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We studied the structure and dynamics of porcine laryngeal aggrecan in solution using a range of noninvasive
techniques: dynamic light scattering (DLS), small-angle neutron scattering (SANS), video particle tracking (VPT)
microrheology, and diffusing wave spectroscopy (DWS). The data are analyzed within the framework of a combined
static and dynamic scaling model, and evidence is found for reptation of the comb backbones with unentangled
side-chain dynamics. Small-angle neutron scattering indicated standard polyelectrolyte scaling of the mesh size
(ê) with concentration (c) in semidilute solutions for the whole aggrecan aggregate,ê ) Ac-0.47(0.04, with the
prefactor (A) implying there is on average 60 nm between the aggrecan subunits along the backbone. VPT
demonstrated large exponents for the power law dependence of the intrinsic viscosity (η) on the polymer
concentration in the semidilute concentration regime,η ∼ cR; with R equal to 2.04( 0.06 and 1.95( 0.08 for
the assembled and disassembled aggrecan aggregates, respectively. DWS at high frequencies (104-105 Hz) gave
evidence for internal Rouse modes of the aggrecan monomers, independent of the degree of self-assembly of the
molecules.

Introduction

The structure and dynamics of comb polyelectrolytes still
provides many open questions.1-6 The biological comb poly-
electrolyte systems, the proteoglycans (long carbohydrate
polymers attached to a protein) and glycoproteins (short
carbohydrate polymers attached to a protein), remain some of
the least well understood biopolymer systems in molecular
biology.7,8 This is caused by a series of complicating factors
including chemical heterogeneity, noncrystallinity, and long-
range charge interactions. Similarly, the synthetic biomimetic
counterparts of proteoglycans and glycoproteins have only
slowly begun to attract serious research interest.2,9 Previously,
we examined model polystyrene sulfonate (PSS) comb poly-
electrolytes and established some simple relationships between
their structure and viscoelasticity.1,2 Due to the flexibility of
the side-chains, the PSS combs would be considered a biomi-
metic proteoglycan system.

In another previous study on a biological comb system,
concentrated solutions of porcine stomach mucin glycoprotein
solutions were examined. Evidence was found for liquid
crystallinity3,10 and entanglement coupling between the comb
molecules in concentrated solutions. A rich variety of phase
behavior is thus possible in comb polyelectrolyte solutions.

Practically, we are motivated in the research on aggrecan (a
proteoglycan bottle brush of bottle brushes, Figure 1) by
biomedical questions relating to its function in diseased tissues.
For example, the loss of the charge fraction in aggrecan
molecules is strongly implicated in osteoarthritis conditions11

and the highly viscous behavior of aggrecan is vitally important
in its action as the compliant matrix between collagen fibers in
many soft composite tissues.12,13 Aggrecan provides the domi-
nant mechanism of energy dissipation in a range of naturally
occurring shock absorbing tissues.

In the literature, there is only a small amount of information
on the solution state rheology of both side-chain liquid-
crystalline and comb polymers. This contrasts with the situation
of the melt dynamics of comb14 and side-chain liquid-crystalline
polymers,15,16 which have experienced a number of studies.
Recent experiments by our group examined the linear viscoelas-
ticity of polyelectrolyte (polystyrene sulfonate) combs over a
wide range of frequencies (0.01-106Hz).2 At low frequencies
the materials were predominantly viscous and the comb
architecture had a dramatic effect on the magnitude and scaling
of the viscosity with polymer concentration. In contrast, at high
frequencies, diffusing wave spectroscopy demonstrated no effect
of the comb architecture on the Rouse modes in the sample. A
dynamic scaling model was derived for the unentangled
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Figure 1. Schematic diagram of the process of self-assembly of
aggrecan aggregate from monomer and hyaluronic acid.
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semidilute viscoelasticity of sparsely branched combs and was
in good agreement with both microrheology and small-angle
X-ray scattering data.1,2 The SAXS results of comb polyelec-
trolytes indicate that the semidilute correlation length is
independent of comb architecture, providing a sound structural
model with which to develop a theory of comb dynamics. In
the dynamic scaling model for combs, the relaxation time of
the backbone was renormalized by an average of the Rouse time
of the attached side-chains, providing an additional polymer
concentration dependence (an additionalc1/2 dependence, where
c is the polymer concentration) for the viscosity (low-frequency
dynamics) of the comb solutions compared with that for a linear
flexible polyelectrolyte.2 The high-frequency viscoelasticity of
the PSS combs was in reasonable agreement with a scaling
model for the dynamics of linear flexible polyelectrolytes.

Previous rheological studies on aggrecan aggregates have
found that solutions demonstrated shear thinning behavior and
the attachment of pendant comb side units caused an increase
in the modulus of the material linearly proportional to the
number of attached side-chains.17-19 The aggrecan polymers are
unassociating and do not form gels. To date no models have
been developed that connect the molecular structure of the
aggrecan aggregates to their rheological properties. The rheo-
logical properties of aggrecan are vitally important to model
the viscoelasticity of cartilage and the action of boundary
lubricants in synovial joints.20,21 Furthermore, we believe the
comparison of the physical behavior of aggrecan to synthetic
comb polyelectrolytes will allow the development of effective
synthetic treatments for osteoarthritis.2

Hyaluronic acid (the backbone of aggrecan) has been shown
to act like a flexible hydrophilic polyelectrolyte in light
scattering, small-angle X-ray scattering22 (with a persistence
length in dilute solutions of 6 nm), and rheology studies.23,24In
semidilute solutions with SAXS,25 the extension ratio (B)
contour length/end to end length) is found to be 1.39 (a fairly
extended conformation) for sodium hyaluronate compared to 3
for polystyrene sulfonate (a standard flexible polyelectrolyte).
Atomic force microscopy images of whole aggrecan aggregate
molecules indicate a large increase in the persistence length of
the hyaluronic backbone when aggrecan monomers are attached
and it becomes on the order of∼100 nm.26

The structure and dynamics of flexible polyelectrolytes have
recently experienced a number of important advances.23,27,28

Dynamic scaling theories provide a simple robust motivation
for both the morphology and viscoelasticity of flexible poly-
electrolyte solutions, which have a number of novel features
compared with their neutral counterparts, e.g., the relaxation
time of linear flexible polyelectrolytes in entangled semidilute
solutions is concentration independent.

Previous small-angle neutron scattering (SANS) studies have
examined the structure of dilute aggrecan subunits,29 but have
not been extended into the semidilute regime. Aggrecan
molecules typically function in the semidilute regime (∼5%w/
w) in cartilage, so semidilute studies would directly relate to
the molecules’ biological function. In the current article, we
study the structure of concentrated solutions of aggrecan for
the first time with SANS.

A range of microrheology techniques have recently been
developed to study the viscoelasticity of complex fluids, and
these demonstrate good agreement with bulk rheology measure-
ments in the case of flexible polyelectrolyte samples.30 Mi-
crorheology presents a series of advantages over traditional
rheological techniques; the measurements are noninvasive and
will not damage delicate biological molecules, they require

minute (∼20µL) amounts of sample, they extend the measurable
range of frequencies by 3 orders of magnitude, and they can be
used to quantify the heterogeneities in solutions.31 Aggrecan
has not been previously examined with microrheology tech-
niques, but the sizable viscosity of the solutions at low polymer
concentrations makes it ideal for both particle tracking and
diffusing wave spectroscopy measurements.30 Therefore, we
were able to measure the viscoelasticity of aggrecan at ultrafast
frequencies (∼105Hz) for the first time and model the dynamics
in terms of the screened hydrodynamic fluctuations (Rouse
modes) of flexible polyelectrolyte chains.28

In the present article, we analyze the structure and dynamics
of aggrecan using a novel range of noninvasive probes. The
data are analyzed in the framework of scaling theories for
flexible polyelectrolytes2,27 and the connection is made to the
physical behavior of synthetic polyelectrolyte combs. A dynamic
scaling theory is derived to account for the reptation of flexible
polyelectrolyte combs with both unentangled and entangled side-
chains. We believe the new detailed picture of aggrecan
viscoelasticity we present will be invaluable in the construction
of new molecular models for the dissipative properties of
cartilages11 and the action of aggrecan in the reduction of friction
in synovial joints.20,21

Materials and Methods

Aggrecan Samples.Aggrecan was provided both in the aggregated
and the monomeric state (Figure 1). In the aggregated state, aggrecan
monomers are physically bound onto a hyaluronic acid chain. Aggrecan
monomers consist of a∼400 nm protein backbone with approximately
one hundred highly negatively charged side chains, each∼40 nm in
length which are predominantly chondroitin sulfate glycosaminoglycan
(CS-GAG).32,33 Additional shorter side-chains of keratan sulfate also
occur. Aggrecan is found in cartilage, mainly as aggregates involving
hyaluronic acid (major axis of the ellipsoid is∼2000 nm).32 The
aggregate is thought to consist of an extended hyaluronic acid chain to
which the aggrecan monomers are regularly attached. Each aggrecan
monomer has a globular protein head which binds to the hyaluronic
acid backbone.

Experiments on aggrecan could be performed in both the aggregated
and the monomeric state. Aggrecan and its link-stable aggregate were
prepared from porcine laryngeal cartilage.34,35Sliced fresh cartilage was
extracted in 4 M guanidine HCl containing proteinase inhibitors, and
the aggregates were reformed and purified by density gradient
centrifugation in CsCl under associative conditions. Monomeric ag-
grecan was prepared from aggregates by a second CsCl density gradient
centrifugation under dissociative conditions in the presence of 4 M
guanidine HCl. The aggrecan samples were left to equilibrate for at
least 48 h before any experiment.

Dynamic Light Scattering. Dynamic light scattering measurements
were performed on an ALV 5000 goniometer using a fast multiτ digital
correlator which provided correlation times in the range from 12.5 ns
to 1000 s. The light source was a 5 WSpectra Physics argon ion laser
2016 Stabilite operating at 488 nm and 140 mW. The vv configuration
was used with parallel polarizers before the sample cuvette and after
the laser. Field autocorrelation functions were obtained at a series of
angles in the range 30-120°. Samples were filtered with 0.45µm Supor
membrane filters into standard 1 cm diameter Helma quartz cells.

Small Angle Neutron Scattering.Small angle neutron scattering
(SANS) experiments were performed on the KWS2 station at the
research reactor FRJ2 (Forschungszentrum Julich GmbH), a classical
pinhole instrument with a typicalq range (q ) (4π/λ)sin θ/2, λ is the
wavelength of the neutrons andθ is the scattering angle) from about
10-3 to 0.2 Å-1 (real space 1000-10 Å). The wavelength of the
neutrons was 7 Å, and the sample-detector distances used were 2, 8,
and 20 m. Aggrecan was studied in semidilute solutions in D2O and
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each sample was allowed to equilibrate for over a day to provide
complete exchange of all labile hydrogens.

Microrheology. The extraction of the rheological properties of
complex fluids through the investigation of the motion of probe particles
immersed into the fluid is a standard technique in microrheology.30,36

The thermal motion of a spherical particle coupled with a polymer
network is affected by the viscoelastic properties of the medium. The
time evolution of the mean squared displacement (MSD) of the particle
contains rheological information on the viscoelastic medium.37 The time
evolution of the MSD versus time plot in a log-log representation
always has a slope between 0 (purely elastic) and 1 (purely viscous).
The evolution of the slope with time reflects the different nature of
response of a viscoelastic material at different time scales.

In the case of an incompressible medium and a particle with nonslip
boundary conditions, a generalized Stokes-Einstein relation (GSER)
can be used37 in order to connect the MSD with the viscoelastic
properties of the complex fluid

whereG̃(s) is the shear modulus as a function of the Laplace frequency
s and 〈∆r̃2(s)〉 is the Laplace transform of the MSD. The Fourier
transform ofG(t) is the complex shear modulusG̃*(ω) ) G′(ω) +
iG′′(ω), with ω the Fourier frequency. The storage (G′) and loss (G′′)
moduli as a function of frequency can be calculated from the MSD as
a function of time.

In video particle tracking microrheology, we simultaneously analyzed
the trajectories of hundreds of particles and the viscoelastic moduli
were extracted in the range of 0.1-25 rad/s (0.04-10 s temporal range).
For diffusing wave spectroscopy a concentrated dispersion of probe
particles was used to ensure the multiple scattering of light, and the
viscoelastic moduli were extracted in the range of 104-107 rad/s (10-7-
10-4 s temporal range). With a combination of the two microrheology
techniques it was possible to investigate the dynamics of aqueous
aggrecan samples over a wide range of frequencies.

Particle Tracking Microrheology. Particle tracking microrheology
was performed on monomeric and aggregated aggrecan in pH 7.4 EDTA
buffer with 0.15 M NaCl. Amino-functionalized polystyrene particles
of 0.495 µm diameter were used. The concentration of the particles
was such that about 40-50 of them were tracked simultaneously. The
thermal motion of the particles was measured with an Olympus OH2
microscope connected to a black and white Jaitisu CCD camera. A
100× oil immersion lens was used to focus into the sample well,
approximately 15µm underneath the cover slip. The trajectories of
the probe particles were analyzed with a modified version of the IDL
tracking software developed by Weeks et al.38 in order to obtain the
mean squared displacement (MSD) as a function of lag time.

Two-point probe correlation was also used to confirm the reliability
of the one-point correlation39 for the measurement of the bulk properties
of the solutions. Where it is not explicitly mentioned, the MSD data
we present were calculated using the one-point correlation method.

Diffusing Wave Spectroscopy.Experiments were performed on the
ALV5000 light scattering instrument in transmission geometry40 with
crossed polarizers. The probe particles were identical to those used in
particle tracking experiments, but at much higher concentrations (0.5%
w/w) in order to ensure they were in the multiple scattering regime.
Experiments were run for about 1 h for each sample so that low noise
intensity autocorrelation functions were obtained. The transport mean
free path (l*) was calibrated by a dispersion of particles in pure water
and the mean squared displacement data was inverted to provide the
viscoelastic moduli.41

The field autocorrelation functiong1(t) for the transmission geometry
can be written as

whereP(s) is the path length distribution,〈r2(t)〉 is the mean square
displacement, andk0 ()2π/λ) is the wavevector (λ ) 488 nm is the
wavelength of light). The field autocorrelation functiong1(t) is obtained
from the measured intensity autocorrelation functiong2(t) using the
Siegert relationshipg2(t) ) 1 + âg1

2(t), whereâ is a constant, which
depends on the instrument and is equal to unity in an ideal experiment.
The MSD can thus be extracted numerically from the measured field
autocorrelation function by the use of the above integral relation for
g1(t). More details about the experimental microrheology procedures
can be found in a publication on synthetic polyelectrolyte combs.2

Results

Dynamic Light Scattering. Dynamic light scattering (DLS)
was used to investigate aggrecan aggregate solutions in both
assembled and disassembled states (Figure 1). The disassembled
state was achieved by dissolving the aggregated material in a
buffered solution of pH 4. Under these conditions the monomers
are dissociated from the hyaluronan chain. There was no
detectable difference in the DLS experiments, between samples
created in the monomeric state by CsCl centrifugation and
samples prepared by dissolving aggregated material at pH 4.
The assembled aggrecan samples were prepared in pH 7.4
EDTA buffered solutions with 0.15 M NaCl. The auto-
correlation functions collected using dynamic light scattering
from aggrecan samples (aggregated and monomeric) showed
either a broad distribution of relaxation rates or a bimodal
distribution of relaxation rates(Figure 2), with a constant
background offset corresponding to the long time motion of
the aggregates. The distribution function at 120° is clearly
bimodal. The case of 30° shows a broad distribution of
relaxation times. The field auto-correlation functions (g1(t)) were
analyzed by fitting a double exponential with a constant offset
(Figure 2)

whereainternal, amonomer, andaaggregateare the amplitudes for the
internal dynamic mode of the monomers, translational diffusion
of the monomers and translational diffusion of the aggregates,
respectively.ΓinternalandΓmonomerare the relaxation rates of the
internal mode and the translational diffusion of the monomer,
respectively. This gives a robust representation of the data
without making any assumptions about the polydispersities of

G̃(s) )
kBT

πas〈∆r̃2(s)〉
(1)

g1(t) ) ∫0

∞
P(s) exp(-1

3
k0

2〈r2(t)〉s/l* ) ds (2)

Figure 2. Normalized field auto-correlation functions collected at 30°
(squares) and 120° (triangles) from aggrecan monomer at 0.5 mg/
mL in 0.15 M NaCl in pH 7.4 EDTA buffer. The lines are fits with eq
3. Inset: Distribution functions for 30° (squares) and 120° (triangles)
corresponding to the correlation functions.

g1(t) ) ainternalexp(-Γinternalt) + amonomerexp(-Γmonomert) +
aaggregate(3)
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the components, which are difficult to quantify with branched
charged polymers (there are a large variety of electrostatic
environments for the counterions).

The two distinct relaxation rates (Γinternal and Γmonomerwith
Γinternal> Γmonomer) correspond to two different dynamic modes
in the sample. The intensity auto-correlation function (g2(t)) is
related to the field auto-correlation function (g1(t)) using the
Siegert relationship

whereâ is the contrast factor.
The resulting apparent diffusion coefficients (Dinternal) Γ/q2)

for the internal modes of the aggrecan monomer at 0.5 mg/mL
in 0.15 M NaCl pH 7.4 EDTA buffer as a function of squared
scattering vector (q2) are shown in Figure 3. Both internal and
monomer relaxation processes indicate diffusive behavior; that
is, the apparent diffusion coefficientΓ/q2 has littleq dependence.
Extrapolating the data of Figure 3 to zeroq2 using a linear fit,
we calculated the diffusion coefficient for the two modes. The
presence of two diffusion coefficientsDinternal ≡ Γinternal/q2|qf0

andDmonomer≡ Γmonomer/q2|qf0 is attributed to the coexistence
of two different diffusive processes in the aggrecan samples,
i.e., internal monomer dynamics and translational diffusion of
aggrecan monomers (Figure 1). In the case of the aggregated
sample, a few aggrecan monomers are free in solution, since
the binding to the hyaluronan chain is physical and there is an
equilibrated process of association. The amplitudes of the three
dynamic processes (eq 3) are shown in the inset of Figure 3.
All three modes are present in both self-assembled and mono-
meric aggrecan. Therefore in both the sample preparations, both
the large and small species are present giving rise to three
modes, “internal” for the fast internal dynamics of the aggrecan
monomer, “monomer” for the translational diffusion of the
monomers, and an “aggregate” mode whose relaxation time is
outside the time window of the measured correlation function.
The results for the monomer and the aggregate at different
polymer concentrations are similar i.e., two diffusive modes are
present and occur at similar relaxation rates.

The extrapolated diffusion coefficientsDinternal andDmonomer

are shown as a function of polymer concentration in Figure 4.

There is no detectable dependence of the diffusion coefficients
on the polymer concentration. This proves that the experiments
were performed in the dilute solution regime. Indeed∼2 mg/
mL has been reported as the overlap concentration for both the
aggregated and the monomeric material35 and the DLS experi-
ments were performed at lower concentrations (<1 mg/mL).
Table 1 shows the hydrodynamic radii of the monomer
(Rh

monomer) calculated from the diffusion coefficient (Dmonomer)
by using the Stokes-Einstein relation

for the monomer and similarly the internal dynamic modes of
the monomer (Rh

internal) can be calculated from the fast diffusion
coefficient (Dinternal). The hydrodynamic radiiRh

monomer and
Rh

internal were found to be 202( 10 and 44( 7 nm respectively
for the monomeric sample.

Small Angle Neutron Scattering.For small angle neutron
scattering (SANS) experiments, aggregated material was dis-
solved in 0.15 M deuterated NaCl pH 7 buffer. A range of
aggrecan concentrations were studied and the scattering cross
section (I(q)) as a function of scattering wave vector (q) was
obtained (Figure 5). The appearance of a small but well-defined
correlation peak (q ) q*) allowed the correlation length (ê )
2π/q*) to be plotted as a function of polymer concentration (c,
Figure 5 inset). The scaling law found for aggrecan aggregate
ê ∝ c-0.47(0.04 is consistent with the exponent (0.5) expected
for linear flexible polyelectrolytes27 and observed previously
with flexible polyelectrolyte (polystyrene sulfonate) combs1

in semidilute solutions. No evidence was found for liquid
crystalline phases of the whole aggrecan aggregates. In contrast
to previous experiments with glycoprotein samples all the
scattering patterns were isotropic.3

Microrheology. Particle Tracking.Video particle tracking
experiments were performed on monomeric and aggregated
aggrecan in pH 7.4 EDTA buffer with 0.15 M NaCl. Amino

Figure 3. Apparent diffusion coefficient Γ/q2 as a function of q2 for
aggrecan monomer at 0.5 mg/mL in 0.15 M NaCl in pH 7.4 EDTA
buffer. The dashed lines are linear fits to the data. Circles indicate
the translational diffusion of the monomer and squares indicate
internal diffusive motion of the monomers. Inset: The amplitudes for
the fit of eq 3 to the correlation functions are shown as a function of
q2. Filled symbols indicate the aggregated sample, open symbols the
monomeric sample, triangles the internal mode, circles the monomer
mode, and squares the aggregate mode.

g2(t) ) 1 + âg1
2(t) (4)

Figure 4. Diffusion coefficient as a function of polymer concentration
for the monomeric aggrecan sample and for the aggregated aggrecan
sample (inset). The dotted horizontal lines represent the average
diffusion coefficient of each mode. The circles represent the mode
due to the aggrecan monomer translational diffusion and squares the
internal dynamics of the monomers.

Table 1. Hydrodynamics Radii of the Internal and Monomer
Modes in the Monomeric and Aggregated Aggrecan Samples

monomeric sample aggregated sample

Rinternal (nm) 44 ( 3 30 ( 3
Rmonomer (nm) 202 ( 7 220 ( 10

Rh
monomer)

kBT

6πηsDmonomer
(6)
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functionalized polystyrene particles of 0.495µm diameter were
used. Mean squared displacements (MSD) as a function of time
for different polymer concentrations are shown in Figure 6. The
reliability of the one-point microrheology data was tested using
two-point microrheology. The resulting MSDs from one- and
two-point microrheology are shown in Figure 6 inset for the
monomeric material. The good agreement between one- and
two-point correlation in both monomeric and aggregated samples
proves that the bulk properties of the solutions were measured
in particle tracking experiments.39

The MSDs from aggrecan solutions were predominantly
viscous, as shown from the slope of the curves of Figure 6 for
the case of the aggrecan monomer. Therefore, the diffusion
coefficient of the probe spheres can be extracted (MSD) 4Dt)
and subsequently the viscosity from the Stoke’s Einstein
equation (η ) kBT/6πDa, wherea is the radius of the probe

sphere). The specific viscosity (ηsp ) (ηsolution- ηsolvent)/ηsolvent)
of the aggrecan solutions as a function of aggrecan concentration
is shown in Figure 7. Good agreement of the micorheology
results is also shown with the viscosity/concentration scaling
at higher polymer concentrations with bulk rheology.19

The power law dependence of the viscosity for aggrecan
monomer and aggregate is similar to that found for densely
grafted synthetic polyelectrolyte combs.2 This dependence on
polymer concentration can be attributed to the dense grafting
of charged chains (GAGs) onto the aggrecan monomers inducing
entangled reptative dynamics of the polymer backbone (Ap-
pendix).

Diffusing WaVe Spectroscopy.The DWS experiments were
performed in the transmission geometry with amino function-
alized polystyrene spheres of 0.495µm diameter, identical to
those used for VPT. The mean free path (eq 2) for the spheres
in water wasl* ) 420µm. The aggrecan samples were studied
under identical conditions to the particle tracking experiments
and over the same polymer concentration range. The correlation
functions shifted to longer times as the polymer content
increased (Figure 8 inset). The MSDs corresponding to the
correlation functions are shown in Figure 8. The aggrecan
solutions showed viscoelastic behavior at the high frequencies
probed with DWS. Viscoelastic shear moduli of aggrecan
monomer solutions are shown in Figure 9. The contribution of
the solvent (ηsolventω) to the loss modulus (G′′) was subtracted
from the data, so that comparison to theoretical models for
polymer dynamics could be made. The viscoelasticity of
aggrecan solutions at high frequencies (probed by DWS) obeyed
the predictions for Rouse dynamics, as found for the synthetic
polyelectrolyte combs.2 The shear moduli (G′, G′′) scaled as
ω1/2 and the elastic modulus was approximately equal to the
loss modulus (G′ ≈ G′′).

Discussion

Solution Structure. Dynamic light scattering (DLS) on dilute
aggrecan solutions allowed the measurement of the hydrody-
namic radii of the internal modes of a monomer (44( 7 nm)
and the size of a monomer (202( 10 nm). The monomer size
is in reasonable agreement with AFM26 and electric birefrin-
gence experiments.32 The fast mode corresponds to internal

Figure 5. SANS scattering profiles for aggrecan aggregate as a
function of polymer concentration in 0.15 NaCl pH 7 buffer in D2O.
The arrow indicates the shift of the correlation peak to higher q-values
as the concentration increases. The concentration of aggrecan is 15
(squares), 26 (down triangles), 46 (up triangles), 60 (circles), and 80
mg/mL (diamonds). Inset: Correlation length as a function of polymer
concentration for aggrecan aggregate. The straight line is the
theoretical prediction of eq 7 (see discussion section).

Figure 6. Particle tracking MSDs of 0.495 µm amino particles as a
function of time for aggrecan monomer in pH 7.4 with 0.15 M NaCl.
Several polymer concentrations are shown, 0.2 (open circles), 1 (up
triangles), 3 (down triangles), 6 (diamonds), and 12 mg/mL (squares),
including the case of pure solvent (closed circles). Not all of the
measured MSDs are shown for clarity. A line with slope 1 indicates
the diffusive behavior of the spheres in the solutions. Inset: One-
point (closed symbols) and two-point (open symbols) particle tracking
MSDs in monomeric 5 mg/mL aggrecan solution.

Figure 7. Specific viscosity of aggrecan monomer and aggregate in
pH 7.4 with 0.15 M NaCl, as a function of polymer concentration as
measured by particle tracking microrheology. Comparison of particle
tracking data with previous bulk rheology data.19 Power-law fits to
the data for concentrations above the overlap concentration (c > c*)
and the corresponding scaling exponents are shown. Values of the
overlap concentration are shown for the aggregate (c*agg) and the
monomer (c*mon).
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longitudinal breathing modes of the aggrecan monomer side-
chains. In analogy with the dynamics of planar polymer
brushes,55 semidilute solutions42 and gels,43 we identify the size
of the internal mode with the internal hydrodynamic mesh size
of an aggrecan monomer. The measured monomer mesh size
(37 nm) is an order of magnitude larger than the size between
GAG side-chains found with AFM,33 ∼3 nm, but close in to
the side-chains of the cylindrical monomer brushes (∼40 nm).
This could either imply a transverse modulation of the side-
chain structure of the monomers, e.g., a helical modulation of
the density of the polyelectrolyte side-chains44 increasing the
hydrodynamic mesh of the side-chains, or longitudinal relaxation
of the polymer brushes similar to the planar scenario.55

Small-angle neutron scattering (SANS) was performed above
a polymer concentration of 6 mg/mL on the aggregated aggrecan
material. The overlap concentration of both the aggregated and
monomeric material has been measured as∼2 mg/mL in
previous fluorescence recovery after photobleaching experi-
ments,35 so we deduce the studies are in the semidilute regime.
The SANS profiles from semidilute solutions of aggrecan
aggregate showed a correlation peak (Figure 5) whose position
(q*) scaled with polymer concentration with an exponent (-0.47
( 0.04) consistent with previous results from linear polyelec-

trolytes and polyelectrolyte combs.1,45 The correlation length
of aggrecan solutions (ê ≈ 2π/q*) was calculated from the data
as shown in the inset of Figure 5. This mesh size reaches a
value of 100 nm at 6 mg/mL. We need to understand the origin
of the mesh. For flexible polyelectrolytes (linear and comb),
the correlation length is given by eq 727 where we have rescaled
the concentration dependence usingx to model the dominant
contribution of aggrecan monomers to the molecular weight of
the aggregate

wherec is the concentration of aggrecan monomers in mg/mL,
x is the number of hyaluronic acid monomers between two
aggrecan monomers,BHA is the degree of extension of the
backbone,bHA is the size of the hyaluronic acid monomer (for
a linear flexible polyelectrolyteB ) Nb/L, N is the number of
monomers,b is the monomer repeat distance, andL is the end
to end distance), and MWAggrecanMonomeris the molecular weight
of the aggrecan monomers. We deduce that the whole overlap-
ping aggrecan aggregates produce the measured correlation
length. The distance between two bound aggrecan monomers
along the hyaluronan chain reported previously at high degree
of aggregation is known to be∼20 nm.33 The sections of the
hyaluronan chain are assumed to be fully stretched by the
repulsion between the grafted aggrecan monomers.26 The mass
of the aggrecan aggregate is predominantly (99%) due to the
aggrecan monomers. Therefore, the effective monomer mass
of the backbone hyaluronan chain is equal to the mass of the
aggrecan monomer. The molecular weight of the aggrecan
monomer has been found35 to be∼2.6 MDa, and eq 7 is used
to calculate the correlation length (ê) (Figure 5 inset). There is
good agreement between experimental and theoretical data. A
value of 60 nm was found for the distance (xbHA/BHA) between
aggrecan monomers along the backbone hyaluronan chain, and
therefore, the aggrecan aggregate we study is slightly less
densely grafted than that reported previously.35

Dynamic Picture. At time scales probed by particle tracking,
the aggrecan samples were predominantly viscous. The scaling
of the viscosity as a function of polymer concentration (Figure
7), above the overlap concentration (∼2 mg/ml), was similar
to that found for densely grafted synthetic polyelectrolyte
combs.2 The viscosity of the aggregated material was higher
than the viscosity of the monomers at all concentrations. This
is because the attachment of the aggrecan monomers on the
hyaluronan chain gives rise to a super-comb structure whose
motion is much slower than that of the free monomers (Figure
1). Previous bulk rheology data19 for the zero shear viscosity
of aggrecan solutions is plotted on the same log-log plot as
the particle tracking data (Figure 7).

The bulk rheology data of Figure 7 includes both lowly
aggregated material (<5%) and highly aggregated material
(80%). These were the extremes in aggregation content of the
sample preparations measured in previous bulk rheology experi-
ments.19 For the preparations studied in this work, the aggrecan
monomer sample is expected to contain predominantly aggrecan
monomers, and the aggrecan aggregate sample is expected to
contain predominantly aggrecan aggregate. The drop in viscosity
as a function of the degree of aggregation is observed by both
microrheology and bulk techniques. Power-laws were able to
fit both the data sets simultaneously (particle tracking and bulk
rheology);η ∼ cR whereη is the viscosity andR the exponent.
An exponent of 2.04( 0.06 was found for the samples with

Figure 8. MSDs of 0.495 µm amino functionalized polystyrene
spheres in buffer (squares) and in solutions of aggrecan monomer 2
(circles) and 12 mg/mL (triangles). Diffusive (1) and subdiffusive (1/
2) scaling laws are shown to highlight the viscoelastic nature of the
aggrecan solutions as probed by DWS. Inset: Intensity auto-
correlation functions (from DWS in transmission geometry) from 0.495
µm amino functionalized polystyrene spheres in buffer (squares) and
in solutions of aggrecan monomer with concentrations of 2 (circles)
and 12 mg/mL (triangles).

Figure 9. Viscoelastic moduli of 4 mg/mL aggrecan monomer (G′
with diamonds and G′′ with circles) and 10 mg/mL aggregate (G′ with
squares and G′′ with triangles) in pH 7.4 buffered solution with 0.15
M NaCl. A line with slope 1/2 indicates the power law behavior.

ê ≈ ( BHA

xbHA
)1/2( c(mg/mL)NA

MWAggrecanMonomer
)-1/2

(7)
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high aggregate content and an exponent of 1.95( 0.08 for the
samples with low aggregate content. Even though the two
techniques are not over the same polymer concentration range,
the power-law fits show that there is good agreement between
the measurements. Such high exponents for the scaling of the
specific viscosity with polymer concentration have been previ-
ously seen with densely branched polystyrene sulfonate combs,2

e.g.,η ∼ c2 for densely branched PSS combs. A challenge for
understanding the comb dynamics is the extremely low en-
tanglement concentration in such materials (i.e., low concentra-
tion for the onset of reptation) and the absence of a semidilute
unentangled regime above the overlap concentration.2,28 The
comb nature of aggrecan is seen to be vitally important to the
low-frequency viscosity of the molecules. Artificial biomimetic
boundary lubricants would need to be synthesized with flexible
side-chain architectures to achieve equivalent rheological prop-
erties to aggrecan. Linear polyelectrolytes46 do not offer an
efficient mechanism for energy dissipation in soft solids due to
the weak dependence of the viscosity on the polymer concentra-
tion η ∼ c1/2

linear compared with the strong dependence of
densely branched comb architectures (e.g.,η ∼ c2

comb).
In the appendix, a possible explanation for the concentration

dependence of the viscosity, modulus, and diffusion coefficient
of aggrecan is presented. A dynamic scaling theory for the
reptation of comb polyelectrolytes on polymer concentration
(c) is described that simultaneously explains the viscosity of
synthetic polyelectrolyte combs with high degrees of branching
(Figure 12), the modulus (G) of aggrecan from previous bulk
experiments (G ∼ c1.5, Figure 11), the diffusion coefficient of
aggrecan from FRAP (Figure 11), and the viscosity (η) from

the current microrheology results (η ∼ c2, Figure 7). Crucially
the c0.5 difference in the concentration dependence of the
modulus and viscosity observed experimentally (we expect the
standard relationshipη ≈ Gτ to hold, whereτ is the slowest
relaxation time of the material) is attributed to the relaxation
dynamics of the side-chains of the aggrecan monomers and this
concentration dependence agrees with measurements of self-
diffusion experiments in FRAP experiments (D ∼ R2/τ, implying
D ∼ c-1, eq A11, Figure 11,D is the diffusion coefficient,R is
the chain backbone radius, andτ is the relaxation time).
Furthermore, the dynamic scaling theory captures the results
from previous bulk rheology experiments that the viscosity is
proportional to the degree of aggregation. There is no expo-
nential dependence of the viscosity on the polymer concentration
(Figure 7), so we can rule out a model of reptation with
entangled side-chains for aggrecan (equation A26) at the
concentrations we measure and conclude the chains move by
reptation with unentangled side-chains (eq A8).

At the high frequencies probed by diffusing wave spectros-
copy (DWS), the aggrecan solutions were viscoelastic and
showed theω1/2 scaling of the shear modulus with frequency
(ω) characteristic of the Rouse model (Figure 9). The analysis
demonstrated previously for synthetic polyelectrolyte combs can
be applied for the aggrecan solutions. The value of the moduli
at a certain frequency is given by2,27

One aggrecan monomer consists of GAG chains grafted on a
protein backbone (BB). A GAG chain has a molecular weight
of 20 KDa (GAGs are the dominant contribution to the
molecular weight of the aggrecan monomer), and the distance
between GAG chains along the backbone isybBB/BBB ) 3 nm.35

At high frequencies, we conclude that the internal dynamics of
the aggrecan monomers are probed in both the aggregated and
the monomeric samples, similar to polystyrene sulfonate combs.2

Figure 10 shows the value of the viscoelastic moduli atω )
105 rad/s for the aggregated and the monomeric samples as a
function of polymer concentration. There is no significant
difference between the aggregated and the monomeric sample.
Thus, the rheological properties are dominated by the internal
dynamics of the aggrecan monomers at high frequencies (DWS)
in both the aggregated and the monomeric material. The data
are in good agreement with the prediction of eq 8 for the
viscoelastic modes (Figure 10, continuous line). An estimation

Figure 10. Viscoelastic moduli at ω ) 105 rad/s. The straight line is
the theoretical prediction of eq 8.

Figure 11. Self-diffusion coefficients for FRAP data54 and (inset) the
modulus (G) calculated from bulk rheology data at 1 Hz19. Values of
the overlap concentration (c*) are shown for the aggregate (c*agg) and
the monomer (c*mon).

Figure 12. Fit of the model for comb reptation with unentangled side-
chains for PSS (equation A8) with (a) large number of short side-
chains and (b) small number of long side-chains.

G′(ω) ≈ G′′(ω) ≈ (ηskBT)1/2( BBB

ybBB
)-3/4(c(mg/mL)NA

MWGAG
)3/4

ω1/2

(8)
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of the values for the viscoelastic moduli assuming that the Rouse
modes of the whole aggregate are observed predicts significantly
lower values for the relaxation rates than those experimentally
observed, again indicating that the origin of the viscoelasticity
is interchain dynamic modes. A similar picture was developed
with synthetic comb polyelectrolytes.2

Future work on proteoglycans will focus on the continued
development of the dynamic scaling theory to explain the
entangled dynamics of the comb molecules in solution. Fur-
thermore additional structural information should be available
from aggrecan oriented in a magnetic field using small-angle
neutron scattering.3 It would also be interesting to examine the
nonlinear microviscoelasticity of aggrecan molecules using
magnetic tweezers,30,47 since this would help model the action
of aggrecan in synovial joints.

Conclusions

The hydrodynamic radii of the aggrecan monomer and an
internal longitudinal breathing mode of the aggrecan monomer
were measured using dynamic light scattering. Small-angle
neutron scattering (SANS) experiments with the aggregated
material in semidilute solutions probed the correlation length
(ê) between the whole aggregates and standard linear polyelec-
trolyte scaling on the polymer concentration (c) was observed,
ê ∼ c-0.47(0.04. Video particle tracking (VPT) microrheology
at low frequencies revealed the difference between aggregated
and monomeric aggrecan. The aggregated material demonstrated
much higher viscosities than the monomeric material. The
scaling law of the intrinsic viscosity (η) as a function of polymer
concentration was similar to that found for densely grafted
polystyrene sulfonate combs2; η ∼ c2.04(0.06 andη ∼ c1.95(0.08

for the assembled and monomeric samples, respectively. The
viscosity measured using VPT was consistent with conventional
rheological data and results from the two particle cross-
correlation tracking method. The microrheology at high frequen-
cies (DWS) was dominated by the internal Rouse modes of the
aggrecan monomers in both the aggregated and the monomeric
material and was in agreement with the scaling expected for
flexible polyelectrolyte chains. A dynamic scaling model was
developed to describe the low-frequency viscoelasticity and
dynamics of reptating polyelectrolyte combs and was in
reasonable agreement with experiment. It is concluded that
aggrecan reptates with unentangled dynamics of the side-chains
of its monomers over the range of concentrations examined
(0.2-50 mg/mL).

Appendix

We extend the analysis of polyelectrolyte comb rheology
previously presented in unentangled semidilute solutions of
polystyrene sulfonate combs to the concentrated reptating
regime.2 Aggrecan monomers are modeled as homopolyelec-
trolytes (with the same expansion coefficients (B) for the
backbones and side-chains) to simplify the analysis and to
indicate the general features involved in the dynamics. We use
the simplest method of defining the entanglement concentration
(ce). We assume that there are a fixed number of chains (n) at
the entanglement concentration that are required to provide the
topological constraints for reptation. Following Dobrynin et
al.,27,28a is defined to be the size of the tube for reptation. We
assume, as for a linear polyelectrolyte, that the size of the tube
is proportional to the number of overlapping chains at the

entanglement concentration (n) multiplied by the correlation
length (ê)

As in the case of linear flexible polyelectrolytes, the entangle-
ment strand is the length of backbone in the sphere of radiusa
and is a random walk of backbone blobs (there areNe monomers
in an entanglement strand)

By definition when the comb polyelectrolyte chains start
reptating there aren strands in the volumea3. Combining (A1)
and (A2) gives an expression forn in terms of the length of an
entanglement strand (Ne) and the number of monomers in a blob
(g)

This is an identical expression to that found with linear flexible
polyelectrolytes.

(a) Reptation with Unentangled Side-Chains.Following
our previous results for unentangled polyelectrolyte combs,2 the
expression for the reptation time of comb polyelectrolytes
contains one additional term compared with the linear result.
The additional term (1+ sm2/Kg, s is the number of attached
side chains,m is the number of monomers on a side chain,g is
the number of monomers in a blob, andK is the number of
monomers along the backbone) renormalizes the backbone blob
time to account for the dynamics of the attached side chains.
This renormalization is not trivial, since it introduces an
additional concentration dependence in the relaxation time
(through g) and captures the cross over between Zimm and
Rouse dynamics at the static mesh size of the combs. Following
the reasoning for linear polyelectrolyte reptation,27,28 the comb
reptation time for a polyelectrolyte comb is

whereηs is the solvent viscosity,b is the monomer size,kT is
the thermal energy, andB is the expansion coefficient of the
chain.

The expression for the modulus (G) is unchanged from the
linear flexible polyelectrolyte result

whereê is the static correlation length.
Therefore, substituting in the expressions fora andê (eq A1

andê ) (B/cb)1/2), we have an expression for the modulus as
a function of the polymer concentration (c)

The c3/2 dependence of the modulus from this flexible poly-
electrolyte scaling theory is clearly followed in the experimental
data of the inset of Figure 11 from bulk rheology experiments
on aggrecan.19

The prediction for semiflexible polymer scaling isG ∼ c1.4,
underestimating the concentration dependence of aggrecan and

a ≈ nê (A1)

Ne

g
≈ (aê)2

(A2)

Ne

g
) n2 (A3)

τrep ≈ ηsb
3

kT (1 + sm2

Kg)n-2K3B-3 (A4)

G ≈ kT

a2ê
(A5)

G ≈ kT

n2(cb
B )3/2

(A6)
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no additional concentration of the viscosity is predicted (η ∼
c1.4),48 since the conformation of the chains do not depend
strongly on the polymer concentration. A completely semiflex-
ible model for the backbone and side chains can thus be ruled
out for aggrecan.

The slight variation in modulus with degree of aggregation
(inset, Figure 11) is thought to be related to changes in the size
of the tube (or equivalently the number of overlapping chains
required for reptation,n in eq A6). The final expression for the
viscosity is approximated in the standard way by the modulus
multiplied by the slowest relaxation time in the system

which is therefore

where we have used the result g) cê3. Fits are shown of the
model to highly branched synthetic polystyrene comb polyelec-
trolytes (Figure 12).2 The model gives reasonable values for
both the number of chains for reptative motion (∼4) and the
degree of extension of the chains (B) which is 2-3 in agreement
with X-ray/SANS results.1 No other fit parameters are required
to describe the experimental data. The fits are slightly better
on Figure 12 for the short side-chain PSS comb polyelectrolytes,
which could be due to the introduction of reptative modes in
the long comb side-chain samples (inset, Figure 12). Similarly,
reasonable agreement was found with glycoprotein solutions.49

These samples have short side chains, no signature of the
concentration dependence of the side-chain dynamics is ob-
served, and aη ∼ c3/2 viscosity dependence was measured above
the overlap concentration.

The model described by equation (A8) predicts the concentra-
tion dependence observed for aggrecan aggregate and aggrecan
monomer (η ∼ c2 and c1.9 respectively). The hyaluronic acid
backbone does not provide a large additional concentration
dependence on the relaxation time of an aggregate, since it is
fairly rigid in the aggregated state and corresponds to a semi-
flexible polymer26 (there is therefore little concentration de-
pendence of the hyaluronan length and thus its relaxation time
is also concentration independent48).

The diffusion coefficient (Dself) for the polyelectrolyte combs
can also be calculated from such a scaling analysis

whereR is the size of the comb backbone and for a flexible
polyelectrolyte in semidilute solutions it is given by

Therefore, substituting in expressions forR (A10) and the
reptation time (τ, A4)

Thec-1 dependence of the diffusion coefficient is in agreement
with FRAP data for aggrecan (Figure 11) for the majority of
concentrations measured. The power law fits are preferable to
the stretched exponential model of Philies,50 since they provide

the more physical result that the overlap concentration (c*) is
lower for aggrecan aggregates than monomers. There is reason-
able agreement in the values ofc* calculated using FRAP and
particle tracking (Figures 7 and 11). Furthermore in the current
model these values ofc* are identified with the concentration
at which the combs start reptating (ce) and thusc* ≈ ce.

(b) Entangled Side-Chain Comb Reptation.When the side
chains of a polyelectrolyte comb are sufficiently long or the
concentration sufficiently high, the side chains can become
entangled and the calculation of the viscoelasticity is a more
complex problem. With melt polymer dynamics the influence
of the side-chain motion is solved through the solution of a
Kramers type problem (the transition over a potential barrier),
and this is the approach we will follow.14

From Doi and Edwards,52 the potential (U(∆L)) for the
Kramer’s problem for the retraction of a Gaussian chain by a
distance (∆L) is given by

whereR is a number of order unity andkT is the thermal energy.
The Gaussian approximation for the conformational statistics
of a polymer chain is reasonable with flexible polyelectrolytes
in the semidilute regime above the overlap concentration, since
the charge interaction is screened beyond the static mesh size
of the polyelectrolyte chains.27 The spring constant for entropic
force opposing compression of the guassian polyelectrolyte is
proportional toR-2 whereR is the undeformed radius of gyration
given by (A10, whereK is replaced by m in this case).53 For a
side-chain composed of charged blobs in a side tube the length
of complete arm retraction (Figure 13) is

wherea is the tube diameter,m is the number of monomers in

Figure 13. Schematic diagram showing the process of activated
reptation of side-chain motion with flexible comb polyelectrolytes. The
charged blob conformation of the aggrecan monomer side-chain and
backbone is highlighted.

U(∆L) ) RkT
(∆L2)

R2
(A12)

∆L ) (m
Ne

)a (A13)

η ≈ Gτ (A7)

η ≈ ηsK
3(cb3)3/2B-9/2(1 + sm2

K (bB)3/2
c1/2)n-4 (A8)

Dself ≈ R2

τ
(A9)

R≈ ( K
cê)1/2

(A10)

Dself ≈ ( kT

ηsb
5/2)n2K-2c-1/2B5/2(1 + sm2

K (bB)3/2
c1/2)-1

(A11)
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a side-chain, andNe is the entanglement length. Therefore, from
the solution of the Kramer’s problem,52 the time for a flexible
polyelectrolyte arm to retract is

where D| is the diffusion coefficient for the motion of the arm
parallel to the tube.

Substituting in the expression for∆L (eq A13), we have

For the curvilinear diffusion coefficientD|, we will use the
expression from Dobrynin et al.27 for entangled linear flexible
polyelectrolytes. It is

Therefore from equation (A15) the arm retraction time is given
by

We then use the expression for the tube diameter (a), and
combining (A1) and (A3) we have

Substituting in eq A17 gives

For comb polyelectrolytes we know the entanglement length
Ne (eq A3) and therefore

From Dobrynin et al.27 and our static picture of comb poly-
electrolytes,1 we have expressions for the correlation length (ê)
and the number of monomers in a blob (g)

Therefore, the relaxation time for the side-chains of a comb is

For a complete comb with entangled side-chains the reptation
time53 of the backbone is given by

where s is the number of side-chains and the friction is
dominated by the slow activation dynamics of the side-chains.
Substituting (A22) and (A3) into (A24), we have

As before, the modulus is given by (A6) in agreement with the
experiment. The viscosity for a comb with entangled side-chains
is calculated from (A7)

This high concentration dependence of the viscosity is not
observed in either the PSS comb polyelectrolytes (Figure 12)
or the aggrecan samples (Figure 7). This would appear to rule
out the possibility of entangled side-chain reptation dynamics
in these polyelectrolyte systems.

Furthermore the self-diffusion coefficient for reptation with
entangled side-chains can be calculated from (A9) giving

Such a behavior (Dself ∼ c-2 or a stronger polymer concentration
dependence) is not in agreement with the FRAP data from either
aggrecan aggregate or monomer at low concentrations (Figure
1135). However, it could explain the sharp increase in diffusion
times with the aggrecan monomers at high concentrations (>20
mg/mL).
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