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ABSTRACT The osmotic pressure of chondroitin sulfate (CS) solution in contact with an aqueous 1:1 salt reservoir of fixed
ionic strength is studied using a recently developed coarse-grained molecular model. The effects of sulfation type (4- vs.
6-sulfation), sulfation pattern (statistical distribution of sulfate groups along a chain), ionic strength, CS intrinsic stiffness, and
steric interactions on CS osmotic pressure are investigated. At physiological ionic strength (0.15 M NaCl), the sulfation type and
pattern, as measured by a standard statistical description of copolymerization, are found to have a negligible influence on CS
osmotic pressure, which depends principally on the mean volumetric fixed charge density. The intrinsic backbone stiffness
characteristic of polysaccharides such as CS, however, is demonstrated to contribute significantly to its osmotic pressure
behavior, which is similar to that of a solution of charged rods for the 20-disaccharide chains considered. Steric excluded
volume is found to play a negligible role in determining CS osmotic pressure at physiological ionic strength due to the
dominance of repulsive intermolecular electrostatic interactions that maintain chains maximally spaced in that regime, whereas
at high ionic-strength steric interactions become dominant due to electrostatic screening. Osmotic pressure predictions are
compared to experimental data and to well-established theoretical models including the Donnan theory and the Poisson-
Boltzmann cylindrical cell model.

INTRODUCTION

Articular cartilage is an avascular tissue that provides a low-

friction, protective lining to the ends of contacting bones

during joint locomotion. The tissue consists of a dense extra-

cellular matrix of aggrecan and type II collagen that is main-

tained by a sparse volume fraction (;2%) of cells. Aggrecan

is a high-molecular-weight proteoglycan (1–3.5 MDa) that

consists of a linear protein backbone (;300 Å contour length)

with;100 covalently bound anionic chondroitin sulfate (CS)

glycosaminoglycans (GAGs), as well as a smaller molecular-

weight fraction of keratin sulfate GAGs and other oligosac-

charides (Fig. 1) (1,2). With the aid of link protein, aggrecan

associates noncovalently with high-molecular-weight hyal-

uronic acid to form supramolecular complexes, helping to

retain it in the extracellular matrix. The high negative charge

density presented by the CS chains on aggrecan generates an

osmotic swelling pressure that maintains articular cartilage in

a hydrated state (60–80% water by weight) even under

substantial compressive loads, and plays a central role in

determining its compressive mechanical properties (3,4).

The CS constituent of aggrecan varies in chemical com-

position depending on the state of health or disease of

articular cartilage (osteoarthritis or rheumatoid arthritis),

anatomical site, depth within the cartilage layer, and age of

the organism (5–12). For example, the fraction of 6-sulfated

CS disaccharides in human femoral condyle cartilage

increases with age from ;0.5 to 0.8 from birth to the age

of 20 years with a concomitant decrease in 4-sulfation, after

which it plateaus. Additionally, the concentration of

6-sulfated CS disaccharides in knee synovial fluid has been

observed to be significantly lower in rheumatoid arthritis and

osteoarthritis than in healthy tissue (10) and the concentra-

tion of 4-sulfated CS disaccharides higher in osteoarthritic

hip cartilage, with only slight changes in overall GAG

content (13). Considering the important role that CS plays in

determining the mechanical properties of articular cartilage

and these observed variations in CS chemical composition, it

is of significant biological interest to understand the connec-

tion between CS composition and its osmotic pressure and

conformation in detail. It is also of primary interest to gain

a comprehensive understanding of the molecular origin of

the mechanical properties of GAGs and proteoglycans due to

their important role in tissue engineering and biomaterials

applications, as well as in other native biological tissues such

as the corneal stroma and central nervous system (1,14–16).

The specific objectives of this study are twofold. First, we

investigate the effects of CS chemical composition, namely

sulfation type, sulfation pattern, and molecular weight, on

CS osmotic pressure under physiological conditions (0.15 M

NaCl) to gain insight into the potentially relevant bio-

mechanical function of these variations. Second, we evaluate

the relative roles played by intrinsic versus electrostatic CS

backbone stiffness as well as steric excluded volume interac-

tions to gain a better understanding of the molecular origin of

CS osmotic pressure. The latter aim is to aid in the develop-

ment and application of analytical models of cartilage
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biomechanics (17–19). Toward this end, we employ a recently

developed coarse-grained molecular model that enables the

computation of solution conformational and thermodynamic

properties of GAGs (20). The model uses systematic coarse-

graining from an all-atom representation of the disaccharide

building blocks of GAGs to achieve computational tracta-

bility that enables the simulation of physiologically relevant

system sizes while retaining the underlying chemical identity

of the sugars. In our previous work, we applied the coarse-

grained model to chondroitin (CH), chondroitin 4-sulfate

(C4S), chondroitin 6-sulfate (C6S), and hyaluronic acid in

infinitely dilute solution and studied the effects of sulfation

type, ionic strength, and pH on their conformation and titra-

tion behavior (20). In the current work, we demonstrate

theoretically that the model is also directly applicable to the

computation of GAG osmotic pressure, and we use it to in-

vestigate mechanistically the CS chemical composition-

osmotic pressure relationship. Osmotic pressure predictions

are compared with experimental data of Ehrlich and others

(21), and contrasted with two well-established models of

polyelectrolyte solutions—the Donnan theory and the

Poisson-Boltzmann cylindrical cell model. Although the

ultimate aim of this line of research is to study the

physiological solution conformation and mechanical prop-

erties of aggrecan, the current investigation into the solution

behavior of CS is viewed as a valuable and necessary step

toward that end, both for purposes of model validation and

because we believe that a fundamental understanding of the

solution properties of aggrecan requires a comprehensive

understanding of the properties of its biochemical constitu-

ents.

MODELING

CH is a linear (unbranched) polysaccharide consisting of

repeating disaccharide units of D-glucuronic acid (GlcUA)

and N-acetyl-D-galactosamine (GalNAc), alternately linked

in b1,3 and b1,4 glycosidic linkages (Fig. 2). C4S and C6S

are modified forms of CH in which the GalNAc residue is

sulfated at C4 and C6, respectively (Fig. 2). The poly-

saccharide constituents of aggrecan consist predominantly of

CS ranging from 10 to 30 kDa, which is equivalent to ;20–

60 disaccharide units.

Coarse-grained GAG model

We present only an overview of the coarse-grained GAG

model here and refer the reader to Bathe et al. (20) for details.

The model is topologically defined by the sequence of

chemical and virtual bonds depicted in Fig. 3. All internal

degrees of freedom including bond lengths, valence angles,

FIGURE 1 Schematic (left) and atomic force

microscope image (right) of a single aggrecan

molecule, illustrating the core protein main chain

and the grafted GAG side chains (cp, core protein;

CS, chondroitin sulfate; KS, keratan sulfate; N,

N-terminal domain; C, carboxy-terminal domain;

G1, globular domain 1;G2, globular domain 2;G3,

globular domain 3; and IGD, interglobular do-

main). Images are courtesy of Laurel Ng (12).

FIGURE 2 Disaccharide repeat units of CH, C4S, and

C6S.
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and torsion angles are treated as rigid except for the gly-

cosidic torsion angles, which predominate polysaccharide

conformational flexibility (22–25). Values of the rigid inter-

nal degrees of freedom are equated with their equilibrium

ensemble averages computed from room-temperature all-

atom simulations of isolated, solvated disaccharides. The

all-atom simulations are performed without constraints on

carbohydrate bond length, bond angle, and torsional degrees

of freedom employing an implicit solvent model. The

conformation-dependent GAG free energy is decomposed

into effective bonded and nonbonded interactions occurring

between neighboring (bonded) and non-neighboring (non-

bonded) monosaccharides. Bonded glycosidic torsion angle

potentials of mean force (PMFs), FB
abðf;cÞ; are calculated

using simple Boltzmann inversion of the equilibrium

probability distributions obtained from disaccharide simu-

lations, FB
abðf;cÞ ¼ �kBT lnPabðf;cÞ; for each linkage

(b1,3, b1,4) and GAG type (CH, C4S, C6S). In the PMF

expression, f[ (H1 – C1 – O1 – CJ9) and c[ (C1� O1 �
CJ9 � HJ9) denote the glycosidic dihedral torsion angles

(J9¼ 3 and 4 for the b1,3 and b1,4 linkages, respectively), a
and b denote the identities of the neighboring monosaccha-

rides (e.g., GlcUA, GalNAc, GalNAc4S, and GalNAc6S), kB
is the Boltzmann constant, and T is absolute temperature.

The PMFs are conformation-dependent free energies that

include the effects of specific chemical interactions (e.g.,

hydrogen bonding, exo-anomeric effect) occurring across

each glycosidic linkage, as well as the effects of the confor-

mational entropy of all degrees of freedom other than the

glycosidic torsions, (f,c).
Electrolyte-screened electrostatic interactions between

nonbonded monosaccharides are modeled using a Debye-

Hückel (DH) interaction potential between monosaccharide

center-of-charge sites and nonbonded steric interactions are

included using a repulsive Lennard-Jones (LJ) potential

acting between monosaccharide center-of-geometry sites.

This simple nonbonded treatment was shown to quantita-

tively reproduce the experimental conformation and titration

behavior of GAGs (20). Here it will be demonstrated that it

reproduces their experimentally observed osmotic pressure

behavior as well.

Osmotic pressure

To derive the expression used to calculate the osmotic pres-

sure of a solution of polyelectrolytes, we begin by considering

N identical, fully dissociated negatively charged colloids of

unit valence in a volume V at temperature T, suspended in an
aqueous solution of a fully dissociated and symmetric 1:1

electrolyte. The colloid result is then applied to the case of

polyelectrolytes by associating each polyelectrolyte charge

site with a charged colloid and incorporating the effects of

polyelectrolyte connectivity and steric excluded volume.

In the framework of Poisson-Boltzmann (PB) theory,

water is modeled as a uniform dielectric with dielectric

permittivity e and the micro-ion (electrolyte) species are

treated as spatially varying fields with number densities,

na(r) (a ¼ 6). Each micro-ion species is in osmotic

(electrochemical) equilibrium with an aqueous reservoir of

fixed ionic strength with micro-ion electrochemical poten-

tials, mr ¼ kBT ln nr, where na ¼ nr and ma ¼ mr (a ¼6) are

the mean number densities and electrochemical potentials of

the micro-ion species in the reservoir. The total free energy

of the colloidal solution is given by (26)

FðN;V; T;mrÞ ¼ �kBT ln
1

N!L
3N

Z
dRNe�bVðfRNg;N;V;TÞ

; (1)

where V ¼ U � TS�+a¼6 maNa is the grand potential, or

equivalently the effective Hamiltonian (excluding the colloid

kinetic energy) or colloid potential of mean force, when the

colloids are in configuration fRNg, where b ¼ (kBT)
�1, and

L is the thermal de Broglie wavelength. U is the total internal

electrostatic energy, S is the micro-ion entropy, and the

electrochemical potential terms ensure osmotic equilibrium

with the electrolyte reservoir.V is a free energy that depends

on both the colloid configuration fRNg and the thermody-

FIGURE 3 Definition of the coarse-grained model

bonded backbone structure (thick solid lines) based on

the all-atom disaccharide representation for the (top) b1,3

and (bottom) b1,4 linkages.
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namic state (N,V,T; mr). It implicitly includes the averaged

effects of the thermally and osmotically equilibrated micro-

ion degrees of freedom (particle numbers and particle posi-

tions) on the colloidal interactions.

The electrostatic internal energy, U, is (27–29)

U ¼ 1

2

Z
V

½rfcðrÞ1 rmðrÞ�cðrÞdr; (2)

where rfc(r) is the colloidal (fixed charge) density, rm(r) is
the micro-ion charge density, and c(r) is the electrostatic

potential. The dependence of rfc, rm, and c on {RN} has

been dropped for simplicity and the volume integral in Eq. 2

is carried out over all space.

The micro-ion entropy, S, corresponding to nonlinear PB

theory, is

S ¼ �kB +
a¼6

Z
V

naðrÞ½ln naðrÞ � 1�dr; (3)

where each micro-ion species is treated as an inhomoge-

neous ideal gas. To be consistent with linearized PB theory,

S[na(r)] must be functionally expanded to quadratic order in

na(r) at a suitable expansion point, n̂a. Only then will the

functional minimization of V, subject to the constraints of

Poisson’s equation and electroneutrality, yield the linearized

PB equation (28). In the present study we choose n̂a¼nr,

corresponding to linearization of the PB equation at the

reference (zero) potential in the reservoir, which results in

the well-known Debye-Hückel equation (30,31). Although

this is by far the most common choice employed in the

literature, it has been shown that the optimal expansion point

corresponds to the Donnan potential and its corresponding

number densities (26,28,32,33). Functional expansion of S to
quadratic order at this point yields

S ¼ +
a¼6

�VkB�nna ln n r 1VkBnr � kB
2nr

Z
V

½naðrÞ � nr�2 dr
� �

;

(4)

where �nna [V�1
R
V
naðrÞdr is the volumetric mean micro-

ion number density and all volume integrals are carried out

over the space accessible to the solvent.

Finally, the electrochemical potential terms are

+
a

maNa ¼ +
a

kBT ln nr

Z
V

naðrÞdr; (5)

where equality of the electrochemical potentials in the

solution and reservoir has been employed.

The evaluation ofV requires knowledge of c(r) and na(r),
which may be obtained self-consistently from the linearized,

mean-field PB equation (30). In general, for asymmetric col-

loids of finite molecular volume, c(r), and therefore V, will

depend on the orientation and position of all N colloids in a

complex manner involving multi-body terms because of the

nonlinear geometric dependence introduced into the PB equa-

tion via the low dielectric and salt-excluding colloid domains.

The assumption of point colloids, however, removes that

nonlinearity and results in an electrostatic potential that is

a simple linear superposition of DH potentials (30,34–36),

cðr; fRNgÞ ¼ �e +
N

i¼1

e
�kjr�Ri j

ejr� Rij; (6)

where e is the electronic charge, k ¼ (8plB NA cs)
1/2 is the

inverse Debye length, lB [ e2/ekBT is the Bjerrum length,

defined to be the distance at which the Coulombic interaction

energy of two monovalent charges embedded in a uniform

dielectric medium is equal to kBT (lB ¼ 7.14 Å in water at

298 K), and the dependence of c(r) on {RN} has been made

explicit. The linearized Boltzmann relation relates na(r) to
c(r) in the solvent space, naðrÞ ¼ nr 1� becðrÞ½ �; to which

the mobile ion charge density is related by rmðrÞ ¼
e½n1ðrÞ � n�ðrÞ�; and it is reemphasized that monovalent

mobile ion species have been assumed. The fixed charge

density due to the colloids, rfcðrÞ ¼ �e+N

i¼1
d3ðr� RiÞ;

and the foregoing expressions may be used to analytically

evaluate Eqs. 2, 4, and 5. The result is a closed-form solution

to V, which in dimensionless form is (36)

bV ¼ �1

2
NklB 1 lB +

N

i, j

e
�kRij

Rij

� 2nrV: (7)

The first term is the favorable electrostatic internal self-

energy of the colloids, which is due to the local electrostatic

energy-well that each colloid resides in because of its sur-

rounding oppositely charged micro-ion cloud. The second

term is the standard DH interaction energy, UDH(Rij), be-

tween colloids i and j, and the third term is the contribution

due to the micro-ion translational (mixing) entropy.

Eq. 7 can be derived alternatively in a more straightfor-

ward manner, yet with less physical insight, by employing

the generalized grand potential of linearized PB theory

presented by Deserno and von Grünberg (28) (their Eq. 20),

bV ¼ 1

2

Z
V

rfcðrÞcðrÞdr� 2nrV; (8)

where the Debye-Hückel expansion point, �cc ¼ 0; �nna ¼ nr;
has again been used (an overbar is used in their notation to

denote the expansion point and their nb is equivalent to our nr).
Evaluation of the integral in Eq. 8 leads directly to Eq. 7 (36).

Turning to polyelectrolytes, we consider for generality a

monodisperse solution ofM polyelectrolytes, each consisting

of N/M fully dissociated charge sites of unit valence. The

foregoing theory may be applied directly to this system by

associating the colloids with the charge sites on the polyelec-

trolyte backbones. Indeed, this is the inherent assumption of

the common DH model of polyelectrolytes. Neglecting the

conformation-independent polymer kinetic energy, the effec-

tive Hamiltonian for a specific conformation of polyelec-

trolytes is assumed to consist of independent electrostatic

and non-electrostatic contributions, Heff ¼ Felec 1 Fnon-elec,

where the conformation-dependent electrostatic free energy

is equated with the colloid result, Felec [ V, and Fnon-elec

2360 Bathe et al.
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contains all non-electrostatic bonded contributions and non-

bonded contributions (see Eq. 4 in Bathe et al., (20)),

assumed independent and decoupled from the electrostatic

free energy. Of course, this assumes that excluded volume

effects, as modeled, for example, by an LJ potential, do not

affect Felec. This assumption is most suitable for state points

at which the Debye length is greater than the length scale of

LJ interactions.

The polyelectrolyte osmotic pressure, P, is defined as the

difference in pressure between the polyelectrolyte (I) and

aqueous electrolyte reservoir (II) compartments, P [ PI �
PII, where the pressure in the latter is given by PII ¼ �
ð@FII=@VÞT;mr

¼ 2nrkBT; in the van’t Hoff approximation,

consistent with PB theory, and FII denotes the total free

energy of the reservoir solution. Assuming that the only

nonbonded contribution to Fnon-elec is an LJ potential, the

pressure in the polyelectrolyte compartment may be derived

by applying the molecular virial theorem to Eq. 1, replacing

V with Heff (37),

P
I ¼ �@FI

@V

����
N;T;mr

¼ npkBT � 1

3V
+
N
DH
nb

i¼1

+
N
DH
nb

j.i

RcðiÞcðjÞ
@U

DH

aðiÞbðjÞðRÞ
@R

* +

� 1

3V
+
N
LJ
nb

i¼1

+
N
LJ
nb

j.i

RcðiÞcðjÞ
@U

LJ

aðiÞbðjÞðRÞ
@R

* +
1 2nrkBT; (9)

where FI denotes the total free energy of the polyelectrolyte-

aqueous-electrolyte solution and np is the mean number

density of polyelectrolyte molecules and accounts for their

translational (mixing) entropy contribution to the osmotic

pressure. Brackets denote ensemble averaging over the poly-

electrolyte conformational degrees of freedom at fixed tem-

perature and volume and Rc(i)c(j) is the distance between the

centers of mass of the polyelectrolyte molecules to which

nonbonded sites i and j belong. The double summations run

separately over all nonbonded DH and LJ sites. When the

minimum image convention is employed, the double summa-

tions in Eq. 9 are performed over all nonbonded (nb) sites,

including inter- and intramolecular interactions. Inclusion of

the latter is important because it allows for the possibility that

charge sites on different images of the same parent chain

interact, effectively making an intermolecular contribution to

the pressure (37).

Combining the expressions for the pressure in the poly-

electrolyte and reservoir compartments, the final expression

for the osmotic pressure is

P ¼ npkBT � 1

3V
+
N
DH
nb

i¼1

+
N
DH
nb

j.i

RcðiÞcðjÞ
@U

DH

aðiÞbðjÞðRÞ
@R

* +

� 1

3V
+
N
LJ
nb

i¼1

+
N
LJ
nb

j.i

RcðiÞcðjÞ
@U

LJ

aðiÞbðjÞðRÞ
@R

* +
; (10)

where it is noted that the micro-ion translational entropy

contribution has canceled with its counterpart in the reservoir

due to the choice of the reservoir potential as our line-

arization point for the PB equation. The validity of Eq. 10

has been confirmed by computing the osmotic pressure for

a static FCC lattice of point charge colloids and comparing

the results with those obtained using the PB spherical cell

model for colloids (36). The result in Eq. 10 has been pre-

sented previously in similar form in the colloidal literature

(e.g., Eq. 3.10 in Stevens et al., (38)); however, to the best of

our knowledge, it has not been derived and presented for

polyelectrolytes such as those considered here.

As discussed in our previous work (20), several important

assumptions are made in deriving the coarse-grained model

that limit its ability to predict CS osmotic pressure quanti-

tatively. Principal among these approximations are the

neglect of the low dielectric and salt-excluding properties

of the GAG molecular domain and the linearization of the

Poisson-Boltzmann equation about the (zero) reservoir elec-

trostatic potential. The effects of each assumption on the

ability of the model to predict P quantitatively have been

studied in detail, and it was demonstrated that the former and

latter approximations lead to under- and overpredictions of

P, respectively (36). Additionally, the fact that CS chains

have a linear charge density of 1.4 charge units per Bjerrum

length (assumed to equal 7 Å in water at room temperature)

along the backbone chain implies, according to the Manning

criterion, that a fraction of counterions will condense in the

vicinity of the chain, effectively renormalizing its linear

charge density to 1 (39). However, as discussed in our pre-

vious work, it is our view that the linear charge density of CS

is close enough to the critical value of 1 that renormalization

is not justified without more detailed theoretical and exper-

imental investigation (e.g., explicit solvent and counterion

simulations should be performed accounting for the mo-

lecular nature of water, counterions, and CS to accurately

determine its effective charge density, because the Manning

criterion assumes a linear array of equally spaced charges

and ignores molecular details of the solvent and polymer).

Despite the known shortcomings of the model, comparison

with experimental osmotic pressure data in Results and

Discussion suggests that the coarse-grained model is still

predictive of CS osmotic pressure. Moreover, qualitative

trends in the results presented, such as the effects of sulfation

pattern or type on P, for example, are expected to be un-

affected by the precise level of accuracy of the model.

Finally, with regard to biologically relevant solvent envi-

ronments, it is noted that the coarse-grained model does not

consider the effects onP of divalent cations such as calcium,

which has been shown experimentally to reduce somewhat

CS osmotic pressure at physiological ionic strength when

present in concentrations as low as 0.0018 M (21), or the

effects of different types of monovalent ions (e.g., Na1

versus K1). Although it is important to consider reductions

in GAG osmotic pressure due to the presence of calcium,

particularly considering the fact that C4S has been shown to

have a higher propensity to bind Ca21 than C6S (25), here

Osmotic Pressure of Chondroitin Solution 2361
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we focus on the effects of 4- vs. 6-sulfation in the presence of

monovalent salt only and reserve an investigation accounting

for divalent ions to future work.

Statistical description of sulfation

In addition to investigating the differences between 4- vs.

6-sulfation on CS osmotic pressure, it is of interest to study

how the distribution of sulfates (4- or 6-) along individual CS

chains affects the pressure (i.e., the sulfation pattern). To this

end, we employ a traditional first-order Markov model for

the statistical description of copolymers (40).

Following Fredrickson and Milner (41) and Fredrickson

and others (42), copolymers are assumed to consist of two

types of monomers, A and B. In the present context A and B

represent sulfated and unsulfated disaccharide monomers,

respectively, and each chain has the same degree of poly-

merization. The copolymer sequences are statistically de-

termined by the overall fraction of A, f [ p(A), and the

transition probability matrix,

p ¼ pðAjAÞ pðAjBÞ
pðBjAÞ pðBjBÞ

� �
; (11)

where p(K/L) is the conditional probability that a monomer

of type K immediately follows a monomer of type L on the

chain. Conservation of probability requires that pðAjAÞ1
pðBjAÞ ¼ 1 and pðBjBÞ1 pðAjBÞ ¼ 1; and stationarity of

the Markov process requires that f ¼ fpðAjAÞ1ð1� f Þ3
pðAjBÞ be satisfied. These three constraints leave only one

degree of freedom in p, which is chosen to be the linear

combination, l[pðAjAÞ1 pðBjBÞ � 1: The two parameters

(f, l) then fully specify the statistical description of AB

copolymers in the system, where f 2[0,1] and l2[�1,1].

As demonstrated by Fredrickson and others (42), l
denotes the strength of the chemical correlations along the

chain. The value l¼�1 requires that pðAjAÞ ¼ pðBjBÞ ¼ 0;
resulting in an alternating AB copolymer where there is only

one molecular species present. When l ¼ 0, there are no

chemical correlations between A and B monomers, resulting

in a mixture of ideal random AB copolymers. Finally, l ¼ 1

results in a mixture of A and B homopolymers with popu-

lation fractions f and (1 � f), respectively.

SIMULATION PROTOCOL

CS solutions up to polymer concentrations of 80 mg/mL and

reservoir ionic strengths between 0.15 M and 5 M were

simulated at room temperature (298 K) in a cubic cell em-

ploying periodic boundary conditions. The equilibrium

distribution of states in the constant (N,V,T; mr)-ensemble

was generated using the Metropolis Monte Carlo algorithm

with the standard acceptance criterion, r#minf1; e�bDHeffg;
where r is a pseudo-random deviate between 0 and 1, and

DHeff is the change in the effective Hamiltonian between

successive conformations (43).

Trial conformations were generated using glycosidic

torsion angle pivot moves (44,45), rigid chain translation

moves, and rigid chain rotation moves with frequencies of

0.4, 0.4, and 0.2, respectively, where rigid rotations were

performed about the instantaneous chain center-of-mass.

Detailed balance was satisfied by selecting at random the

move types and the chains or glycosidic torsion angles to

which they were applied. Maximum move sizes were

adjusted on-the-fly to maintain an acceptance rate of 40–

60%. Finite size effects on GAG conformation and osmotic

pressure were investigated and it was found that at least 100

chains must be simulated for the highest GAG molecular

weight (32 disaccharides) and concentration considered in

this study. The DH potential was truncated at three Debye

lengths and shifted by a constant factor to equal zero at the

cutoff and a doubly linked cell list algorithm was employed

for the computation of nonbonded interactions.

Although the simulation appears to be carried out in a

standard canonical (N,V,T) ensemble, it is important to note

that it is, in fact, carried out in the semi-grand canonical

ensemble (N,V,T; mr) without explicit sampling of the micro-

ion particle numbers and positional degrees of freedom. That

sampling has already been performed implicitly in our

utilization of PB theory to derive Heff, which includes the

thermally and electrochemically equilibrated effects of the

micro-ion degrees of freedom on the electrostatic free energy

of any polyelectrolyte conformation.

Initial conformations of helical GAGs were generated

with random orientations and locations in the simulation cell.

104 cycles were subsequently used to equilibrate the system

and 104 cycles were used to compute averages, where a cycle

consists of N conformation-altering moves, N being the

number of monosaccharides in the system. Efficient sam-

pling of the osmotic pressure was achieved with this

relatively low number of cycles (relative to explicit solvent

simulations of polyelectrolytes, for example) because of the

strong, long-ranged electrostatic interaction between GAGs

that maintains them well-separated at physiological ionic

strength (0.15 M NaCl). Additionally, the absence of the

micro-ion and water degrees of freedom in the model, which

would otherwise severely hamper efficient sampling of

polyelectrolyte conformation space, lead to significantly

improved computational efficiency.

Thus, although our coarse-graining of the atomistic de-

scription of GAGs is partly responsible for enabling the

simulation of the large system sizes considered in this study,

the computational efficiency of the model is largely due to

the use of mean-field PB theory for the water and micro-ion

degrees of freedom. Indeed, use of the effective Hamiltonian

not only enhances the sampling of polyelectrolyte confor-

mational space by preaveraging over the solvent degrees of

freedom, it also eliminates the need to treat long-range

Coulombic interactions using algorithms such as (particle
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mesh or conventional) Ewald summation. Of course, the

relative speedup obtained by coarse-graining the solvent is

maximal at dilute GAG concentrations, and as the GAG

concentration is increased the speedup achieved by elimi-

nating the solvent degrees of freedom decreases proportion-

ately (holding the number of GAG molecules fixed).

As an example, consider that a typical simulation consists

of 100, 16-disaccharide GAG chains, constituting a total of

6400 nonbonded interaction sites in the coarse-grained

model representation. This compares with �80,000 non-

bonded interaction sites that would be required in an explicit,

all-atom GAG model, representing a more than 10-fold

reduction in the number of GAG interaction sites. Use of the

Poisson-Boltzmann equation for the water and mobile ion

degrees of freedom, however, eliminates 12,000,000 water

and 1000 mobile ion interaction sites, respectively, at 0.15 M

NaCl and a GAG concentration of 100 mg/mL. At the lower

GAG concentration of 10 mg/mL those figures increase by

factors of 10. Thus, the GAG concentrations and system

sizes considered in this study are in a regime where a coarse-

grained treatment of both the solvent and polysaccharide

degrees of freedom is required to obtain a computationally

tractable model in terms of both memory and CPU-time

requirements. Despite the progress made in simulating large

GAG system sizes via coarse-graining, however, we are still

limited to reservoir ionic strengths greater than 0.1 M, due to

the DH potential cutoff of three Debye lengths that puts

a lower limit on the size of the simulation cell employed.

RESULTS AND DISCUSSION

Molecular weight and reservoir
ionic-strength dependence

The osmotic pressure, P, of fully sulfated C4S at physio-

logical ionic strength exhibits strongly nonideal behavior for

each molecular weight considered in Fig. 4 (4–32 di-

saccharides or 1.8–14.6 kDa, using 457 Da/disaccharide) up

to the maximum physiological concentration of 80 mg/mL.

A virial expansion may be used to quantify the extent of non-

ideality in this dilute to semidilute regime (the overlap con-

centration is�300 and 1 mg/mL for 4- and 32-disaccharides,

respectively),

P

cRT
¼ A1 1A2c1A3c

2
; (12)

where A1 ¼ 1= �MMn; �MMn is the number average molecular

weight, R ¼ 8.31453 103 Pa L/K mol is the molar ideal gas

constant, c is the concentration (g/L or mg/mL), and the virial

expansion has been truncated after the third virial coefficient,

A3. In the context of the Debye-Hückel model used, A1 is due

solely to the ideal gas or van’t Hoff contribution to the os-

motic pressure that results from the polyelectrolyte mixing

entropy, because the mobile ion translational entropy

contribution is equal in the polyelectrolyte and reservoir com-

partments. As expected, 1/A1 is equal to �MMn in the mono-

disperse sample of C4S considered and A1 monotonically

approaches zero with increasing degree of polymerization

(Table 1). The second virial coefficient, A2, represents the

contribution of two-body, intermolecular GAG interactions

to the osmotic pressure, and together with A3 quantifies the

deviation of the osmotic pressure from ideality.

Increasing the reservoir ionic strength for 16-disaccharide

(7.3 kDa) C4S decreases P significantly up to 1.0 M added

salt (Fig. 5 and Table 2), demonstrating the long-recognized

importance of electrostatic effects in determining CS osmotic

pressure (3). Above 1.0 M ionic strength, intermolecular

electrostatic interactions are nearly completely screened so

that further increases in the ionic strength result in only a

small decrease in P, which is dominated by the poly-

electrolyte van’t Hoff (mixing entropy) contribution and

steric excluded volume effects in this regime. Qualitatively

similar results were found in the experimental study of

Ehrlich and others (21) (their Table 3).

Effect of sulfation type and pattern

Pertaining to the sulfation type and pattern of CS, there are

two biologically relevant questions that we wish to address.

First, does changing the type of sulfation from 4- to

FIGURE 4 Dependence of fully sulfated C4S osmotic pressure on

polymer concentration for various molecular weights (4–32 disaccharides

or 1.8–14.6 kDa) at physiological ionic strength (0.15 M). Statistical error

bars are smaller than the symbols.

TABLE 1 Molecular-weight dependence of the virial

coefficients for C4S in contact with a 0.15 M 1:1

electrolyte reservoir

�MMn

# disaccharides kDa

A1 3 10�4

(mol/g)

A2 3 10�6

(mol L/g2)

A3 3 10�8

(mol L2/g3)

4 1.8 5.5 7.0 4.6

8 3.7 2.7 5.2 5.3

16 7.3 1.4 4.4 5.7

32 14.6 0.7 4.0 5.9
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6-sulfation of the GalNAc residue affect P? Second, given

a fixed type of sulfation and mean overall degree of sulfation

(e.g., 50% of all disaccharides are sulfated), does the statis-

tical distribution (pattern) of sulfates along individual chains

affect P?

To answer the first question, we studied independent

solutions of pure C4S and pure C6S at physiological ionic

strength (16-disaccharides). Interestingly, differences in the

osmotic pressure of the two solutions were found to be

negligible (Fig. 6 a). This result is attributed to the small

difference in position of the 4- vs. 6-carbon (;2 Å) relative

to the mean intermolecular spacing of the CS chains (;20 Å

at 80 mg/mL), which remain maximally spaced in physio-

logical ionic strength solution (Debye length ;10 Å) due to

electrostatic repulsion. Intermolecular charge-site radial

distribution functions (RDFs), which were found to be

highly similar for the two types of CS, support this inter-

pretation (36).

To investigate the effect of sulfation pattern on P, we

varied the statistical distribution of sulfates on C4S chains

using the statistical description of copolymerization outlined

in Modeling.

The effect of sulfation pattern on P was investigated for

24-disaccharide C4S chains by setting the overall average

degree of sulfation to 50% (f ¼ 0.5) and varying l between

�1 and 1 (Fig. 6 b). Interestingly, P is relatively insensitive

to l, varying by ,10% at even the highest computed

concentration of 80 mg/mL. At this molecular weight and

reservoir ionic strength, intermolecular electrostatic inter-

actions dominate in determining P. They may be decom-

posed into carboxylate-carboxylate (c-c), carboxylate-sulfate

(c-s), and sulfate-sulfate (s-s) interactions, the first of which

is affected only indirectly by l through changes in the mean

conformation of CS chains. Similarly, the number of in-

termolecular c-s interactions is unaffected by l because each

sulfate group is capable of interacting with all carboxylate

groups that do not belong to the same chain. Thus, the only

electrostatic interactions that are directly affected by l are s-s

interactions, because when sulfates are placed on the same

chain the number of intermolecular s-s interactions decreases

proportionately. In other words, increasing the blockiness of

sulfation in essence deactivates intermolecular s-s interac-

tions by concentrating sulfate groups on single chains. For

this reason,P is lowest for the case of l¼ 1 (a 50:50 mixture

of CH and 100% sulfated C4S homopolymers). Neverthe-

less, the magnitude of the reduction in P is small for l ¼ 1

because as explained, c-c, c-s, and many intermolecular s-s

interactions are not affected directly by l. Intermolecular

charge group RDFs, again, corroborate this interpretation

(36).

Effect of CS intrinsic stiffness

Like most polysaccharides, GAGs are intrinsically stiff

polymers due to the limited mobility present in the glycosidic

linkage torsions intervening conformationally inflexible

monosaccharides. Unlike other polysaccharides, however,

the backbone chain of GAGs is additionally stiffened by

electrostatic interactions (20,22,46). It is of fundamental

biomechanical interest to understand the role that GAG

stiffness plays in determining its osmotic pressure and com-

pressibility, as well as to ascertain the relative contributions

of intrinsic versus electrostatic stiffness to those properties.

To address these questions, we recomputed the osmotic

pressure of C4S after (1), fixing the glycosidic torsion angles

at their minimum energy values so that the chains were rigid

and highly extended, and (2), setting the glycosidic PMFs

to be independent of the torsion angle values,

FB
abðf;cÞ ¼ constant; which made the glycosidic torsions

effectively freely rotating and thus the chains intrinsically

highly flexible relative to the real molecule.

The osmotic pressure of the rigid-chain model (C4S-

RIGID, 20-disaccharides) is only slightly higher than that of

the real molecule (C4S, 20-disaccharides) at the ionic strengths

(0.15 and 1 M NaCl) and GAG concentrations (up to 80

mg/mL) considered (Fig. 7 a). This finding is attributed to the
fact that C4S is nearly rodlike at each ionic strength, as dem-

onstrated by the ratio of the mean-square end-to-end distance

to the mean-square radius of gyration (Fig. 7 b), where Æs2æ/
Ær2æ ¼ 11 and 6 for a rigid rod and a random coil, respec-

tively. The osmotic pressure of the freely-rotating chain

FIGURE 5 Reservoir ionic-strength dependence of C4S osmotic pressure

(16-disaccharides). Statistical error bars are smaller than the symbols.

TABLE 2 Reservoir ionic strength dependence of the virial

coefficients for C4S (16-disaccharides or 7.31 kDa)

I (M)

A1 3 10�4

(mol/g)

A2 3 10�6

(mol L/g2)

A3 3 10�8

(mol L2/g3)

0.15 1.4 4.3 5.8

0.5 1.4 2.3 0.7

1.0 1.4 1.6 0.3

2.0 1.4 1.6 0.1

5.0 1.4 1.6 *

*Denotes that the value is smaller than the error in the calculation.
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model (FRC), however, is significantly lower than that of the

real C4S molecule (�50% at 0.15 M NaCl and 80 mg/mL;

Fig. 7 a) because of its more compact, coil-like conformation,

Æs2æ/Ær2æ � 6–7 (Fig. 7 b), which delays the concentration-

dependent onset of intermolecular electrostatic interactions

that contribute to the osmotic pressure. The same qualitative

differences in the experimental osmotic pressure behavior of

flexible- (sodium poly(styrene sulfonate)) and stiff-chain

(150-basepair DNA, sodium pectinate, and sodium (carbox-

ymethy1)cellulose) polyelectrolytes has been noted pre-

viously (see Wang and Bloomfield (47) and references

therein).

Considering that the intrinsic persistence length, a0, of
C4S is on the same order as the contour length of the 20-

disaccharide chains examined ((a0 ¼ 96 Å) � (L ¼ 200 Å))

(20)—suggesting that the chains are highly extended even in

the absence of electrostatic interactions—it is reasonable to

expect that its osmotic pressure will be similar to that of

a solution of rigid rods. As demonstrated by the C4S-FRC

model, however, when the intrinsic stiffness of C4S is

reduced considerably ((a0¼ 8 Å)� (L¼ 200 Å)), the chains

collapse because electrostatic interactions are apparently

insufficient to maintain an extended, rodlike conformation.

Taken together, these results suggest that at physiological

ionic strength the osmotic pressure of C4S (20-disaccha-

rides) is similar to that of a solution of rigid rod polyelec-

trolytes, and that the intrinsic, not electrostatic, backbone

stiffness of C4S leads to this behavior. Similar results are to

be expected for other GAGs in this molecular weight regime,

such as CH, C6S, and hyaluronic acid, because they have

a similar intrinsic stiffness to C4S.

It is also worthy of note that the conformations of the C4S

and C4S-FRC models do not depend significantly on poly-

electrolyte concentration at either ionic strength (0.15 or 1

M), even well above the overlap concentrations of 1 and 20

mg/mL, respectively. This is because each molecule is

FIGURE 6 Effect of 4- vs. 6-sulfation (left, 16-disaccharides) and 4-sulfation pattern (right, 32-disaccharides) on osmotic pressure at physiological ionic

strength (0.15 M NaCl). Statistical error bars are smaller than the symbols.

FIGURE 7 (a) Osmotic pressure of C4S compared with C4S models assuming rigid (C4S-RIGID) and freely rotating (C4S-FRC) glycosidic torsion angles

at 0.15 and 1.0 M ionic strength (20-disaccharides) and (b) ratio of mean-square end-to-end distance to mean-square radius of gyration for the three models.

The osmotic pressure of the C4S and the C4S-RIGID models nearly coincide at 1 M ionic strength in a and the conformation of the C4S-RIGIDmodel is shown

only once in b because it is ionic-strength independent. Statistical error bars are smaller than the symbols in a and b.
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already nearly in its unperturbed, u-state under dilute condi-
tions because of electrostatic screening caused by the elec-

trolyte species. Thus, additional screening incurred by chain

overlap has insignificant consequences on chain conforma-

tion.

Effect of steric excluded volume

Non-electrostatic, steric interactions lead to a reduction in

polymer configurational entropy viamolecular volume exclu-

sion, which tends to increase P. In previous theoretical

analyses of aggrecan (48,49) and CS (21) osmotic pressure,

it was assumed that the non-electrostatic (bare or steric) ex-

cluded volume contribution to P is independent of ionic

strength and equal to its limiting high ionic-strength value.

Accordingly, it was equated with the (assumed ionic-strength

independent) configurational entropy contribution of the

GAGs, which is calculated in a straightforward manner using

mean-field Flory-Huggins theory (48–50). The remaining

non-electrostatic contribution to the osmotic pressure is due

to GAGmixing entropy, and is given by the van’t Hoff (ideal

gas) term in Eq. 10. This decoupling of electrostatic and non-

electrostatic contributions to the solution free energy then

naturally enables the use of the Donnan theory or the Poisson-

Boltzmann cylindrical cell model to calculate the electro-

static contribution toP, and has long-standing precedence in

the modeling of polymer solutions and networks (50,51). In

reality, however, intermolecular electrostatic interactions

mediate non-electrostatic (steric) interactions by introducing

an additional interaction length scale, namely the Debye length.

This additional length scale renders the non-electrostatic free

energy potentially dependent on ionic strength.

To test the validity of the foregoing assumption that the

steric excluded volume contribution to P is independent of

ionic strength, we recomputed P at various ionic strengths

with the repulsive LJ potential deactivated so that only elec-

trostatic interactions were present in the model (Fig. 8).

Interestingly, although P differed significantly between the

two models in the high ionic-strength limit of 5 M NaCl, as

expected (DH, electrostatics only and DH-LJ, electrostatics

plus steric interactions), P was nearly identical in the two

models at 0.15 M. Because the polymer mixing entropy

contribution is independent of ionic strength, this finding

suggests that steric interactions make a negligible contribu-

tion to P at 0.15 M ionic strength and thus that their contri-

bution is in fact significantly dependent on the reservoir ionic

strength. The ionic-strength dependence of the steric contri-

bution toP arises because repulsive electrostatic interactions

maintain CS chains well separated in solution at 0.15 M ionic

strength and the physiological GAG concentrations consid-

ered (20�80 mg/mL, which corresponds to mean interchain

spacings of �20�40 Å), despite the disordering effects of

entropy, which excludes shorter-ranged steric interactions

from occurring (Debye length �10 Å at 0.15 M compared to

steric excluded volume length scale of �4 Å). In contrast, at

5 M ionic strength, electrostatic interactions are nearly fully

screened (Debye length�1 Å), allowing chains to come into

close proximity and to interact sterically. Chain center-of-

mass RDFs corroborate the foregoing interpretation (36).

Intermolecular steric interactions are also mediated by

increasing chain stiffness (or persistence length) that results

from decreasing ionic strength. The 16-disaccharide CS

chains considered are rodlike even in the high ionic-strength

limit (Bathe et al., (20) and Fig. 7), however, so this effect

should be of secondary importance in comparison to the

dominance of electrostatic over bare intermolecular-ex-

cluded volume at low ionic strength.

Comparison with experiment and theory

CS osmotic pressure has been investigated experimentally at

different ionic strengths (0.015–2 M NaCl) using equilib-

rium dialysis (21). In that study, the fractions of 4- vs.

6-sulfated disaccharides were 30% and 70%, respectively, the

overall fraction of sulfated disaccharides was measured to be

80% (their Table 1), but the molecular-weight distribution of

the sample was unknown (C. P. Winlove, personal com-

munication). Considering that P depends strongly on CS

molecular weight for chain lengths ,;20 disaccharides

(Fig. 4), a rigorous comparison between the coarse-grained

model predictions and the experimental data is impossible.

As an alternative, we compare the osmotic pressure of mono-

disperse samples of 8-, 16-, and 32-disaccharide C4S chains

with experiment and draw tentative conclusions about the

predictive capabilities of the model. Consistent with experi-

ment, CS chains were assumed to be 80% sulfated, ideal

random C4S copolymers (l ¼ 0), where 6-sulfation is ne-

glected because it was found that the type of sulfation has a

negligible influence on P (Fig. 6 a).
At physiological ionic strength (0.15 M), the coarse-

grained model underpredicts the experimental P for the

FIGURE 8 C4S osmotic-pressure (16-disaccharides) dependence on ionic

strength with the repulsive LJ potential activated (DH-LJ) and deactivated

(DH). Differences are everywhere,1% for 0.15 M ionic strength. Statistical

error bars are smaller than the symbols.
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highest molecular weight considered (14.6 kDa or 32-

disaccharides), but agreement improves successively as the

chain length is decreased to 8-disaccharides (3.7 kDa)

because of the concomitantly increasing magnitude of the

van’t Hoff contribution (Fig. 9 a). Similar disagreement at

high molecular weight and successive improvement in

agreement as the molecular weight is decreased is observed

at 2 M ionic strength.

In addition to experiment, it is desirable to compare the

coarse-grained model osmotic pressure predictions with those

of other, well-established models of polyelectrolyte solu-

tions. Two alternative models that are commonly used to

predict the electrostatic contribution to the osmotic pressure

of polyelectrolytes are the Donnan theory (52) and the PB

cylindrical cell model (53). Each has been applied previously

to predict GAG excess osmotic pressure in cartilage, as well

as in solutions of aggrecan and GAGs (21,54). Here, we use

each to compute the electrostatic contribution to P. We also

use mean-field Flory-Huggins theory to compute the steric

excluded volume, configurational entropy contribution to P
in the high ionic-strength limit (48–50).

In ideal Donnan theory, the osmotic pressure of a charged

colloidal species in equilibrium with an aqueous 1:1 salt

reservoir is given by P ¼ RTð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcFÞ2 1 4ðc�Þ2

p
� 2c�Þ;

where cF is the (polymer) fixed charge density, c� is the

reservoir ionic strength, R is the molar ideal gas constant, and

ideality of the mobile ion species has been assumed. Donnan

theory invokes only the assumptions of electroneutrality, and

electrochemical equilibrium and ideality of the mobile ion

species (i.e., activity coefficients equal unity).

In the cylindrical cell model, each polyelectrolyte mol-

ecule is viewed as uniformly spaced from its nearest neigh-

bors and correlations in molecular positions are assumed

absent. This allows for the defactorization of the semi-grand

canonical partition function corresponding to the N-poly-
electrolyte-aqueous-electrolyte system into N identical grand

canonical partition functions, each corresponding to a single

polyelectrolyte-solution domain. The polyelectrolyte is treated

as an infinitely long, uniformly charged, rigid cylinder of

radius a, surrounded by an outer cylindrical annulus of aque-
ous electrolyte solution, which is modeled using PB theory.

The PB equation is solved in cylindrical coordinates subject

to the boundary conditions of fixed polyelectrolyte surface-

charge density and zero electrical field flux at the outer

boundary (symmetry or electroneutrality condition). The cy-

lindrical cell model contains only two free parameters—

the polyelectrolyte radius and its linear charge density—each

of which may, in principle, be determined from structural

data (e.g., scattering data) (55). In practice, however, the

polyelectrolyte radius and linear charge density must be

adjusted, sometimes significantly, to fit multiple types of

experimental data for the same molecule (e.g., osmotic

pressure and titration data) (21,54,56,57). In applying the

cylindrical cell model to calculate Pelec, values must be

chosen for the structural parameters, a, the polyelectrolyte

radius and d, the linear spacing between charge groups. The

value of the latter is fixed by the maximum end-to-end

distance per monosaccharide, which is 5 Å for CS, and the

value of the former was chosen to be 5.5 Å, consistent with

the previous osmotic pressure modeling study of Buschmann

and Grodzinsky (54). The surface-charge density was chosen

to reflect the 80% mean sulfation measured experimentally.

Osmotic pressure results from the Donnan theory and the

nonlinear NLPB cylindrical cell model are compared with

experiment (data of Ehrlich et al. (21)) in Fig. 9 b. If one
assumes tentatively that at 0.15 M ionic strength non-

electrostatic contributions to P are negligible, then it may be

concluded that the cylindrical cell model performs well at

that state point whereas the Donnan theory overestimates P.

Similarly, if it is assumed at 2 M ionic strength that the

electrostatic contribution to P is zero—consistent with

experimental observations (21)—then the cell model is

FIGURE 9 Experimental (MW unknown; 80% sulfated; 30% C6S, and 70% C4S) (21) CS osmotic pressure compared with (a) coarse-grained molecular

model (10-, 20-, and 40-disaccharides; 80% sulfated, f ¼ 0.8; random copolymer, l ¼ 0) and (b) the Donnan theory, the PB cylindrical cell model (a ¼ 5.5 Å;

d ¼ 5 Å), and the mean-field theory estimate for the steric excluded volume contribution (SEVC) to P.
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predictive at that state point too, whereas the Donnan theory

again overestimates the electrostatic contribution toP. If our

tentative assumption regarding the predominance of the

electrostatic contribution to P at 0.15 M ionic strength is

removed, then agreement between each model and experi-

ment is worsened because the electrostatic contribution to P
would be less than the experimental P shown in Fig. 9 b.
In the high ionic-strength limit, the mean-field lattice

treatment of Flory-Huggins theory may be applied to

calculate the steric excluded volume contribution to P
arising from polymer configurational entropy. In that model,

the number of permissible polymer configurations is counted

assuming that each polymer monomer occupies a successive

lattice site. The effects of volume exclusion are incorporated

in a mean-field manner by reducing the number of accessible

configurations on the lattice based on the overall polymer

volume fraction in solution. The resulting osmotic pressure

for a monodisperse polymer sample is Pconf ¼ c2RT/[M0(r0
� c)], where c is the polymer concentration (mg/mL), M0 is

the molecular weight of the polymer repeat unit (457 Daltons

for C4S/C6S), and r0 is the mass density of desiccated poly-

mer (700 mg/mL for CS). The mixing entropy contribution

to P could also be calculated in a straightforward manner if

the molecular weight of the CS sample interrogated experi-

mentally were known, using Pmix ¼ cRT/M, where M is the

polymer molecular weight. If one tentatively assumes that,

experimentally, the contribution of Pmix to P were negli-

gible, then one would conclude from Fig. 9 b that the mean-

field result for Pconf is quantitatively predicted (Pmix/Pconf

¼ 0.6, 0.3, and 0.15 for 10-, 20-, and 40-disaccharide CS-

GAGs, respectively). However, the mean-field result is

noticeably higher than that predicted by the coarse-grained

model (Fig. 9 a, 2 M) even with Pmix included in the latter.

This is likely due to the failure of the mean-field treatment to

account for polymer-polymer spatial correlations.

CONCLUSIONS AND OUTLOOK

As noted in the Introduction, the chemical composition of the

constituent CS chains present on aggrecan varies consider-

ably with the anatomical site and depth of articular cartilage,

as well as with the age of the organism and disease state of

the tissue. Given the fact that CS plays a fundamental role in

determining the compressive mechanical properties of the

tissue and that chondrocytes—the cells that maintain the

matrix—are continuously subject to compressive mechanical

loading in their biomechanical environment, it is of primary

biological interest to understand how changes in CS

chemical composition affect its mechanical properties. A

comprehensive understanding of the biomechanical proper-

ties of GAGs and proteoglycans is also of fundamental

interest to biology and bioengineering because of their

widespread presence in biological tissues and their use in

biomaterials applications.

Confirming results of previous experimental investiga-

tions, we find that CS sulfation type (4- vs. 6-sulfation) has

a negligible influence on P, which is primarily determined

by CS fixed-charge density (21,58). Unlike those studies,

however, we were also able to probe specifically the effects

of sulfation pattern on CS osmotic pressure. Similarly to

sulfation type, sulfation pattern was also found to be incon-

sequential on P for CS chains that are moderately (50%)

sulfated, as might be found in arterial tissue (59). This find-

ing is attributed to the fact that the predominant contribution

to P arises from intermolecular carboxylate-carboxylate and

carboxylate-sulfate interactions, neither of which is affected

by variation of sulfation pattern at fixed average overall

degree of sulfation. An important biological consequence of

these findings is that, in synthesizing proteoglycans with the

aim of achieving a desired matrix osmotic pressure and com-

pressibility, cells are not constrained by sulfation type and

pattern—the specification of which may be reserved for func-

tions related to biochemical signaling.

In addition to variations in CS chemical composition, the

relative contributions toP of intrinsic versus electrostatic CS

conformational stiffness were probed. By deactivating the

bonded potentials of mean force associated with the glyco-

sidic linkage torsion angles, thereby making the CS chains

intrinsically highly flexible, it was demonstrated that it is

indeed the intrinsic, not electrostatic, stiffness of CS that

makes its osmotic pressure a strongly increasing function

of polyelectrolyte concentration at ionic strengths equal to or

greater than physiological (0.15 M), much like a solution of

charged rigid rods (for the 20-disaccharide chains probed).

This finding is likely generally applicable to charged poly-

saccharides in this regime of molecular weight, and makes

the important conceptual distinction that CS behaves like

a charged rod not because of its electrostatically induced

stiffness, but because it is an intrinsically stiff polymer.

Whether Nature utilized this feature of polysaccharides to its

benefit in designing the extracellular matrices of biological

tissues in their relatively high ionic-strength environment of

0.15 M remains an open yet intriguing question.

There is some ambiguity in the literature regarding the role

of steric excluded volume interactions in determining CS and

aggrecan osmotic pressure at physiological ionic strength

(21,48,49,54,58). By deactivating the repulsive LJ potential

(i.e., steric interactions) in the coarse-grained model, we

were able to demonstrate that it plays a negligible role in

determining P at physiological GAG concentrations and

ionic strength because intermolecular electrostatic interac-

tions maintain GAGs maximally spaced and out of the range

of steric interactions. In contrast, steric interactions are par-

amount at high ionic strengths when electrostatic interactions

are highly screened so that chains may come into close prox-

imity. Although the latter finding is consistent with conclu-

sions drawn by experimental (21) and theoretical (48,49)

investigators, the former finding is novel and is in contra-

diction to assumptions made in the application of theoretical

2368 Bathe et al.

Biophysical Journal 89(4) 2357–2371



models such as the Poisson-Boltzmann cylindrical cell

model and Flory-Huggins theory to predict GAG or aggrecan

osmotic pressure (21,48,49). In those studies, it was assumed

that the magnitude of the GAG steric, or bare, excluded

volume contribution to P is independent of ionic strength

and equal to its value in the high ionic-strength limit (when it

is equal to the non-electrostatic, polymer configurational

entropy contribution to the osmotic pressure). In contrast, the

findings of this study clearly indicate that the magnitude of

steric effects is dependent on ionic strength and reduced to

0 by 0.15 M. Although the contribution of GAG configu-

rational entropy to the osmotic pressure at 0.15 M ionic

strength was not calculated explicitly in the present study,

a natural consequence of enhanced intermolecular electro-

static interactions that maintain chains maximally spaced in

solution at low ionic strength is of course to reduce the

importance of polymer-polymer correlations and the related

polymer configurational entropy contribution to P (the ef-

fects of internal chain configurational entropy were shown to

be negligible in Fig. 7 a). Indeed, this is the basis for the

success of the Poisson-Boltzmann cylindrical cell model—it

relies on a defactorization of the N-polymer partition func-

tion into N independent and equal partition functions—in

predicting the osmotic pressure of strongly charged poly-

electrolyte solutions such as aggrecan and GAGs at 0.15 M

ionic strength (53,54). Of course, our findings are based on

an approximate molecular model that contains numerous

potentially limiting assumptions, including an idealized

(spherically symmetric) model of steric interactions and the

use of suboptimal Debye-Hückel theory, and we have only

examined a limited molecular-weight-concentration regime.

Nevertheless, the foregoing findings merit further investiga-

tion in this regard. Indeed, the concept of competing elec-

trostatic and steric excluded volume length scales is well

established in polyelectrolyte solution theory (60–62),

and the assumption of independent electrostatic and non-

electrostatic free energy contributions has been scrutinized

recently in polyelectrolyte network solutions as well (63).

Finally, our results bring to light the importance of mea-

suring the molecular-weight distribution of the GAG sample

used in investigating osmotic pressure experimentally due to

the potentially significant contribution of GAG mixing

entropy to P.

Regarding the use of simpler theoretical models than the

coarse-grained model to predict P, the finding that sulfation

type and pattern and steric interactions have minimal effects

on P certainly justifies their use over the considerably more

complex and computationally expensive coarse-grained model.

This is particularly the case considering that, with a judicious

choice of model parameters, the cell model is able to predict

experimental osmotic pressure data quantitatively. Based on

previous modeling and experimental studies that have dem-

onstrated the similarity of CS and aggrecan osmotic pressure

(when measured as a function of fixed charge density)

(54,58,64), similar conclusions for the utility of the coarse-

grained model, or lack thereof, may be anticipated in

applying it to predict the osmotic pressure of aggrecan

solutions. However, as with other comb polymers (65–71),

the conformation of aggrecan is anticipated to have a sig-

nificant dependence on CS chain length, sulfation density,

and grafting density on the protein backbone. Aggrecan

conformation is relevant to the nonequilibrium mechanical

properties of cartilage (e.g., via polymer entanglement) as

well as possibly to the modulation of enzyme binding affinity,

and its investigation clearly requires the use of a molecular-

based model such as that developed and applied herein.

Moreover, it is only through the use of more detailed, higher-

order models such as that employed here that the use of

simpler models may, in the end, be justified rigorously, and

the theoretical basis for their validity understood fundamen-

tally.

Note added in proof: During the proof-revision stage of this work, a related

experimental study appeared in this journal (Chahine et al. (2005) 89:1543–

1550). In that study, similar observations to ours were made regarding the

effects of sulfation type and steric excluded volume on CS osmotic

pressure.
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