

AFM can be dependent on sample preparation and dry-

ing methods used for imaging in air.46,53

Knowledge of the effects of surface conditions on

DNA conformation and condensation can be applied

to the study of molecules like HA, after due consider-
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ation of the differences in structure. Both molecules are

negatively charged polyelectrolytes. DNA is much more
rigid than HA, due to its double helical conformation.

The persistence length for DNA chains in solution is

in the range of 50 nm,29 while for HA it is about 10

times smaller.3,5,6 Secondly, the strong affinity of DNA

for mica in the presence of divalent cations26,27 is very

different from the tendency to self-aggregate observed

by AFM for HA9–17 when deposited on the same sub-

strate. DNA is also a much thicker molecule, ca. 2 nm
versus 0.5 nm for HA. This may be a very important

consideration, as the molecular dimension relative to

the thickness of the surface hydration layer may deter-

mine effective hydration of the macromolecule. It there-

fore seems necessary to independently establish the

dependence of HA conformation and equilibration on

differing surface properties.

Biological molecules often perform their functions
while in close proximity to surfaces. Thus their interac-

tions with artificial substrates can give insight into the

effects of various surface types on macromolecular con-

formation and interactions. This is an important consid-

eration for HA, which can be found in contact with the

cell surface and the extracellular matrix, as well as intra-

cellular locations. The purpose of this study is to evalu-

ate the effect of surface chemistry on possible
conformations of HA, with particular attention to the

occurrence of condensates. This is a step toward under-

standing of the relationship between the conforma-

tional transitions and the biological functions of the

polysaccharide.
2. Results

2.1. Surface modification and characterization

The mica surface was modified by silylating agents (Fig.

1) through the reaction of surface hydroxyl groups. The

general scheme37,49 for this reaction is
Figure 1. St
SiOH þX SiY! SiO� SiX -Y
3 2

ructures of the silane derivatives used to modify mica.
where SiOH groups belong to the mica surface, X is a

hydrolyzable group, such as (CH3CH2O–) for APTES,
responsible for the covalent bonding of the modifying

reagent with the surface, and Y is chosen based on its

ability to interact with the sample. In this study, Y

stands for (CH2)3NH2 and (CH2)3NH3
+ for AP-mica,

and (CH2)3N(CH3)3
+ for TMSPTA-modified mica. Be-

cause these modifications leave cationic amino groups

exposed and capable of interacting with the sample,

such surfaces have been extensively used to image
DNA under a variety of conditions.

To verify the modification of the surface properties,

root-mean-square (RMS) roughness measurements, as

well as contact angle measurements for the surfaces,

were performed. Table 1 shows the results of these mea-

surements. By performing the surface modification in a

vapor phase of the corresponding modifying reagent, it

was possible to achieve a surface roughness low enough
(60.3 nm) to allow imaging of thin (ca. 0.5 nm) HA

chains. The static contact angle we observed (this study

and previous study54) for a pre-hydrated mica surface

(23 ± 1�) was higher than the previously reported value
of 8.0 ± 1� measured for freshly cleaved mica sub-

strates.55 We were unable to measure the contact angle

of freshly cleaved mica, since the droplet spreads rapidly

and completely wets the surface, possibly due to electro-
static effects.

Contact angles on amino-modified surfaces were ob-

served to be similar to each other, and in all instances

the surfaces showed lower wetting in comparison with

unmodified prehydrated mica. The modified surfaces

thus presented relatively higher degrees of hydropho-

bicity in comparison with the untreated mica.56 This

could be attributed to the presence of the short ali-
phatic fragment in the chemical structure of each mod-

ifying agent (Fig. 1), which affects the affinity of the

surface toward water, even in the presence of positive

charges, as in the case of TMSPTA. The value of the

water contact angle obtained for the AP-mica

(31 ± 1�) is much lower in comparison with the pre-

viously reported57 advancing (63�) and receding (59�)
values measured for APTES-modified silica. However,
these results are consistent with the surface preparation

methods: previously, modified silica surfaces were pre-

pared by drop deposition of the modifying agent,

while in this study, the surface modification of the mica

was carried out by vapor-phase deposition of the
Table 1. Values of roughness and contact angles for the substrates

used for AFM imaging of HA

Surface Contact angle Roughness (RMS) (nm)

Mica 23 ± 1� 0.083

APTES mica 31 ± 1� 0.271

TMSPTA mica 36 ± 1� 0.258

Graphite 79 ± 1� 0.133
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surface-modifying reagent.37 By using this technique,

less rough surfaces were produced. The modified mica
surfaces were not atomically flat; they displayed higher

roughness in comparison with the untreated mica, as

expected since the presence of clusters of the modifying

reagent was observed previously.56 At the same time,

these chemically modified substrates were still suitable

for HA imaging since the diameter of the polysaccha-

ride chain was in the range of 0.5 nm.

We also analyzed the surface characteristics of the
graphite samples. The contact angle measurements for

the graphite surfaces (79 ± 1�) compared favorably with
the reported value of 83 ± 1�,55 confirming its relative
hydrophobicity. The higher value of the roughness ob-

tained for graphite surfaces as compared to untreated

mica was attributed to the frequent occurrence within

a small surface area of multiple surface-exposed layers,

linked by steps, for graphite. These were produced dur-
ing the graphite cleavage process, and contributed to the

overall value of the surface roughness.

2.2. HA on mica and modified mica

HA shows high conformational variability when depos-

ited on pure mica. In previous studies,10,11,15–17 we

showed that HA chains could appear in varying degrees
Figure 2. TMAFM height images of HA chains deposited on unmodified mi

Image size 1 lm · 1 lm · 0.9 nm. (B) Moderate MWHA deposited from 10 l
MWHA deposited from 10 lg/mL solution in H2O. Image size 1.25 lm · 1.2
H2O. Image size 1.3 lm · 1.3 lm · 2.5 nm.
of extension, ranging from straight, fully extended

chains, through partially relaxed and fully relaxed coiled
forms, to chains with varying degrees of condensation,

including the pearl-necklace and condensed rod forms.

(Here, the term �relaxed coil� means a chain having an
apparent degree of coiling consistent with the dilute

solution conformation of the chain.) Quantitating the

relative frequency of occurrence of the different confor-

mations is complicated because there is not a set of dis-

crete shapes, but rather a continuum of conformations
between extended and condensed chains. There are also

very few isolated chains bound to mica; on average less

than 1 isolated chain per 10 lm2 is found. On freshly

cleaved mica, we found roughly 30% relaxed coil chains

and 70% substantially condensed chains for 366 isolated

chains imaged. On mica prehydrated by exposure to

ambient humidity, we found roughly 80% extended

chains and 20% substantially condensed chains for 156
isolated chains imaged. In the present work, we provide

selected images of HA on unmodified mica solely as rep-

resentative control data for the particular HA samples

to be used elsewhere in this study on the effect of differ-

ing surfaces. Moderate molecular weight HA, deposited

on freshly cleaved or prehydrated mica from a 10 lg/mL
aqueous solution, was observed to adopt structures

ranging from relaxed coil conformations (Fig. 2A, on
ca. (A) Moderate MW HA deposited from 10 lg/mL solution in H2O.

g/mL solution in H2O. Image size 750 nm · 750 nm · 1.3 nm. (C) High
5 lm · 2.3 nm. (D) High MW HA deposited from 10 lg/mL solution in
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freshly cleaved mica) to fully condensed ones in the form

of compact, thick rods (Fig. 2B, on prehydrated mica).
Under the same conditions, the high molecular weight

HA sample typically assumed partially extended, par-

tially condensed conformations on prehydrated mica,

identified by the occurrence of brighter, rigid segments

along the chain linked by the more relaxed portions of

the chains, as illustrated in Figure 2C and D.

HA deposited onto AP-mica showed a similar variety

of conformations. For 65 chains imaged, we found
roughly 20% of chains in extended shapes and 80% in

partially or fully condensed forms. Moderate molecular

weight HA typically showed extended or partially con-

densed conformations (Fig. 3A and B). High molecular

weight HA samples also showed variable degrees of con-

densation ranging from extended to almost fully con-

densed, including some particularly good examples of

the pearl-necklace conformations, as illustrated in
Figure 3C and D.

Mica modified with the quaternary alkylamine

TMSPTA also allowed HA to adopt a variety of struc-

tures differing in degree of condensation. Moderate

molecular weight HA could appear as loosely coiled

chains or more rigid (extended or possibly partially con-

densed) conformations (Fig. 4A and B). The same was

true for high molecular weight HA (Fig. 4C and D). It
Figure 3. TMAFM height images of HA chains deposited on APTES-modifi

H2O. Image size 1 lm · 1 lm · 1.5 nm. (B) Moderate MWHA deposited from

High MWHA deposited from 10 lg/mL solution in H2O. Image size 1.5 lm ·
in 3 mM NaCl. Image size 1.5 lm · 1.5 lm · 2 nm.
was not always possible to determine if the rigid chains

were extended or condensed, since the chain heights,
especially measured against a rougher surface, can be

insufficiently accurate for that use. The number of

useable images obtained for HA on the TMSPTA mod-

ified surfaces was also small, reflecting the generally

weak affinity of HA for the surface, and the inherent

roughness of the surface. For 46 isolated chains imaged,

roughly 20% were extended, 20% relaxed coil, and 60%

substantially or completely condensed.
In general, imaging of HA on modified mica surfaces

presented the same difficulties encountered when imag-

ing on unmodified mica, and there seemed to be no

advantage in the use of such surfaces for HA, in terms

of higher occurrence of extended, relaxed, or condensed

conformations. Furthermore, larger globules deriving

from aggregation of numerous molecules were often ob-

served; these were similar to those imaged on mica. The
number of chains found was also similar, indicating no

significant increase in affinity of HA for the chemically

modified, positively charged, surfaces.

2.3. HA on graphite

Dramatic differences were seen when HA was deposited

on graphite. Moderate molecular weight HA deposited
ed mica. (A) Moderate MW HA deposited from 10 lg/mL solution in
10 lg/mL solution in H2O. Image size 750 nm · 750 nm · 0.9 nm. (C)
1.5 lm · 0.7 nm. (D) High MWHA deposited from 10 lg/mL solution



Figure 4. TMAFM height images of HA chains deposited on TMSPTA-modified mica. (A) Moderate MWHA deposited from 10 lg/mL solution in
H2O. Image size 750 nm · 750 nm · 1.3 nm. (B) Moderate MW HA deposited from 10 lg/mL solution in H2O. Image size 750 nm ·
750 nm · 1.7 nm. (C) High MW HA deposited from 10 lg/mL solution in H2O. Image size 1.25 lm · 1.25 lm · 3 nm. (D) High MW HA deposited

from 10 lg/mL solution in H2O. Image size 1 lm · 1 lm · 1 nm.
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from a relatively concentrated solution (100 lg/mL)
showed a large number of chains bound to the graphite

surface, but contracted into globular forms (Fig. 5A).

That image is noteworthy because it shows that the

chains were not entangled with each other either in

solution or on the surface, but remained well sepa-

rated. On mica, the chains would usually show signifi-
cant intermolecular aggregation under the same

circumstances. Figure 5B and C shows moderate

molecular weight HA deposited on graphite at the

usual low concentration of 10 lg/mL. Both globular

condensed forms and isolated chains clearly showing

extension under the influence of molecular combing

can be observed. Images of the high molecular weight

HA samples deposited on graphite showed long,
combed aggregates of molecules interacting side by side

(Fig. 5D–F). Here, the tendency of the chains to inter-

act with each other was readily observed, but the high

degree of extension clearly indicated the establishment

of favorable interactions with the surface. In all of

the images of HA deposited on graphite from 10 lg/
mL solution, the number of chains was surprisingly

high (usually greater than 10 chains per 10 lm2) in
comparison with the results for mica and modified

mica, which shows that HA binds more strongly to

the graphite surface.
2.4. Comparison of HA deposited on differing surfaces

without rinsing

Both the moderate and high molecular weight HA

seemed to establish more favorable interactions with

the graphite surface than with the freshly cleaved or

chemically modified mica. To further confirm this obser-
vation, samples were prepared on mica and graphite,

omitting the rinsing step. Thus, the surfaces were dried

with a gentle flow of nitrogen after the sample deposi-

tion and a defined incubation period. The different

behavior of the polysaccharide left to dry on mica versus

graphite was obvious (compare Figs. 6 and 7). Moderate

molecular weight HA chains deposited on graphite usu-

ally appeared to be partially extended by molecular
combing (Fig. 6A–C). Some intermolecular association

was also observed, arising probably from the drying

step, but these chains appeared to be mostly separated.

Many chains, incompletely combed, were observed on

graphite in the case of high molecular weight hyaluro-

nan (Fig. 6D–F). Side-by-side interchain interactions,

forming web-like aggregates, could be observed. In

other cases, chains formed apparently helical coils
(Fig. 6E).

When the rinsing step was omitted for HA deposited

on a hydrophilic bare mica surface, there was a high



Figure 5. TMAFM height images of HA chains deposited on graphite. (A) Moderate MW HA deposited from 100 lg/mL solution in H2O. Image

size 1.5 lm · 1.5 lm · 2.2 nm. (B) Moderate MW HA deposited from 10 lg/mL solution in H2O. Image size 1 lm · 1 lm · 4.5 nm. (C) Moderate
MW HA deposited from 10 lg/mL solution in H2O. Image size 2.75 lm · 2.75 lm · 4 nm (D) High MW HA deposited from 10 lg/mL solution in
3 mM NaCl. Image size 3 lm · 3 lm · 2 nm. (E) High MW HA deposited from 10 lg/mL solution in H2O. Image size 3 lm · 3 lm · 2.7 nm. (F)
High MW HA deposited from 10 lg/mL solution in 3 mM NaCl. Image size 1.5 lm · 1.5 lm · 1.3 nm.
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number of chains present. The appearance of moderate

molecular weight HA chains was not much affected (Fig.

7A and B), but for high molecular weight HA large

interacting networks of chains were observed (Fig. 7C
and D). The linkage points in the networks were globu-

lar aggregates formed as a result of the drying process

and the low affinity of the polysaccharide for the sur-

face. Fibers composed of two or more chains interacting

with each other extended between the formed globules.

Their occurrence derived from the fact that those chains

were shared between the aggregates; hence, they were

forced to assume elongated conformations on the sur-
face. The molecules forming those fibers appeared to
be interacting with each other in twisted helical ropes

(Fig. 7D).
3. Discussion

3.1. HA on mica and charge-modified mica surfaces

The occurrence of extended, relaxed, condensed, and

interacting forms of HA on unmodified mica has been

previously observed.9–17 The tendency to adopt one type

of conformation has been correlated with the hydra-
tion state of the mica surface at the time of sample



Figure 6. TMAFM height images of HA chains deposited on graphite and not rinsed before drying. (A) Moderate MW HA deposited from 10 lg/
mL solution in H2O. Image size 3 lm · 3 lm · 1.9 nm. (B) Moderate MW HA deposited from 10 lg/mL solution in H2O. Image size

1.5 lm · 1.5 lm · 1.8 nm. (C) Moderate MWHA deposited from 10 lg/mL solution in H2O. Image size 900 nm · 900 nm · 2 nm. (D) High MWHA

deposited from 10 lg/mL solution in H2O. Image size 3 lm · 3 lm · 4 nm. (E) High MW HA deposited from 10 lg/mL solution in H2O. Image size

1 lm · 1 lm · 6 nm. (F) High MW HA deposited from 10 lg/mL solution in H2O. Image size 1.5 lm · 1.5 lm · 1.6 nm.
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deposition.16,17,54 When mica was cleaved and exposed

to ambient conditions (room temperature and relative

humidity) long enough for a thin layer of structured

water to form, the images of deposited HA showed the

prevalence of extended conformations, created by the

mechanical force of molecular combing by a moving

droplet of water across the surface, followed by strong
adhesion of the extended chain to the water layer. The

HA chains were shown to lie on top of the structured

water. On freshly cleaved mica, the occurrence of ex-

tended forms was lower, and imaging was generally

much more difficult. The HA chains were submerged
in the forming structured water layer, acted as defects

in the water structure, and adopted relaxed forms simi-

lar to the solution conformation of HA. More con-

densed structures could also form, under conditions

appropriate for counterion-mediated polyelectrolyte

attraction.17,58–61 These relaxed and condensed struc-

tures appear to arise when HA molecules recoil after
combing and/or self-condense due to weak attachment

to the mica surface. The inability of mica to bind HA

in a low ionic strength solution has recently been studied

in detail by Tadmor et al.62 Hence, the polysaccharide

showed stronger affinity for the structured water surface



Figure 7. TMAFM height images of HA chains deposited on unmodified mica and not rinsed before drying. (A) Moderate MW HA deposited from

10 lg/mL solution in H2O. Image size 3 lm · 3 lm · 0.8 nm. (B) Moderate MW HA deposited from 10 lg/mL solution in H2O. Image size

1 lm · 1 lm · 1.2 nm. (C) High MW HA deposited from 10 lg/mL solution in H2O. Image size 3 lm · 3 lm · 3 nm. (D) High MW HA deposited

from 10 lg/mL solution in H2O. Image size 750 nm · 750 nm · 2.7 nm.
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than for the mica surface itself, probably as a conse-

quence of the establishment of hydrogen bonds with

the underlying structured water layer.

One goal of the present work was to determine
whether a charge-modified mica surface could bind

HA more strongly. Chemical modification of mica with

3-aminopropyltrimethoxysilane (APTES) or N-trimeth-

oxysilylpropyl-N,N,N-trimethylammonium chloride

(TMSPTA) resulted in pendant cationic groups at the

ends of short aliphatic chains covalently bound to

the mica surface. In the case of APTES derivatization,

the surface obtains only a low charge density.38,56 As a
result, macromolecules like DNA can often be immobi-

lized without drastic modification of the conformations

assumed in solution.39 Derivatization of mica with the

fully charged TMSPTA also produces a positively

charged surface, but the charge density has not been

measured.

A thin film of water exists on mica surfaces at ambient

temperature and humidity, and is at least partially struc-
tured.54,63–72 On unmodified mica, the hexagonal unit

cell of the structured water is believed to lie in epitaxial

relation with the underlying hexagonal unit cell of the

surface, as suggested by the similarity of the dimensions

of the two unit cells (0.48 nm for ice 1 h vs 0.51 nm for

mica). Modification of the mica by derivatization with
pendant groups can constitute an obstacle for the struc-

turing of the water layer on the mica. It is likely that the

water layer on the modified mica surfaces is less struc-

tured than on bare mica.
The affinity of HA for the functionalized micas was

not observed to be significantly greater than that seen

for unmodified mica, based on the average number of

chains immobilized and imaged. Similarly, the confor-

mational behavior of the polysaccharide on modified

mica was not significantly different from that observed

when it was imaged on unmodified mica. The same

range of extended, relaxed, and condensed conforma-
tions were observed for HA on modified and unmodified

mica. It is possible, however, that there is some weak

attractive electrostatic interaction between HA and the

cationic groups on the modified mica. The observation

of some extended HA chains, if not stabilized by struc-

tured water in the case of modified mica, could be attrib-

uted to inhibition of chain recoil by the interaction with

the cationic groups. It is also of interest that the nearly
perfect pearl necklace structure observed on AP-mica

(Fig. 3D) could have arisen through specific attachments

of the HA chain to cationic groups on the surface, fol-

lowed by condensation of intervening chain segments.

With that said, we note that self-assembled monolayers

of short-chain adsorbates are highly disordered,
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especially with polar surface groups such as OH or NH2.

This results from the tendency of a high-energy surface
exposed to a low dielectric medium (air) to reduce the

surface energy through trans–gauche conformational

changes. This results in the exposure of the terminal

methylene groups, thus reducing surface energy. There-

fore, studies are planned where surfaces are modified

with rigid surfactants carrying ammonium groups at

their termini. This will eliminate conformational free-

dom, thus providing controlled molecularly engineered
surfaces for AFM studies.

3.2. HA on graphite surfaces

The presence of water on graphite has been studied by

various methods: high-resolution electron energy loss

spectroscopy, electronic structure total energy computa-

tion, and scanning tunneling microscopy.73–76 Although
a water layer was found to be present on the surface, its

topographic imaging was not possible, suggesting that

this layer lacked any structure and orientation. The en-

ergy of the water molecules located in very close proxi-

mity to the surface has previously been calculated to be

high, hence it was suggested that the water layer lies at

least 0.35 nm above the graphite surface.55 Graphite sur-

faces did not seem to influence the structure of the water
clusters, suggesting that such clusters form at the points

of surface defects, and successively extend.73

The behavior of HA deposited on graphite is very dif-

ferent from that of HA on mica. In our studies, we

observed the frequent occurrence of extended HA

conformations and a higher number of adherent chains

on the average graphite sample, suggesting that HA has

a quite strong affinity for the graphite surface. Jacoboni
et al.12 previously analyzed HA deposited on graphite

and allowed to dry from a 1 mg/mL solution. Their

sample showed extensive intermolecular aggregation,

and weak attachment to the surface. Our data, obtained

for HA samples at lower concentrations, reveal better-

separated molecules, with a stronger attachment to the

surface. It may be that the HA–HA interactions favored

at high concentration can mask the hydrophobic aspects
of the HA structure, and limit interaction with the sur-

face. Thus the isolated HA polysaccharide chain,

although highly hydrophilic and negatively charged, is

capable of interacting favorably with the hydrophobic

graphite surface. However, the presence of the struc-

tured water layer on the surface cannot, in this case,

account for such an observation. As suggested on the

basis of molecular modeling studies,77 the existence of
hydrophobic patches along the hyaluronan chain sur-

face could account for the favorable HA–graphite

interactions. In general, all polysaccharides having a

backbone structure based on glucose residues have

hydrophobic groups oriented above and below the aver-

age plane of each sugar ring, and hydrophilic groups
displayed around the perimeters of the rings. Thus,

the combination of hydrophilic and hydrophobic char-
acter is an intrinsic part of the backbone structure of

HA.

Since graphite is a conductive material, it is also pos-

sible to have image charges arise on its surface as a con-

sequence of interactions with a charged species.78 This

could also contribute to the highly favorable HA–graph-

ite interaction, as compared with mica that is an insulat-

ing material.
A comparison of the high molecular weight samples

represented in Figures 5D–F and 6D–F show that the

chains dried on graphite without rinsing established

much stronger interactions with the surface than in the

case of the well-rinsed samples, which appeared to move

under the tip during the scanning. It is possible that the

chains, when in contact with excess water during rinsing,

tend to mask their hydrophobic patches, and subse-
quently interact less strongly with the substrate. Move-

ment of the chains during scanning has also been

observed in the case of the moderate molecular weight

samples, but to a lesser extent. Hence, it could be spec-

ulated that the shorter chains were able to adopt more

favorable conformations to increase their interactions

with the substrates.

The AFM studies of HA samples on graphite have
provided unexpected insight into the nature of HA solu-

tion properties. Deposition of moderate molecular

weight polysaccharide from a relatively concentrated

solution (0.1 mg/mL) resulted in the presence of a high

number of chains on the substrate. Those molecules

were not well extended, but did not show any kind of

networking interactions either. This excluded any occur-

rence of stable associations between the chains in the
solution, even at higher concentration, and proved that

the networks usually observed on mica surfaces by

AFM, especially when the sample was prepared from

a diluted solution, are likely to result from the much

weaker attraction of HA for mica in comparison with

graphite.
4. Conclusions

The behavior of HA on surfaces is the result of interplay

between surface–HA and HA–HA interactions. On

unmodified mica, HA can adopt extended, relaxed, con-

densed, and interacting structural motifs. The location

of the HA molecule relative to a structured water layer

on the mica surface affects the strength of the HA bind-
ing to the surface. HA condensation and aggregation on

the hydrated mica surface may be driven by counterion-

mediated attractive interactions between HA chains

having near-complete neutralization of charges in the

low dielectric constant environment of the structured

water layer.
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In an attempt to enhance surface–HA interactions, we

investigated HA deposited on mica modified with cat-
ionic groups. The charge-modified mica surfaces

behaved similarly to unmodified mica, with respect

to HA binding.

HA deposited on graphite showed more favorable

interaction with the surface. The tendency for HA con-

densation and self-association was reduced relative to

that seen on mica surfaces. The ability of the HA to

interact with the hydrophobic graphite surface illus-
trates the important role the hydrophobic patches on

the polysaccharide may play in determining the confor-

mation and binding interactions of HA.
5. Experimental

5.1. Materials

High molecular weight (ca. 4 · 106 g/mol) hyaluronan,
sodium salt, (HA) was donated by Matrix Biology Insti-

tute, Ridgefield, NJ, while the moderate molecular

weight (ca. 4 · 105 g/mol) HA was a kind gift of

Genzyme Biosurgery Inc., Cambridge, MA. 3-Amino-

propyltriethoxysilane (APTES), N,N-diisopropylethyl-

amine (Sigma–Aldrich Corp., St. Louis, MO) and
N-trimethoxysilylpropyl-N,N,N-trimethylammonium

chloride (TMSPTA), 50% in MeOH, (Gelest Inc., Morr-

isville, PA), were used as received. Discs of muscovite

mica were obtained from Digital Instruments Inc. (pres-

ently, Veeco Instruments Inc.), Woodbury, NY. Highly

oriented pyrolytic graphite (HOPG), ZYB grade, was

purchased from Advanced Ceramics Corp., Cleveland,

OH.

5.2. Surface preparation

Mica used as substrate was either cleaved and prehy-

drated by incubation overnight at room temperature

and ambient relative humidity (usually between 30%

and 50%), or used immediately after cleavage. Modified

surfaces were prepared in vapors of silylating agents
according to previously described procedures.37 In brief,

freshly cleaved mica was placed in a desiccator filled

with nitrogen, in the presence of two containers, one

filled with 30 lL of the modifying agent (either APTES
or TMSPTA), and the other with 10 lL of N,N-diiso-

propylethylamine. After 2 h, the cup containing the

modifying agent was removed and the desiccator was

again purged with nitrogen. The modified surfaces were
stored under nitrogen in a desiccator, in the presence of

N,N-diisopropylethylamine, for at least 24 h before use.

APTES-treated mica prepared using this specific proce-

dure is called AP-mica.37

The graphite surface was cleaved immediately before

use.
5.3. Measurements

Static water contact angles were determined with the use

of an NRL 100.06 Rami-Hert Inc. (Mountain Lake, NJ)

goniometer equipped with a high resolution CCD-IRIS

Sony (Sony Corporation, Oradell, NJ) color video cam-

era connected to a computer. Two microliters droplets

that were formed at the end of blunt-ended needle of

an s1200 Gilmont Instruments (Division of Barnant

Co., Barrington, IL) micro-syringe were measured to
determine the static contact angles. The measurements

were the same within an experimental error of ±1%.

Measurements were performed for purified water (Milli-

pore, Billerica, MA), and at an ambient temperature.

Three readings of each sample were averaged. Stored

images of droplets were analyzed using NIH Image soft-

ware (National Institutes of Health, Bethesda, MD).

HA was dissolved in water or 0.15 M aqueous sodium
chloride to a concentration of 0.5 mg/mL, and rotated

overnight to ensure complete dissolution. The solution

was further diluted with water to a concentration of

0.1 mg/mL and again rotated overnight; immediately

before imaging the solution, the final concentration of

10 lg/mL was prepared by dilution in water. (The differ-
ence in final NaCl concentration of 0 M vs 0.003 M did

not significantly affect the relative frequencies of obser-
vation of different HA conformations.) Samples for

imaging were prepared according to the method

described by Cowman et al.10: 4 lL of the solution were
deposited on the substrate, rinsed twice after 2 min with

100 lL of water (unless stated otherwise), and dried

under gentle flow of nitrogen. This procedure results

in a variable degree of molecular combing of the poly-

saccharide chains.
Samples were scanned in air with a Digital Instru-

ments Multimode AFM (Veeco Inc., Santa Barbara,

CA), equipped with a Nanoscope IIIa controller and

an EV scanner, operating in Tapping ModeTM. Etched

silicon tips TESP7 (Veeco Nanoprobes Inc., Santa Bar-

bara, CA) were used. The roughness of the surfaces was

measured using the Multimode 4.43r8 software; the

reported value corresponds to the RMS roughness of
the whole scanned area.
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