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Abstract Hyaluronan is an important soluble component
of the extracellular matrix of many tissues with well known
space-filling, lubricating and signaling functions. As such,
hyaluronan can regulate cell adhesion, migration, differen-
tiation and proliferation. Ultrastructural studies showed the
existence of fibers and networks of hyaluronan molecules at
surfaces, while bulk studies of hyaluronan in solution
indicated that the polymer forms random coils. Here, we
show that single hyaluronan molecules can be visualized
and tracked in three-dimensional samples at room temper-
ature in aqueous buffer. Using a wide-field fluorescence
microscope equipped with laser excitation and an sensitive
and fast EMCCD camera for fluorescence detection, single
FITC-labeled hyaluronan molecules from rooster comb were
detected in aqueous solutions. Freely moving hyaluronan-
FITC could be tracked over up to 20 images acquired at a
frame rate of 98 Hz. Analysis of the trajectories revealed
Brownian motion of hyaluronan in tris-buffered saline with
an average diffusion coefficient D=3.0±0.2 μm2/s. These
observations confirm the concept that hyaluronan molecules
form random coils in solution. The possibility of following

the tracks of single hyaluronan molecules in solution
facilitates the analysis of processes that lead to the formation
of more organized forms of hyaluronan and its interactions
with cells with very high spatial and temporal accuracy.
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Introduction

Hyaluronan is a free glycosaminoglycan, which is abundant
in the extracellular matrix of many tissues including skin,
vessels, cartilage and brain. This unbranched glycosamino-
glycan is formed from GlcUAβ1-3GlcNAc building blocks
linked together by β1-4 glycosidic linkages. It can reach a
size of 20,000 kDa (for review [18] and references cited
therein). Despite its simple structure, the hyaluronan
polymer has a wide range of important biological functions,
which are size- and presumably conformation-dependent
(reviewed in [4, 23]). These functions include enhancement
of cell migration (e.g. during neural crest cell development
or in tumor cells), regulation of cell proliferation, and control
of angiogenesis. Furthermore, hyaluronan influences cell
differentiation, immune responses and wound repair [23].

The wide range of biological functions of hyaluronan
suggested the existence of a correspondingly large reper-
toire of hyaluronan sizes and conformations with specific
binding interactions [4]. However, extensive rheological
studies of the viscoelastic properties of hyaluronan failed to
reveal stable conformations of this polymer in solution [4].
Instead, hyaluronan seems to form random coils in solution
filling huge hydrodynamic volumes and simple transient
intermolecular interactions seem to determine the viscosity of
hyaluronan solutions [4]. A detailed study by Gribbon et al.
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[11] using fluorescence recovery after photobleaching
(FRAP) with a confocal microscope on a minute timescale
provided analyses of the dependence of the diffusion
coefficient of hyaluronan on concentration, solution com-
position and temperature. The results of this study are in
agreement with the concept that hyaluronan forms random
coils in solution. These conclusions from bulk measure-
ments in solution contrast with the picture, which emerges
from the visualization of single hyaluronan molecules at
high spatial resolution on mica surfaces. Rotatory shadow-
ing electron microscopy showed organization of hyaluronan
into branched networks [20]. Similarly, atomic force
microscopy revealed extended and condensed forms of
hyaluronan, which also formed networks and twisted fibers
[5]. Interestingly, in tissues more organized fiber- or cable-
like hyaluronan-structures have been reported [2, 9].

There seem to be at least two possible explanations for
the fact that ultrastructural studies of hyaluronan molecules
fail to reveal random coil structures, but indicate the
presence of more organized forms. First, hyaluronan may
form organized structures in solution which are highly
dynamic and thus can escape detection in studies where the
time resolution of the method is not sufficient. Secondly,
random coils of hyaluronan may form only in solution,
while interaction of the polymer with surfaces may induce
organization into networks or fibers. As a first step of
distinguishing between these possibilities it is necessary to
visualize single hyaluronan molecules at high temporal and
spatial resolution as they move freely in solution. In the
present study we use highly sensitive fast fluorescence
microscopy on a millisecond scale to examine the solution
shape and mobility of single hyaluronan molecules from
rooster comb after labeling with FITC.

Materials and methods

Preparation and biochemical characterization of FITC-
labeled hyaluronan Hyaluronan from rooster comb (Sigma
Cat. H5388) was labelled with fluorescein isothiocyanate
(FITC; Fluka, Cat. 46950) [7]. Briefly, hyaluronan (0.1 g)
was dissolved in formamide (5 mg/ml) for 48 h and the
residue was filtered off on a G-2 glass filter. To 1 ml filtrate
dimethylsulfoxide (1 ml) was added together with sodium
hydrogen carbonate (2.5 mg), dibutyltin dilaurate (2.5 mg),
and FITC (6 mg), and the reaction mixture was stirred on a
steam bath for 30min. The product was diluted with water and
precipitated repeatedly (n≈10) in ethanol until the product
was free from non-bound label. Hyaluronan was quantified
using the carbazol method [3]. For calibration a hyaluronan
dilution series (0.4– 500 μg/ml) was used. The concentration
of fluorophores was determined fluorometrically (Genios,
Tecan) by comparison with a FITC calibration curve. The

size distribution of the hyaluronan was determined by
agarose gel electrophoresis using a BstEII digest of lambda
DNA as marker (Fermentas, St. Leon-Rot, Germany) [16].
Comparison of the mobilities of hyaluronan samples of
known size and the marker bands showed that the mobility
1 bp of DNA corresponded to 170 Da of hyaluronan
(accordingly, the marker band with a size of 14,140 bp
corresponded to a hyaluronan size of 2.4 MDa).

Data acquisition Single-particle tracking (SPT) experi-
ments were performed using a custom-built single-molecule
microscope based on a Zeiss Axiovert 200TV equipped
with an ×63 NA 1.4 oil immersion objective lens (Carl
Zeiss Microimaging GmbH, Jena, Germany) [21]. FITC
fluorescence was excited at 488 nm by a diode pumped
solid-state laser (Sapphire 488-100, Coherent Inc., Santa
Clara, CA, USA). Laser illumination was switched on only
during image acquisition by means of an acousto-optical
tunable filter. For single-particle image acquisition we used
the iXon DV 860 BI camera (Andor Technology, Belfast,
Northern Ireland) in combination with a ×4 magnifier
yielding a pixel size in the object space of 95.24 nm.
Generally, 30 frames were recorded in a single movie, with
an integration time 10 ms and a frame rate of kacq=97.85 Hz.

Image processing of video images Identification and track-
ing of the single-molecule signals was accomplished using
Diatrack 3.0 (Semasphot, North Epping, Australia), a
commercial image processing program for the identification
and localization of single-particle signals and trajectories as
described [13]. For tracking a maximal displacement of ten
pixels from frame to frame was allowed. After processing
with Diatrack we verified the single-particle trajectories in
the original, unprocessed data by visual inspection.

Trajectory analysis Each FITC hyaluronan trajectory was
defined as a set of coordinates (xi, yi) with 1< i<N, where N
denoted the total number of observations. These paths were
plotted and overlayed. In the case of two-dimensional
Brownian motion the mean square displacements, r2 tcð Þ� �

are related to time and diffusion coefficient, D:

r2 tcð Þ� � ¼ 4Dtc: ð1Þ

The mean square displacement was plotted against time
and the data fitted using weighted linear regression analysis
(Origin 6.1 software). The probability that a particle starting
at a specific position will be encountered within a shell of
radius, r, and width, dr, at time, t, from that position is for a
single species diffusing in two dimensions given as follows
[6]:

p r; tð Þdr ¼ 4πDtð Þ�1e�r2=4Dt2πrdr ð2Þ
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if we identify the starting position with the origin.
Experimentally, this probability distribution could be
approximated by a frequency distribution, which was
obtained by counting the jump distances within respective
intervals [r, r + dr] traveled by single particles after a given
time lag.

Results and discussion

When hyaluronan from rooster comb was labeled with
FITC a degree of labeling of 0.4% of the disaccharide units
was determined (data not shown). The degree of labeling
determined in the present study was in agreement with the
literature [7]. Since more than 99% of the disaccharide units
were left unmodified a gross alteration of the global
conformation of labeled hyaluronan chains seemed unlike-
ly. The average mass of hyaluronan-FITC was 1,500 kDa as
determined by agarose gel electrophoresis (Supplementary
material). Thus, on average 15 fluorophores were present
per molecule.

Using wide field excitation images of single hyaluronan
were acquired in the three-dimensionally extended sample
in physiological saline buffered with tris (2-amino-2-
(hydroxymethyl)propane-1,3-diol). Figure 1 shows a raw
image sequence of a sample with the objective lens focused
on a plane inside the sample volume without any further
background manipulation or filtering. Images were
recorded with an integration time of 10 ms with a cycle
time of 97.85 Hz. Distinct fluorescence maxima corre-
sponded to the positions of a single hyaluronan molecule.
In all experiments highly diluted samples of hyaluronan-
FITC with a final concentration of ≈300 pM in aqueous
buffer without any additives, which might increase the
viscosity of the solution, were used. In these images there
was no indication of the formation of ordered arrays of
hyaluronan or the presence of extended rod-like molecular
shapes, which would indicate the presence of organized
hyaluronan forms. Sharply focussed images showed round
intensity spots as expected for a polymer forming a
spherical random coil, and had a FWHM diameter of
367 nm (n=41). Because each dissacharide building block
has a length of approx. 1 nm a hyaluronan molecule with a
mass of 1.5 MDa has a predicted contour length of about
4 μm. In contrast to the small size and the round

Fig. 1 Movements of a hyaluronan-FITC molecule in solution.
a Sequence of consecutive raw images. b Surface plots of the raw
image. The object field size shown is 4.5×4.5 μm2. Images were
taken with an integration time of 10 ms at a frame rate of 97.85 Hz.
c For comparison, an image of an actin filament with a contour length
of approximately 4 μm is shown. d Surface plot of the actin filament
raw image shown in c. Bar, 1 μm

b
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appearance of hyaluronan molecules, a single actin micro-
filament of comparable contour length had clearly an
extended shape, when it was visualized after labeling with
phalloidin-TRITC with our microscopic setup (Fig. 1c).
There was also no indication of more organized forms of
hyaluronan, when the lower glass surface of the sample
chamber was brought into focus. Thus, the images recorded
from single hyaluronan molecules at high dilution in
solution were consistent with the concept that they form
random coils of approximately spherical shape (Fig. 1).
This finding was in agreement with the conclusions drawn
from viscometric studies (reviewed in [4]) and from FRAP
experiments [11].

From the image sequences sets of space–time coordi-
nates {x(ti), y(ti),ti} were derived after fitting of filtered and
background subtracted signals with 2D-Gaussian functions,
which were employed to approximate the diffraction-
limited signals. These sets represented 2D projections of
their 3D trajectories. Taken together, 1,920 images in 64
sequences were analyzed containing 144 detected trajecto-
ries. Figure 2 shows an overlay of all trajectories. These
paths did not display any directional bias suggesting that
the observed two dimensional projections of the trajectories
to the horizontal focus plane reflected a purely diffusive
lateral motion of hyaluronan-FITC.

To confirm diffusive transport of hyaluronan-FITC
molecules the mean square displacement was examined
over time. A linear relationship between r2(tc) and time
indicates Brownian (diffusive) motion. A plot of the average

mean square displacement over time is shown in Fig. 3. The
mean square displacement increased linearly with time.
Based on this analysis of the projections of trajectories to
the focus plane we conclude that there is no evidence for
convective transport in x- or y-direction. Thus, the mean
square displacement plot over time was used to estimate the
average diffusion coefficient of hyaluronan-FITC according
to the equation r2(tc)=4Dmsdtc. Linear regression analysis
yielded Dmsd=3.7±0.1 μm2/s with R2=0.9906.

Fig. 2 Overlay of trajectories of single hyaluronan-FITC molecules.
The 144 trajectories obtained by single molecule microscopy at
97.85 Hz and tracking with Diatrack were plotted into the same
diagram. The field size shown is 12.2×12.2 μm2

Fig. 3 Linear dependence of mean square displacements of hyalur-
onan-FITC molecules as a function of time. All measurements were
performed at a temperature of 22°C. Filled squares represent mean
values of the mean square displacement [for each frame number the
corresponding n is given in brackets: 1 (144), 2 (122), 3 (97), 4 (69),].
Error bars represent the SEM. The red line represents a linear fit of
the mean values through the origin

Fig. 4 Hyaluronan-FITC mobility in solution. Jump distance distri-
bution for all single hyaluronan-FITC molecules, which were
identified and tracked in the movies acquired at 97.85 Hz. Filled
bars represent the frequencies of jumps in the different classes as
indicated at the x axis. The dashed line represents the best fit of the
data using a model assuming a single diffusing species of hyaluronan.
D=3±0.2 μm2/s was obtained
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As an independent computational approach to determine
the average diffusion coefficient of hyaluronan from rooster
comb, and to check for possibly aggregated molecules
causing an additional mobility fraction, we analyzed the
distribution of all jump distances in all trajectories (n=618
jumps; Fig. 4). Fitting of this distribution with a model
assuming a single diffusing species yielded a satisfactory
description of the data, and an average diffusion coefficient
of Djd=3.0±0.2 μm2/s (Fig. 4). This value was only
slightly smaller than the diffusion coefficient measured
from the mean square distance analysis.

Our data confirm the Brownian motion of hyaluronan
from rooster comb (molecular weight 1,500 kDa) with an
average diffusion coefficient D=3 μm2/s based on the jump
distance (Fig. 4). Our hyaluronan diffusion coefficient in
the presence of physiological concentrations of salt is
consistent with the values measured by Gribbon et al.
[11] using FRAP experiments, when the different sizes of
the molecules are taken into account. In the latter study
500 kDa hyaluronan gave a diffusion coefficient of D=
7.9 μm2/s, while 830 kDa hyaluronan diffused with D=
5.6 μm2/s in phosphate-buffered saline.

The single molecule approach used in our study was
shown previously to yield accurate values for the diffusion
coefficient of molecules in solution [12] and at the plasma
membrane [17, 22]. In experiments at the single molecule
level extremely low concentrations of fluorescent molecules
can be analyzed (0.3 nM in our study). Thus, the diffusion
coefficients obtained virtually represent the behavior of
molecules at zero concentration. This is an important
difference to measurements by a bulk technique like FRAP,
which were used extensively in the past to study the
transport of molecules at membranes [14] and in solution
[11] at much higher than sub-nanomolar concentrations. As
in other bulk methods, measurements at different concen-
trations and extrapolation to zero concentration were used
in order to obtain information on the molecular conforma-
tion of individual hyaluronan molecules [11]. The estima-
tion of diffusion coefficients at zero concentration from
FRAP data involves a phenomenological extrapolation step
based on the application of a universal scaling equation for
polymer self-diffusion [19], which is not required in the
analysis of single molecule trajectories.

The diffusion coefficient of a spherical molecule is
related to its hydrodynamic radius according to the Stokes–
Einstein equation D=kBT/6πηRh, where kB is the Boltz-
mann constant, T the absolute temperature and η is the
viscosity of the solvent. Since the images of single
hyaluronan molecules in solution indicated that these form
random coils (see above, Fig. 1) their global shape would
be approximated by a sphere when the temporal fluctua-
tions of these polymers were averaged. Therefore, we
estimated the hydrodynamic radius Rh of hyaluronan from

rooster comb to be 72 nm in physiological saline buffered
with tris. The radius, r, of a spherical molecule is related to
its density, ρ, and mass, m, according to the equation r=
(3m/NA4πρ)

1/3 where NA is the Avogadro constant. Thus,
we calculate 1 g of 1,500 kDa hyaluronan to occupy a
solvent volume of 0.847 l. This value is in excellent
agreement with earlier reports [15]. Furthermore, the
hydrodynamic radius determined in our study is consistent
with the persistence length of hyaluronan which was
reported to be 5 nm according to small-angle X-ray
scattering and intrinsic viscosity measurements and
8.7 nm according to dynamic and total intensity light
scattering (reviewed in [10]). The persistence length ξL is
half of the Kuhn length lK, i.e. the length of hypothetical
segments that the chain can be considered as freely joined.
When NK denotes the effective number of repeat units, the
radius of gyration Rg of a freely joined chain is related to lK
according to the equation Rg=(NK)

1/2lK/6
1/2 [1]. Assuming

a contour length L=4 μm (=NK·lK) for hyaluronan of
1,500 kDa and estimating Rg≈Rh=72 nm we calculate NK=
514 and lK≈8 nm. Thus, ξL≈4 nm in agreement with the
result obtained from small-angle X-ray scattering and
intrinsic viscosity measurements.

Taken together, our results show that real-time observa-
tion of individual hyaluronan molecules in aqueous solution
is readily feasible. The quantitative analysis of the diffusion
of hyaluronan using this approach directly leads to results,
which are compatible with results from bulk methods
published earlier. Moreover, our observations fully support
the concept that single hyaluronan molecules form random
coil structures with low density in solution. The possibility
of examining single hyaluronan molecules in solution has
important implications for future studies of the extracellular
matrix. First, it sheds new light on how ordered hyaluronan
structures form e.g. on surfaces in vitro as observed by EM
[20] and AFM [5], or even in vivo [2, 8, 24]. On the other
hand, the visualization of the interaction of cells with single
hyaluronan molecules allows a completely new approach to
the study of receptor binding, endocytosis and degradation
events.
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