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Abstract

Chondroitin sulphate (CS) is a linear sulfated polysaccharide found in cartilage and other tissues
in the body. Small angle neutron scattering (SANS) and dynamic light scattering (DLS)
measurements are made on semi-dilute CS solutions to determine ion induced changes in the local
order of the CS chains and in their dynamic properties. In salt-free CS solutions SANS detects the
correlation peak due to local ordering between adjacent chains in which the characteristic
interchain distance is @~ 57 A. In both monovalent and divalent salts (NaCl and CaCl,) aligned
linear regions are distinguishable corresponding to distance scales ranging from the length of the
monomer unit (8 A) to about 1000 A. With increasing calcium ion concentration, the scattering
intensity increases. Even in the presence of 200 mM CaCls,, however, neither phase separation nor
cross-linking occurs.

DLS in the CS solutions reveals two characteristic relaxation modes, the fast mode corresponding
to the thermal concentration fluctuations. The collective diffusion coefficient D decreases with
increasing calcium ion concentration and exhibits a power law function of the single variable ¢/J,
where cis the CS concentration and Jis the ionic strength of the salt in the solution. This result
implies that the effect of the sodium and calcium ions on the dynamic properties of CS solutions is
fully accounted for by the ionic strength.
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INTRODUCTION

Chondroitin sulfate (CS), an important macromolecule prevalent in living organisms, is a
sulfated glycosaminoglycan (GAG) composed of alternating sugars (N-acetylgalactosamine
and glucuronic acid). A typical chondroitin chain may contain over 100 individual sugar
units, each of which can be sulfated in variable positions and quantities. Despite the relative
simplicity of its chemical structure, the CS molecule carries biological information and
participates in many biological functions. CS interacts with a variety of molecules, such as
growth factors, cytokines, chemokines, adhesion molecules and lipoproteins and also plays
an important role in cancer biology [1-5]. CS is involved in cell growth, neuronal
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development and spinal cord injury. It also possesses important biological properties for
tissue integration, including anti-inflammatory activity, water and nutrient absorption.

Figure 1 shows the chemical structure of the CS chain repeating unit, the molecular weight
of which is 459 Da (excluding counter ions). The hydrophilic polysaccharide backbone,
combined with the electrostatic repulsion among the negatively charged molecules, ensures
that solutions in water are stable over a wide range of pH and salt concentration. The
average molecular weight of naturally occurring CS chains lies in the range 30 — 40 kDa.
The distance between charges depends on the position of the sulfate and carboxyl groups,
and varies between about 3 and 5 A [6]. CS is a naturally stiff polymer with a persistence
length of roughly 80 A [7]. In solution or in its biological milieu, changes in the local
environment, due for example to hydration, salt concentration or ionic composition,
influence the interactions with neighboring CS molecules and other surrounding species.

CS is frequently attached to proteins as part of a proteoglycan. Chondroitin sulfate
proteoglycans (CSPGs) are important components of the extracellular matrix (ECM). In the
central nervous system (CNS) they play an essential role in controlling neuronal
differentiation and development. They guide axonal growth [10], inhibit neural crest cell
migration [11] and, in later stages of development as well as in adulthood, they regulate
neuronal plasticity by forming perineuronal nets around synapses [12,13]. In damaged
nervous systems, they exhibit growth-inhibitory activities in the glial scar such as hindering
axon regeneration or compensatory sprouting [14-16].

The ability of sulfated polysaccharides to complex divalent cations, especially calcium ions,
is an important biological function of this class of polymer. For example, proteoglycans (and
their constituent glycosaminoglycan chains) perform an important role in the regulation of
endochondral ossification, since local degradation or disaggregation of proteoglycan
initiates calcification of epiphyseal cartilages [17-19]. GAG components of the tendon (CS
and dermatan sulfate) associate with collagen and are involved in the fibril assembly process
during tendon development.

CS is the major structural component of the bottlebrush-shaped molecule aggrecan, a large
aggregating proteoglycan in the cartilage ECM, which forms complexes with hyaluronan
and provides compressive resistance under external load. These large aggrecan/hyaluronan
complexes are enmeshed in a network of collagen, where the structural stability is enhanced
by the ionic interactions between the negatively charged CS bristles and the positive charges
on the collagen fibrils. In this context the interaction between the CS chains and different
cations is of particular importance. Woodward and Davidson reported that bone calcification
occurs through the release of calcium ions bound to proteoglycans in cartilage [20,21].
Previous studies also indicated that (i) the degree of calcium ion binding to chondroitin
sulfate was larger than that of sodium ions, and (ii) the association of calcium ions with the
polymer cannot be ascribed solely to electrostatic forces. However, no significant
differences were detectable in the degree of ion binding of different chondroitin sulfate
isomers [22].

The purpose of the present study is to advance our understanding of the physical-chemical
properties and biological function of CS by exploration of the effect of ion concentration
and valence on the structure and dynamics of CS solutions. We report a systematic
investigation using complementary experimental techniques, small angle neutron scattering
(SANS) and dynamic light scattering (DLS). The ion concentration is varied in a wide
concentration range around the physiological conditions and beyond.

The organization of this paper is as follows. First, the sample preparation is described and
the SANS and DLS techniques and experimental setups briefly introduced. Then SANS
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results for CS solutions are presented as a function of the polymer concentration. SANS
probes the structure over a broad range of length scales extending from approximately 1 nm
to macroscopic sizes. DLS is used to determine the effect of the ionic environment on the
dynamic response over a similar range of ionic concentrations. A comparison is made
between the effects of sodium chloride and calcium chloride on the organization and
dynamic properties of the CS solutions. In the final section, we discuss some biological
implications of the results.

EXPERIMENTAL SECTION

Sample Preparation

For the SANS measurements, solutions of the sodium salt of chondroitin sulfate (Sigma-
Aldrich) were prepared in D20, and in H,O for those with DLS. The CS concentration
ranged between 1% and 20% w/w. Concentrations of added sodium chloride and calcium
chloride were varied between 0 and 500 mM and 0 and 200 mM respectively. DLS
measurements were made on CS solutions containing 100 mM NacCl, with concentrations of
CaCl, between 0 and 200 mM.

In all samples the pH was 7, where CS is fully dissociated. The samples were allowed to
homogenize for 2-3 days. Both SANS and DLS measurements were made at 25.0 °C £ 0.1
°C.

Small Angle Neutron Scattering Measurements

The SANS measurements were made on the NG3 instrument at NIST, Gaithersburg, MD.
Solutions were placed in sample cells of 1 mm optical path equipped with quartz windows.
The wavelength of the incident radiation was A = 8 A, with wavelength spread AA/A =
0.10. The transfer wave vector range explored was 2.8x1073 A=l < < 0.3 A™1, where

q=4ﬂsin(9/2), O being the scattering angle and 7 the refractive index of the medium (in
SANS experiments, n7is close to unity). After azimuthal averaging, the spectra were
corrected for detector response and cell window scattering. The incoherent background was
subtracted following the procedure described previously [23]. Normalization was carried out
using standard NIST samples. To convert to thermodynamic units, the value of the contrast
factor (pp—pD20)2 of the dissociated monomer in D,O was taken to be 1.56x1021 cm™.

Dynamic Light Scattering

DLS measurements were made with an ALV DLS/SLS 5022F goniometer (ALV Langen,
Germany), with a HeNe laser working at 6328 A and an ALV 5000E multi-tau correlator.
Measurements were performed in the angular range 30° to 150° with accumulation times of
200 s. Absolute intensities were obtained by normalizing with respect to toluene.
Transmission measurements were made at 6328 A with a Uvikon 810 spectrophotometer.
The refractive index increment of the CS-water system was taken to be 0.17 cm?3/g.

RESULTS AND DISCUSSION

Small Angle Neutron Scattering

SANS yields information on the organization of the CS molecules over a length scale range
2t/ that extends from 20 A to 4000 A. The SANS response for the CS solutions in D,O
with 100 mM NaCl is shown in Figure 2 at five different polymer concentrations ¢ ranging
from 1% — 20% w/w. Since the overlap concentration ¢* (=3MI4Rg3, where Mis the mass
and Rg the radius of gyration of the polymer), estimated from the geometry of the molecule,
is approximately 1%, all the solutions belong to the semi-dilute concentration regime.
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Each SANS curve displays two clearly distinguished power law regions. At high ¢ (0.015
A~1<¢<0.25 A1, corresponding to distances ranging from the size of the repeating unit to
beyond the persistence length) the intensity varies as 1/g, indicating that the scattering
elements are linear, in conformity with the semi-rigid nature of the individual CS chains. In
solutions of neutral polymers, this g-range would correspond to the single chain regime,
where the intensity is proportional to the polymer concentration. In semi-dilute solutions,
however, the molecules overlap to form a random mesh. The deviation from 1/g behavior at
about 0.02 A~1is governed by the interchain distance (mesh size), which decreases with
increasing concentration. At low gthe curves in Figure 2 exhibit a different power law
behavior of slope steeper than or equal to —3. Such behavior is a general feature in
polyelectrolyte solutions, and is attributed to surface scattering from large clusters [24-27].
The crossover point g, between these two regimes, yields a distance L = 1/gy over which
linear behavior holds (see Appendix A). L thus possesses the attributes of a persistence
length. The values of L, which is a decreasing function of polymer concentration, are listed
in Table 1.

To describe these two regimes, the following expression is used,
Itot(Q)zldyn(q)+Aq_n 1)

where the first term is due to the thermal concentration fluctuations and the second describes
the contribution from the large clusters. In eq 1 A and n7are constants. The continuous curve
through the 1% CS solution data in Figure 2 is the fit to eq. 1, where the first term is
expressed as (see Appendix A, eq A6)

)2 kTc? 1 1

layn(q)= ~ Pmo
ayn(q) (Pp p P (1+(q§)2)1/2 14(qr.)? 2)

Ineq 2, (pp — pp20)? = 1.56x10%1 cm™ is the value previously noted for the neutron
scattering length contrast between CS and D,0 [28], kis the Boltzmann constant, 7the
absolute temperature, x = 79.6 kPa is the osmotic modulus of the 1% solution obtained by
DLS (see appendix B), 7 is the cross-sectional radius of the CS chain, and € is the
correlation length of the thermal fluctuations of the linear chain section. The arrow on the
left axis of Figure 2 shows the calculated intensity from eq 2 at g= 0. The fit to the SANS
data yields € = 34 A, with r,= 6.2 A. The value of 7, is in good agreement with that reported
for CS by Tanaka [22]. In Appendix A the value of € is compared with that determined from
DLS for the same CS solution. According to Table 1, the length scale L determined from the
cross-over point gy is much greater than the thermal correlation length €. This result implies
that the concentration fluctuation modes in the solution are not isotropic, but principally
involve motions perpendicular to the chain axes.

The intensity of the SANS responses in Figure 2 is an increasing function of concentration.
For neutral polymers in the high gregion, where single chain behavior is expected, the
scattering intensity is generally proportional to the polymer concentration, i.e., [g) o ¢. In
the high gregion of the present CS solutions, however, the concentration dependence of the
intensity is weaker than linear: over the whole concentration range /g) o ¢, with m=0.7.
This finding implies that in solutions of this charged polymer, coupling between the chains
is not negligible even at high resolution (g€ > 1).

Figures 3 a and b show the SANS response of a 4% w/w salt-free CS solution, together with
that of solutions containing increasing concentrations of NaCl and CaCl, respectively. The
salt free solution displays a correlation peak at ¢* = 0.11 A~1. In this condition where the
Coulomb repulsion between adjacent chains is maximum, local ordering occurs, with a
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characteristic interchain separation distance o= 2r/g* ~ 57 A.& With increasing salt
concentration the correlation peak becomes broader and weaker, gradually disappearing at
about 100 mM NacCl, or above 20 mM CaCl,. Above these values of salt concentration the
g1 behavior is recovered. For both sodium and calcium ions the SANS responses exhibit an
isoscattering point at g~ 0.06 A~1 where the scattering intensity is independent of the salt
concentration.

A remarkable feature of Figure 3b is that all the curves in the region g< 0.01 A1 are
practically identical. This is the length scale range in which the effects of cross-linking on
the structure become visible in scattering measurements [29,30]. The observed invariance of
the signal to CaCl, concentration implies that calcium ions do not form permanent cross-
links.

At high ionic concentration an appreciable difference becomes apparent between the
responses to NaCl and to CaCl,. Although the scattering response with both salts becomes
practically independent of the salt concentration, the intensity of the calcium containing
solution is significantly greater. In this system, the rod-like 1/¢g variation of the intensity
extends to significantly lower values of g : with 200 mM CacCl, the value of L is
approximately 170 A. (We note that birefringence measurements reveal no evidence of
liquid crystalline regions in these CS solutions.) In general, an increase in intensity is the
signature of associations among polymer chains. The results imply that divalent calcium ion,
unlike the monovalent sodium ion, significantly enhances interchain association between
neighboring CS chains.

In summary, in the salt free solution the electrostatic repulsion among the stiff negatively
charged CS molecules results in local stacking with short range order, as demonstrated by
the correlation peak in the SANS measurements. With increasing salt concentration, for both
sodium and calcium ions, local order decreases, and the behavior of the CS solution
approaches that of neutral polymer solutions, i.e., the scattering response becomes
independent of the salt concentration. The main effect of high salt concentrations is to
reduce the Debye screening length, i.e., to reduce the repulsion among the negative charges
on the polymer chains. SANS also reveals dynamic chain association, but not permanent
cross-links, mediated by the divalent calcium ions. Phase separation does not occur, even in
the presence of 200 mM CaCls,.

Dynamic Light Scattering

The structural changes due to the presence of ions also affect the dynamic properties of CS
solutions. DLS probes concentration fluctuations on the length scale of visible light. Figure
4 shows typical field correlation functions measured in a 2% w/w CS solution containing
100 mM NacCl at five different scattering angles 6. Each curve displays a double relaxation
process, the two relaxation rates being separated by two or more orders of magnitude,
which, as detailed in Appendix B, can be described by

g®=aexp(-I')+(1 — a)exp[-([T:H))] (3)

The amplitudes aand (1-a) are the relative intensities of the fast and slow relaxation modes
respectively, with T" and I s the corresponding relaxation rates. The fast relaxation rate I" is
diffusive and is proportional to ¢2. This relationship is illustrated in the inset of Figure 4,

&The distinction of the factor 2r between the interchain distance a=2m/g* and the length L=1/gy describing the range of linear
behavior relates to their different nature. The first is the repeat distance over which the phase of a scattered wave is reinforced in a
regular array, and corresponds to Bragg condition gd'= 2. The second defines the distance over which the wave is attenuated, as
expressed by the function exp(-gL).
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where the values of I obtained by fitting eq 3 to the correlation function are plotted against
. T represents the relaxation of the thermal concentration fluctuations, which are governed
by the collective diffusion coefficient D [31]

D=T/q" (4

It follows that the correlation length € describing the spatial range of the thermal
concentration fluctuations is defined by the Stokes-Einstein relationship [31]

_ kT
~6mnD ®)

&

in which m is the viscosity of the solvent.

The slow relaxation component in eq 3 (second term) is due to the internal modes of large
clusters. For such modes, where no unique correlation length is distinguishable, the
relaxation process can be represented by a stretched exponential decay with an exponent p %
2/3. The trend in Figure 4 shows that the intensity of the slow component (1-4) increases
with decreasing scattering angle 6, indicating that the clusters are very large. This finding is
consistent with the large increase in intensity at small values of gin the SANS responses.
The clusters have non-uniform internal organization, i.e., there is no well-defined mesh-size.
(The increase in intensity of the slow component may be appreciated by noting that the field
correlation function g(#) in Figure 4 is normalized to unity: the absolute value of the
intensity scattered by the osmotic fluctuations is independent of 8.) While the Nernst-
Hartley model provides some insight into the effect of ion mobility on the fast mode it does
not describe the phenomenology of the slow mode [25,32]. There has been much speculation
in the literature about the origin of the slow component, however, a complete interpretation
of this mode still remains elusive. It is important to note that aggregate formation has also
been observed in dilute CS solutions by light scattering measurements [33-35].

Figure 5 shows the DLS field correlation functions at fixed scattering angle 6 = 150° in
solutions of different CS concentration with 100 mM NaCl. The curves exhibit the same
double relaxation behavior as before and are accordingly decomposed using eq 3. The inset
in the figure illustrates the decomposition for the 1 % w/w sample. With increasing
concentration, I's becomes slower. The relative intensity (1-4) of this component also
increases. Decrease of I's with increasing polymer concentration was also reported for semi-
dilute solutions of flexible polyelectrolytes [25].

The values of the diffusion coefficient obtained from the fast relaxation rate are plotted as a
function of cin Figure 6. Over the entire concentration range (0.6% w/w < ¢ < 20% w/w), D
obeys a power law dependence of the form

D=Dyc", (6)

with m = 0.43. The experimental exponent is lower than that predicted by de Gennes [31]
for uncharged polymers of infinite molecular weight in good solvent conditions (/7= %.). A
similar low value for the exponent m has been observed in solutions of hyaluronic acid [36].
The deviation from the neutral polymer value may be related to long range hydrodynamic
interactions in polyelectrolyte systems.

The correlation length € calculated using eq 5 is displayed in the inset of the figure (lower
curve). For solutions of uncharged flexible polymers € corresponds to the mesh size of the
network. The dynamics of polyelectrolyte solutions is based on the same scaling assumption
as that used in solutions of neutral polymers. It relies on the existence of the single length
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scale where both hydrodynamic and electrostatic interactions are screened. The screening of
these interactions happens at distances comparable with the solution correlation length, as
confirmed both by the effective medium calculations of Muthukumar [37-39] and by
experiment [40].

In the inset in Figure 6 the thermodynamic length scale € is compared with the length L of
the linear chain sections observed in SANS. The latter is more than 5 times greater than ,
i.e., the length of the linearly ordered structures substantially exceeds the range of the
thermodynamic interactions. The concentration dependence of these two lengths is,
however, closely similar.

The effect of calcium ions on the dynamics of CS solutions is illustrated in Figure 7, where
the values of D measured in solutions containing 100 mM NaCl and 100 mM CacCl, are
plotted as a function of CS concentration. Addition of CaCl, decreases the value of Dby a
factor of almost 2. The power law fit through the data points is similar to that of eq 6 in
which m=0.42, i.e., within experimental error the same dependence as with NaCl alone.
The inset in this figure shows the variation of D with CaCl, concentration for ¢= 10%. The
continuous line is the fit to a power law with respect to the CaCl, concentration, ccacyp, in
which the exponent is —0.45. Thus,

~0.45+0.03
D o CCaC]Z (7)

The exponents found for the power law dependence of D on the CS concentration and for
the CaCl, concentration are, within experimental error, numerically identical and opposite in
sign. This inverse relationship between cand ¢cc)2 suggests that D is a function of a single
variable, ¢, normalized by the ion concentration. To accommodate for the different valences,
the ion concentration of the solution must be expressed in terms of the ionic strength J
(=¥22.Z72c;, where Z;is the valence of the ionic species 7and c;its molar concentration) of
the added salt. In Figure 8 Dis plotted as a function of the normalized variable ¢/J, where J
includes all the added ions. In this figure, each polymer concentration ¢ is denoted by a
different symbol. Within experimental error, all the data points fall on a master curve,
defined by

D=2.43x107%(c/N**Pem?s!  (8)

where, for convenience, cis expressed in w/w and Jin moles. It is notable that these
measurements are in good agreement with those of Trivant et al. made on CS solutions in
the low concentration regime [33].

In summary, the DLS correlation functions of the CS solutions display two distinct
relaxation modes. The fast component is diffusive and is governed by the thermal
concentration fluctuations. The slow mode reflects the presence of large clusters that give
rise to the strong excess scattering at low gin SANS. The collective diffusion coefficient D
derived from the fast mode increases with CS concentration and decreases with increasing
calcium ion content. Over the range of ion concentrations studied, D displays a power law
dependence of the single variable ¢/J. This relationship, which is independent of the valence
of the added ions, is evidence against specific binding effects between calcium ions and the
anionic groups of the CS chain.

BIOLOGICAL IMPLICATIONS

In this section we show how the physical properties of CS solutions discussed in this paper
are related to certain physiological roles of this molecule. Instead of providing a

Macromolecules. Author manuscript; available in PMC 2013 June 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Horkay et al.

Page 8

comprehensive list of potential biological implications of the results, we illustrate with a few
specific examples the usefulness of the quantitative physical-chemical approach to address
problems that cannot be resolved by other means.

The structural stability of CS solutions under high salt concentrations observed by SANS is
a precondition for this molecule to form stable connections with different biological
molecules. Owing to the high charge density of CS, most interactions between the target
molecules and CS are ionic in character. CS binds extracellular matrix components together,
mediating the binding of bone-like cells, such as osteoblasts and osteoclasts, to the matrix,
and capturing soluble molecules such as growth factors into the matrix and at cell surfaces
[41,42].

Both the binding ability and the mobility of the CS molecule play an important part in
wound repair. Together with other proteoglycans, e.g., dermatan sulfate, CS forms a
homogeneous meshwork around the wound, sealing the injury site and preventing damage to
surrounding healthy tissue. In this process the high mobility of the CS molecule, by virtue of
its small size, is a significant advantage. In addition, its stability and extended configuration
in the presence of calcium ions provides structural integrity and suitable mechanical
strength.

In cartilage, two further physical properties are also of critical significance, namely rapid
response to external stress and a high osmotic modulus to withstand compressive loading.
Fast recovery after deformation requires a high collective diffusion coefficient D, which can
be quantified by DLS. Figure 9 shows that for CS solutions in 100 mM NaCl, Dis almost 5
times greater than in a typical neutral polymer poly(vinyl alcohol) (PVA) solution in water
[43].

In the aggrecan bottlebrush, the load bearing capacity of cartilage depends strongly on the
CS component, which varies with age of the tissue, the state of health or disease (e.g.,
osteoporosis, rheumatoidal arthritis), and the depth within the cartilage layer [44—46]. The
measure of resistance to compressive loads is the osmotic modulus x = cd11/d¢, where IT is
the osmotic pressure in the solution. This quantity can be determined from DLS
measurements. In this case, « is inversely related to the intensity of light scattered by the
thermal concentration fluctuations (see Appendix B).

Figure 10 shows the concentration dependence of the osmotic modulus of CS solutions in
100 mM NaCl. The value of x in a 20% w/w CS solution with 100 mM NaCl is about 3
MPa. Addition of 100 mM calcium chloride decreases « by a factor of less than 3. The solid
line in this figure shows the dependence of x for a PVA-water solution at the same
concentration [43]. The much higher value of « in CS solutions, by more than an order of
magnitude, makes this molecule exceptionally well suited as a structural material for
compression resistance.

CONCLUSIONS

Chondroitin sulfate, a major component in biological tissues, participates in a variety of
physiological functions. To comprehend its biological role and to develop effective
strategies for tissue design and replacement, it is of particular importance to understand the
effects of ions on its structure and dynamics.

Observations by SANS and DLS, made on CS solutions under different ionic conditions,
close to and beyond the physiological range, reveal significant changes in the local order in
the low ion concentration range. In the physiological range the structure of the CS solutions
depends only weakly on the salt concentration. In both NaCl and CaCl, aligned linear
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regions are distinguishable corresponding to length scales ranging from the monomer length
to about 150 A. With increasing CaCl, concentration, the region of the SANS response in
which linear behavior holds, extends towards increasingly lower values of g. The scattering
intensity also increases, indicating that calcium ions enhance the interchain attraction. The
SANS responses, however, reveal no sign either of precipitation or of cross-linking due to
calcium ions.

The DLS measurements of the CS solutions exhibit two distinct relaxation modes, the fast
diffusive component of which corresponds to the thermal concentration fluctuations of
collective diffusion. The collective diffusion coefficient D decreases with increasing calcium
ion content. Over the range of concentrations studied, D displays a power law dependence
on the single variable ¢/J, where cis the CS concentration and Jis the ionic strength of the
salt in the solution. The diffusion coefficient of CS in 100 mM NaCl is almost 5 times
greater than in the solutions of typical neutral water-soluble polymers at the same
concentration.

The measure of resistance of a biopolymer system to dehydration is the osmotic modulus x.
Within the aggrecan bottlebrush, which is the essential load bearing component in cartilage,
the concentration of CS is approximately 20%. The present DLS results indicate that the
osmotic modulus of a 20% CS solution with 100 mM NaCl attains the value 3 MPa.
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Appendix A

Determination of cross-over point gy

Figure Al shows the SANS data as Figure 2, with the straight line fits to the two power law
regions in g of slope —3 and -1 respectively. The points of intersection gy are listed in Table
1 of the main paper.

SANS structure factor of CS solutions

In neutral polymer systems containing large scale inhomogeneities (gels and semi-dilute
solutions) the SANS response can be treated as the sum of two separable components

Liot(q@)=layn (@) +1quasi-static(q) (A1)

In the grange gR >> 1 where Ris the characteristic size of the inhomogeneity, the second
term can be replaced by a power law function, such that

Itot(q):Idyll(q)+Aq_” (A2)
where A is a constant and 77is generally greater than or equal to 3.

The intensity scattered by the thermal fluctuations, /4,/4) is inversely proportional to the
osmotic modulus x = cdI1/d¢, where I1 is the osmotic pressure in the solution. In a SANS
experiment, the intensity scattered by these concentration fluctuations in the thermodynamic
limit g—0 is therefore
2kTc?
Idyn(o):(pp _pnzo) — (A3

where (pp—ngo)2 is the neutron scattering length contrast between CS and D,0, kis
Boltzmann’s constant, and 7 the absolute temperature. In solutions and gels of neutral
flexible polymers, the intensity of the dynamic contribution can be described by

Layn(@)=1ayn(0)S(q) (A%

where the structure factor S(g) has the Ornstein Zernike form

S(g)= (A5)

1
1+q2¢£2

in which € is the correlation length of the concentration fluctuations. The validity of this
decomposition has been verified for various neutral and charged gel systems [26,43,47-49].

In the case of CS, owing to the semi-rigid character of the chain, it is necessary to replace eq
A4 by an expression that takes into account its geometry, i.e., both the linear character of the
chain segments and their cross sectional radius r,. To incorporate these features into the
structure factor for the grange gr.< 1, we employ the following expression

1 1
(g) P

S(q) (A6)
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in which square root in the first factor reproduces the linear nature of the fluctuating chain
segments and the second factor accounts for the cylindrical shape of the polymer molecule.
This yields for the intensity scattered by the thermodynamic fluctuations the expression

)2 kTc? 1 1

Tayn(g)= “ Fmo
dy (6]) (pP P K (1+(q€:)2)1/2 1_’_(qu)2 (A7)

The fit shown in Figure 2 yields for the 1% w/w CS solution in 100 mM NaCl, £ = 34 A,
with r,= 6.2 A. The measured value of D from DLS for this sample is 8.55x10~7 cm? s71,
which, according to eq 5, corresponds to € = 29 A. In view of the completely independent
nature of these measurements and the experimental error associated with each, this
agreement is satisfactory.

Appendix B

Light Scattering Background

In polymer solutions, the spontaneous concentration fluctuations scatter radiation with an
intensity that is inversely proportional to the osmotic modulus x (= c1I1/dc, where II is the
osmotic pressure) [50]. DLS measures the time dependent fluctuations of the scattered light
intensity /(#), by constructing the intensity correlation function [51]

G()=<I(O)I(1)>/<I()>>=1+BlgH)* (BY)

where B is the optical coherence factor of the apparatus, g(J) is the field correlation function
and the brackets <> mean averages over the experimental accumulation time. For simple
diffusion processes the field correlation function is

g)=exp(-I'1) (B2)

where I is the relaxation rate of the concentration fluctuations. In semi-dilute polymer
solutions and gels these fluctuations obey the relation

I'=Dq*> (B3)

where Dis the collective diffusion coefficient of the polymer chains [31]. According to
simple scaling theory of neutral polymer solutions, D is related to a correlation length &
through the Stokes-Einstein expression

kT

D:W (B4)

where 7 is the viscosity of the solvent.

If the polymer solution contains associations, e.g., large clusters of size £ much greater than
1/g, a slow contribution also appears in the correlation function. In the experimental range
gR >> 1, such objects possess no intrinsic characteristic size and display a broad range of
decay rates, often represented by a stretched exponential decay. The normalized correlation
function of the total field is thus

g(H=aexp(-I')+(1 — a)exp[—(T:1)*]  (B5)
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where gand T are the relative amplitude and relaxation rate of the fast process, while (1-4)
and I s are the corresponding quantities for the clusters. The exponent w is usually smaller
than 1. Figure 5 in the text shows that the intensity of the slow component (1-4) increases
with decreasing scattering angle 6. According to the inverse relationship between scattered
intensity and osmotic modulus x = cdI1/d¢, where II is the osmotic pressure, this implies that
the contribution of the large quasistatic objects to the thermodynamic fluctuations is
practically negligible and that the essential part of the osmotic pressure can be identified
with the fast mode.

The intensity of light scattered by the osmotic fluctuations is given by the Rayleigh ratio /g,

KkTc?

Ro=a<I(t)>= (B6)

where </(> is the total scattered intensity averaged over the experimental time. K[= (2rtn
an/dc)?I\*, with A the wavelength of the incident light and dn/dc the refractive index
increment of the polymer solvent pair] is the optical contrast factor due to the difference in
refractive index between solvent and polymer.

The fast mode defines the osmotic modulus «x of the system. Analysis of the intensity
correlation function allows both the relative amplitude aand the relaxation rate I" of this
collective diffusion component to be determined for different scattering angles 6, and x can
be calculated from the Rayleigh ratio of the dynamically scattered light by eq. B6.
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NHCOCH.,,

H OH

Figure 1.
Chemical structure of the disaccharide repeating unit of the CS chain.
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SANS curves of CS solutions at different concentrations in 100 mM NaCl. Horizontal arrow
at left axis and dotted curve indicate the thermodynamic contribution of the intensity
calculated from DLS for the 1% w/w CS sample (see Appendix A).
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Figure 3.

SANS response of 4% w/w CS solutions at different concentrations of a) NaCl, and b)

CaCl,.
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Figure 4.
Angular dependence of the field correlation function g(#) of light scattered by CS solution at

¢= 2% wiw in 100 mM NaCl at different scattering angles ©. Inset: variation of fast

relaxation rate I" with ¢2.
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Figure 5.

Field correlation functions g(2) of light scattered at 6 = 150° by CS solutions of different
concentration ¢in 100 mM NaCl. Inset shows fit of eq 3 to the data from ¢=1% w/w
(continuous line); dashed line is the second term in the fit to this equation.
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Figure 6.
Dependence of D on CS concentration in solution with 100 mM NaCl. The slope of the

power law fit is 0.43. Inset: characteristic linear range L from SANS and correlation length
€ from DLS.
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Figure 7.

Variation of the collective diffusion coefficient D with concentration of CS solution in 100
mM NaCl + 100 mM CaCl,. Inset: variation of D with CaCl, concentration for ¢ = 10% w/
W.
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Figure 8.

Dependence of D on the variable ¢/J, where c¢is expressed in mass fraction w/w, Jis the
ionic strength in moles. Symbols: O : ¢=0.006; up triangles: ¢=0.02; open square: ¢ =
0.046; down triangle ¢=0.1; + ¢=0.2.
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Figure 10.

Concentration dependence of the osmotic modulus x of CS solutions in 100 mM NaCl
without (open symbols) and with (filled symbols) 100 mM CaCl,. The continuous line is the
corresponding data from the PVVA-water system [43].
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Figure Al.
Power law fits to SANS spectra at different CS concentrations 100 mM NaCl.

Macromolecules. Author manuscript; available in PMC 2013 June 27.

Page 25



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Horkay et al.

Length of apparent linear behavior from SANS in CS solutions containing 100 mM NaCl

c(wiw) | L(A)
0.01 127
0.025 93
0.05 74
0.1 71
0.2 71

Table 1
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