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Abstract

In this study, we have measured the nanoscale compressive interactions between opposing aggrecan macromolecules in near-

physiological conditions, in order to elucidate the molecular origins of tissue-level cartilage biomechanical behavior. Aggrecan

molecules from fetal bovine epiphyseal cartilage were chemically end-grafted to planar substrates, standard nanosized atomic force

microscopy (AFM) probe tips (Rtip �50 nm), and larger colloidal probe tips (Rtip �2.5mm). To assess normal nanomechanical

interaction forces between opposing aggrecan layers, substrates with microcontact printed aggrecan were imaged using contact

mode AFM, and aggrecan layer height (and hence deformation) was measured as a function of solution ionic strength (IS) and

applied normal load. Then, using high-resolution force spectroscopy, nanoscale compressive forces between opposing aggrecan on

the tip and substrate were measured versus tip–substrate separation distance in 0.001–1M NaCl. Nanosized tips enabled

measurement of the molecular stiffness of 2–4 aggrecan while colloidal tips probed the nanomechanical properties of larger

assemblies (�104 molecules). The compressive stiffness of aggrecan was much higher when using a densely packed colloidal tip than

the stiffness measured for using the nanosized tip with a few aggrecan, demonstrating the importance of lateral interactions to the

normal nanomechanical properties. The measured stress at 0.1M NaCl (near-physiological ionic strength) increased sharply at

aggrecan densities under the tip of �40mg/ml (physiological densities are �20–80mg/ml), corresponding to an average inter-GAG

spacing of 4–5 Debye lengths (4–5 nm); this characteristic spacing is consistent with the onset of significant electrostatic interactions

between GAG chains of opposing aggrecan molecules. Comparison of nanomechanical data to the predictions of

Poisson–Boltzmann-based models further elucidated the regimes over which electrostatic and nonelectrostatic interactions affect

aggrecan stiffness in compression. The most important aspects of this study include: the incorporation of experiments at two

different length scales, the use of microcontact printing to enable quantification of aggrecan deformation and the corresponding

nanoscale compressive stress vs. strain curve, the use of tips of differing functionality to provide insights into the molecular

mechanisms of deformation, and the comparison of experimental data to the predictions of three increasingly refined Poisson-

Boltzmann (P-B)-based theoretical models for the electrostatic double layer component of the interaction

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Aggrecan, the most abundant cartilage extracellular
matrix proteoglycan, has a ‘‘bottle-brush’’ structure
composed of �100 highly charged glycosaminoglycans

(GAGs) attached covalently to a core protein (Hard-
ingham and Fosang, 1992) (Fig. 1a). Aggrecan and
GAG content strongly affect cartilage’s equilibrium
compressive modulus (Maroudas, 1980; Williamson et
al., 2001). Nanomechanical experiments on GAGs and
aggrecan (Dean et al., 2005; Fujii et al., 2002; Liu et al.,
2003; Seog et al., 2005) combined with theoretical
models (Bathe et al., 2005; Dean et al., 2003) have
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shown the potential to link molecular interactions to
tissue-level mechanical properties. Recently, we reported
compressive forces between a nanosized tip and surface
functionalized with end-grafted chondroitin sulfate
GAGs (Seog et al., 2005). The force near-physiological
ionic strength (IS) was well described by a Poisson–-
Boltzmann-based (PB) electrostatic model representing
GAGs as finite length charged rods (Dean et al., 2003).
Using this model, the electrostatic component of
cartilage’s equilibrium modulus was predicted as a
function of strain. Subsequently, aggrecan was chemi-
cally end-grafted to microcontact printed planar sub-
strates and the height of the layer was measured as a
function of applied normal load and IS using contact
mode atomic force microscope (AFM) imaging with a
neutral nanosized probe tip (Dean et al., 2005).

In the present study, aggrecan was end-grafted to two
different-sized probe tips (nanosized and micron-sized),
as well as a planar substrate, thus providing a closer-to-
physiological model system than both the previously
studied GAG and single aggrecan layer systems. Two
methods were employed to measure compressive forces
between opposing aggrecan. First, aggrecan height as a
function of applied normal load and IS was obtained by
contact mode AFM imaging of microcontact printed
(Dean et al., 2005; Wilbur et al., 1994) samples.
Secondly, aggrecan–aggrecan forces were measured
versus tip–substrate separation and IS using high-
resolution force spectroscopy. Tips of differing size
enabled comparison of the interactions between 2–4
aggrecan and larger assemblies of aggrecan (�104). The

force–distance curves were converted to stress versus
strain and stress versus concentration of aggrecan under
the tip and compared with the predictions of three PB-
based models: a volume charge model (Donnan, 1911;
Marcus, 1955; Ohshima, 1999), a unit cell model of
GAGs and mobile ions (Buschmann and Grodzinsky,
1995; Katchalsky, 1971; Marcus, 1955), and the charged
rod model (Dean et al., 2003). The charged rod and unit
cell models represented the data well over a large strain
range (0–0.6), although none of the models were able to
predict the stress at higher strains.

2. Experimental methods

2.1. Sample preparation

Purified fetal bovine epiphyseal aggrecan, MW
�3MDa (Ng et al., 2003), was chemically end-grafted
(Fig. 1) to gold-coated cantilevers with nanosized tips
(Veeco, cantilever spring constant, k�0.06N/m, end
radius, Rtip�50 nm measured by SEM), cantilevers with
micron-sized gold-coated silica colloids (BioForce Na-
nosciences, k�0.12N/m, Rtip�2.5 mm), and 1 cm� 1 cm
gold-coated planar substrates, as described previously
(Dean et al., 2005; Seog et al., 2002). Aggrecan was end-
functionalized by reaction with 1 mM dithiobis(sulfosuc-
cinimidyl propionate) and 0.1mM dithiothreitol (Pierce)
for 1 h. Excess reactants were removed by spinning
(3500 rpm) overnight with a centrifugal filter (Centricon,
Millipore, 10 kDa cutoff). Approximately 100 ml of
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Nomenclature

a radius of charged rods in unit cell model (m)
AFM atomic force microscope
C0 bath NaCl concentration (mol/m3)
ew permittivity of water (6.923� 10�10C2/(Nm2))
F Faraday’s constant (96,485C/mol)
F electrical potential (V)
GAG glycosaminoglycan
IS ionic strength
h height of volume charge in volume charge

model (m)
h0 initial height of volume charge (m)
hrod height of rods in charged rod model (m)
k cantilever spring constant (N/m)
k�1 Debye length (m)
OH-SAM hydroxyl-terminated self-assembled

monolayer
PB Poisson–Boltzmann
ragg volume charge density due to aggrecan in

volume charge model (C/m3)
rfix fixed volume charge density (C/m3)

rGAG volume charge density due to GAG in rod for
charged rod model (C/m3)

r axis of cylindrical coordinate in unit cell
model

R radius of unit cell (m)
R ideal gas constant (8.314 J/(molK))
R0 initial radius of unit cell (m)
Rtip probe tip end radius (m)
SEM scanning electron microscope
sGAG surface charge density of GAG disaccharide

in unit cell model (C/m2)
s spacing between rods in charged rod model

(m)
s0 initial spacing between rods in charged rod

model (m)
T absolute temperature (K)
w radius of charged rods in charged rod model

(m)
z axis of Cartesian coordinate perpendicular to

the sample surface in volume charge model
and cylindrical coordinate in unit cell model

D. Dean et al. / Journal of Biomechanics 39 (2006) 2555–25652556



1mg/ml modified aggrecan solution in deionized water
was deposited onto freshly cleaned gold-coated surfaces
and incubated for �48 h in a humidity chamber. Prior to
nanomechanical measurements, the surfaces were thor-
oughly rinsed with deionized water.

The aggrecan packing density on planar substrates was
�8.772.0mg/m2 (�one aggrecan per 25nm� 25nm) as
measured by dimethylmethylene blue dye assay (Dean et
al., 2005; Farndale et al., 1986). The force measured
between the aggrecan-functionalized colloid and neutral
hydroxyl-terminated self-assembled monolayer (OH-
SAM) functionalized substrates was the same as the
force between an OH-SAM functionalized colloid and
aggrecan-functionalized substrate, within experimental
error. Hence, the aggrecan density was assumed to be
similar on the colloid and substrates. Aggrecan functio-
nalization of the nanosized tip was verified since the
forces measured with this tip versus an OH-SAM were
much larger than those between OH-SAM tips and
substrates. Since the nanosized tip radius is on the order
of the spacing between aggrecan on the substrate, only
2–4 aggrecan on the tip could directly interact with the
substrate while for the colloidal tip, �104, aggrecan were
involved in the interaction. OH-SAM substrates and tips

were prepared by immersion in 3mM 11-mercaptoun-
decanol (Aldrich) in ethanol for 48 h. No physisorbed
aggrecan was found on OH-SAM surfaces via AFM
imaging.

2.2. Normal force– distance experiments

A one-dimensional molecular force probe (Asylum
Research) was employed to measure the normal force
versus tip–sample separation distance with nanosized
tips and a Multimode Picoforce Nanoscope IV AFM
(Veeco) was used for the same type of experiments with
the colloidal tips and for all height measurements
(Section 2.3). Experiments and data analysis were
performed in the same manner for both types of probe
tips. Experiments were performed in 0.001–1M NaCl in
MilliQ water (pH 5.6) at a z-piezo velocity �2 mm/s with
immediate reversal between each approach–retract cycle
(Fig. 1a, b). In order to obtain absolute values of the
tip–surface separation distance, the distance axes were
offset by the compressed height of the aggrecan at the
maximum force attained in the normal force measure-
ments (Section 2.3). Force–distance curves were
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Fig. 1. (a) Nanosized (Rtip�50 nm) and (b) micron-sized (Rtip�2.5mm) probe tips with chemically end-grafted aggrecan layers (core protein spaced

�25 nm apart, contour length �400nm, CS-GAG side chain contour length �40 nm, CS-GAG side chains spaced �2–4 nm apart) interacting as they

are brought together with aggrecan-functionalized planar substrates during a normal force–distance experiment. ‘‘Distance’’ for normal

nanomechanical measurements (shown in (a) and (b)) is the separation distance between the underlying Au surfaces of the probe tip and planar

substrate. (c) Schematic of a microcontact printed sample with aggrecan inside a hexagonal pattern on the surface (10mm side length). (d) Schematic

of colloidal probe tip (Rtip�2.5 mm) functionalized with an OH-terminated SAM that is imaging the height of a chemically end-grafted aggrecan layer

on a planar substrate during contact mode atomic force microscopy. ‘‘Height’’ refers to the height difference of the patterned aggrecan section

relative to the OH-SAM surface (which has a negligible height of �2–3 nm (Colorado et al., 1998)).
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averages of nX20 individual approach curves at three
sample locations.

2.3. Aggrecan height versus normal force measured by

contact mode AFM imaging

Aggrecan height was measured versus normal force
using microcontact printing (Fig. 1c) and contact mode
AFM imaging (Fig. 1d) (Dean et al., 2005). Aggrecan
was end-grafted within hexagonal patterns (10 mm side
length) and an OH-SAM filled the area outside of the
hexagons (Fig. 1c), as described previously (Dean et al.,
2005). The heights were measured in 0.001–1M NaCl
using �0–80 nN normal force (scan rate ¼ 60 mm/s) and
were averages of eight 30 mm line scans (256 points/line)
on two hexagons. The compressed height used to offset
the distance axes in the force–distance data was taken at
an imaging force equivalent to the maximum force in the
normal force–distance experiments. The compressed
height with the nanosized tip was reported previously
to be o5 nm for all IS (Dean et al., 2005).

2.4. Normal stress– strain

The normal force–distance and height–normal force
data were combined to form an effective compressive
molecular stress–strain curve. The nominal compressive
strain was estimated as

strain ¼ 1�
distance

2ðinitial height of aggrecan layerÞ
, (1)

where the initial height was the distance the force
increased above noise in the force–distance data. The
stress was calculated from the force using the surface

element integration method (Bhattacharjee and Elim-
elech, 1997; Dean et al., 2003).

3. Results

3.1. Force– distance: nanosized tips and

aggrecan-functionalized substrates

The forces between the nanosized tips and the
aggrecan substrates were repulsive at all distances and
decreased with increasing IS (Fig. 2), consistent with the
known decrease in aggrecan height with increasing IS
(Dean et al., 2005). The approach–retract curves showed
no hysteresis and no dependence on z-piezo displace-
ment rate (0.1–10 mm/s, which corresponds to the range
of rates consistent with known quasi-equilibrium
macroscopic behavior) (Mak, 1986; Morel and Quinn,
2004). The addition of �2–4 aggrecan layers on the tip
interacting with the substrate (Fig. 2b) produced forces
that were greater (�2� ) than those for the OH-SAM
tip (Fig. 2a). At 0.1M NaCl, the stress between the OH-
SAM tip and aggrecan was 50–100� larger than that
previously measured between a similar tip and an end-
grafted GAG layer (molecular spacing �6 nm) (Seog et
al., 2005) and the stress between two aggrecan layers was
much larger (�100� at 50 nm) and longer range (�3� )
than that between GAGs (Fig. 3).

3.2. Aggrecan height– normal force: colloidal tips

Height images of the microcontact printed substrates
show clear hexagonal patterns (Fig. 4) and data from
such images are plotted as a function of imaging force
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Fig. 2. Normal force and force/radius between (a) a nanosized, neutral OH-terminated SAM probe tip (Rtip�50 nm) and (b) an aggrecan-

functionalized nanosized probe tip (Rtip�50 nm) both versus an aggrecan-functionalized planar substrate at different bath salt concentrations

(0.001–1M NaCl, pH 5.6) as a function of separation distance between the probe tip and substrate. Standard deviations are smaller than the

thickness of the data lines.
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and IS (Fig. 5). For the aggrecan tip versus aggrecan
substrate, the height of the two aggrecan layers (Fig. 5b)
was calculated as the measured height plus the height
taken with the OH-SAM probe tip (which assumes that
the aggrecan height on the colloidal tip is equivalent to
that on a planar surface). Aggrecan height decreased
with increasing IS and with increasing normal force for
both the OH-SAM and aggrecan colloidal tips (Fig. 5).
However, the decrease in height per unit force was much
less with the colloidal tip than that found previously
with a nanosized tip (Dean et al., 2005) as expected,
since the applied stress (force/area) with the nanosized
tip was �3000� larger than with the colloidal tip and
the small tip geometry presumably allows for increased
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Fig. 4. Contact mode AFM height images of a microcontact printed aggrecan (inside the hexagonal pattern) and OH-SAM (outside the hexagonal

pattern)-functionalized substrate imaged with an OH-SAM colloidal tip in different ionic strengths (0.001–1M NaCl, pH 5.6) at 3 nN normal force.
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penetration between the aggrecan. At the same force,
the height of two aggrecan layers (Fig. 5b) was
significantly smaller (�15–25%, po0:0001, unpaired
Student’s t-test) than twice the height of one layer (Fig.
5a). The compressed height at the highest force
measured with the aggrecan colloidal tip (�80 nN, Fig.
5b) ranged from �370 nm at 0.001M NaCl to �60 nm at
1M NaCl. These compressed heights (Fig. 5b) were
much larger than the plateau heights measured by the
nanosized tip (�5 nm (Dean et al., 2005)).

3.3. Force– distance: colloidal tips and aggrecan-

functionalized substrates

The force–distance data measured with colloidal tips
(Fig. 6) showed the same strong IS dependence as that
observed with the nanosized tips (Fig. 2). Forces
between the aggrecan colloidal tip and aggrecan
substrates (Fig. 6b) were larger than forces observed
with the OH-SAM colloidal tips (Fig. 6a) and increased
by �1.5� in range. The aggrecan tip sensed long-range
forces even in 1M NaCl (starting at �300 nm, Fig. 6b)
where most of the electrostatics are shielded. Interest-
ingly, there is a much larger difference between the
forces at 0.1M NaCl (near-physiological conditions)
and those at 1M NaCl for the aggrecan-functionalized
colloid (Fig. 6b, range doubles between 0.1 and 1M)
than for the neutral tip (Fig. 6a, range increases by
1.3� between 0.1 and 1M). This is also seen in the
significant change in the aggrecan height between 0.1
and 1M NaCl (Fig. 5).

3.4. Comparison of nanosized and colloidal tips

The increase in stress caused by addition of aggrecan
to the tip compared to the OH-SAM tip was much

greater for the colloidal tip than the nanosized tip
(Fig. 7a). At any given distance, the measured stress was
larger with the colloidal tip compared to the nanosized
tip. Since the maximum force was of the same order of
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magnitude for both, the maximum stress was less for the
colloidal tip due to the nanosized tip’s much smaller
surface area. Stress–strain curves of the OH-SAM and
aggrecan colloidal tips (Fig. 7b) were similar for strains
o0.6. At strains 40.6, the stress increased sharply and
was higher for the OH-SAM tip.

3.5. Comparison of two nanomechanical methodologies:

force– distance and height– force

The compressive properties of aggrecan have been
studied using two complementary approaches: measure-
ment of force–distance on approach (Figs. 1a, b, 2, and
6) and height–force using AFM imaging (Figs. 1d, 4,
and 5). These two methods (Fig. 8) cover slightly
different ranges of compression; however, the data
coincide well in the 200–350 nm region, lending con-
fidence that self-consistent measures of aggrecan proper-
ties were obtained. One possible source of the slight
discrepancy at �350 nm is that height measurements are
less accurate at low forces due to the small tare force
(�100 pN) necessary to enable stable feedback during
imaging (Dean et al., 2005). Also, the height measure-
ments cause simultaneous compression and lateral
deformation of the aggrecan layer with scanning. Thus,
the compression of aggrecan during imaging may not
occur in the same manner as during force–distance
measurements (Fig. 1a,b). A composite curve represent-
ing the data was calculated as the best-fit spline line
through the data (Fig. 8).

4. Theoretical models: comparison to experiments

The composite curve for the aggrecan colloidal probe
tip versus aggrecan substrate (Fig. 8) was converted to
stress–strain using Eq. (1) (Section 2.4) and then
compared to three models (Fig. 9) that describe the
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electrostatic component of the net interaction. This
comparison was facilitated by approximate theoretical
predictions that the (steric) configurational entropy
component is minimal at physiological ionic strengths
(Bathe et al., 2005; Kovach, 1996), as well as the fact
that the range of the nanomechanical data at 1M was
shorter than and did not overlap with that at 0.1M (Fig.
6(b)). These PB-based models calculate the force from
the electrostatic potential, F, associated with GAG fixed
charge. The PB equation relates F to the concentrations
of fixed charges, rfix and mobile ions:

r2F ¼
2FC0

ew
sinh

FF
RT

� �
�

rfix
ew

, (2)

where C0 is the bath NaCl concentration, ew the
permittivity of water, R the ideal gas constant, F

Faraday’s constant, and T the temperature. Eq. (2)
was solved using a Newton method on a finite-difference
grid subject to constant surface charge boundary
conditions (Dean et al., 2003). In all the models, the
stress was calculated as the derivative of the free energy
per unit area, calculated from F (Dean et al., 2003).

4.1. Smooth volume charge (Donnan) model

Aggrecan fixed charge was first modeled as a uniform
volume charge density of infinite extent analogous to the
Donnan approach (Donnan, 1911; Maroudas, 1976;
Ohshima, 1999) (Fig. 9a). The initial value of rfix was set
to ragg, which was calculated from the known aggrecan
density on the surface, the fixed charge per aggrecan
(�6� 10�15 C/aggrecan (Ng et al., 2003)), and the initial
separation distance between the surfaces, D0, which was
assumed to be initial distance at which the force
increased above noise in the normal nanomechanical
experiment (Fig. 6b, �600 nm). rfix increases with
compressive strain ¼ 1�D=D0 according to the rela-
tion rfix ¼ raggð1=1� strainÞ (Fig. 9a).

4.2. Unit cell model

The 2-dimensional cylindrical ‘‘unit cell’’ model of a
linear polyelectrolyte surrounded by aqueous electrolyte
has been used extensively in the literature (Marcus,
1955) to model colligative properties such as the swelling
pressure and osmotic activity coefficients of GAG
solutions (Buschmann and Grodzinsky, 1995; Ehrlich
et al., 1998). GAG segments are modeled as locally rigid,
but randomly oriented and flexible at the microscale
(Buschmann and Grodzinsky, 1995; Ehrlich et al.,
1998). The unit cell of radius R (Fig. 9b) includes a
charged GAG segment of radius a and its surrounding
mobile ions. GAG fixed charge is represented as a
surface charge density, sGAG, at r ¼ a and rfix ¼ 0.
Model parameters were taken from the literature:
GAG radius values, a ¼ 0:5 or 0.75 nm, were within

the 0.3–0.9 nm range reported in the literature
(Buschmann and Grodzinsky, 1995; Ogston et al.,
1973); sGAG ¼ �ð3:92=aÞ � 10�11C=m2; the initial R,
R0 ¼ 4:51 nm, was calculated from the effective volu-
metric charge density (see Section 4.1) due to GAGs
(Buschmann and Grodzinsky, 1995). Since the model is
cylindrically symmetric, strain ¼ 1� ðR=R0Þ

2 (Fig. 9b).

4.3. Charged rod model

The 3-dimensional charged rod model describes the
time-averaged space occupied by GAGs in an end-
grafted planar configuration (Dean et al., 2003) (Fig.
9c), where rfix is nonzero only within the cylindrical rods
and the strain ¼ 1� ðs=s0Þ

2 where s is the spacing
between charged rods and s0 is the initial spacing
between charged rod. (Fig. 9c). The model parameters
(Fig. 9c) were fixed to values from the literature: rod
length (hrod ¼ 41 nm) was taken from AFM images of
aggrecan (Ng et al., 2003), and the initial inter-rod
spacing (s0 ¼ 7 nm) was chosen so the corresponding
spacing between GAGs in the model (3.5 nm) was in the
range measured along the aggrecan core protein
(�3–4 nm) (Hering et al., 1997; Ng et al., 2003). The
rod radius was taken as w ¼ 0:5 nm or 0.75 nm (as in the
unit cell model (Buschmann and Grodzinsky, 1995)),
and rod charge was calculated using 50 disaccharides/
chain (Ng et al., 2003) within each cylinder. The
measured GAG density was then used in the model to
calculate the corresponding distance between the two
surfaces of rods (85 nm).

4.4. Comparison of nanomechanical data to model

predictions

The data of Fig. 8 were converted to stress–strain
(Fig. 10a) and stress–concentration (Fig. 10b). The
volume charge model overestimated the aggrecan
stress–strain data by �3-fold. In contrast, the unit cell
and rod models were in reasonable agreement with the
data for strains o0.7. The stress increased nonlinearly
with effective aggrecan concentration (Fig. 10b), similar
to previously reported trends for swelling pressures of
proteoglycan solutions (Buschmann and Grodzinsky,
1995). At effective average aggrecan concentrations
o25mg/ml (Fig. 10b) the tip–sample separation dis-
tance is greater than 2� the height of an aggrecan layer;
therefore, the aggrecan layers on the tip and substrate
are not yet directly interacting and the measured stresses
are due to long-range presumably electrostatic interac-
tion forces. At high strains and aggrecan concentrations
470mg/ml (Fig. 10b), the unit cell model with a ¼

0:75 nm overestimated the data. However, at these high
strains, R � a ¼ 0:75 nm and the point-charge conti-
nuum assumptions of PB break down for this model.
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5. Discussion

5.1. Compressive forces between opposing aggrecan

The nanomechanical properties of chemically end-
grafted aggrecan layers have been measured using
micron- and nanosized probe tips. The results are
compared to experiments encompassing the molecular
hierarchy of GAG-associated molecular interactions
(OH-GAG, GAG–GAG, OH-aggrecan, aggrecan–ag-
grecan, Figs. 3 and 7), thereby including the effects of
different length scales, molecular geometry, size, density,
and chemical heterogeneity (e.g. core protein). For the
nanosized probe tips (Fig. 3), the magnitude of the
molecular interaction forces and their range of action
increased with increasing complexity of the layers,
attributable to the increased molecular weight, de-

creased GAG spacing, and the unique structure of
aggrecan. Comparison between nanosized probe tips
involving interactions between a few aggrecan and
colloidal probe tips with thousands of aggrecan showed
an increase in molecular interaction forces and range of
interaction (Fig. 7a). This may be partially due to the
fact that nanosized probe tips can undergo splay-type
deformations (molecular rotations) more so than
colloidal probe tips, where such deformations are
restricted by the large numbers of neighboring aggrecan.
For this reason, colloidal probe tips are expected to
mimic in vivo deformations better than the nanosized
probe tips. The highly nonlinear molecular mechanical
behavior observed in both the GAG and aggrecan
model systems likely contributes to tissue-level nonlinear
behavior of the equilibrium compressive modulus
(Ateshian et al., 1997). The IS dependence of aggrecan
interactions is typically associated with salt screening of
electrostatic forces, but nonelectrostatic components
(e.g. configurational entropy, excluded volume, etc.) will
also be affected. Ongoing modeling is aimed at
deconvolution of these components at near-physiologi-
cal solution conditions (Bathe et al., 2005; Wu et al.,
2004). By comparing the stress–strain data using hard-
wall and softer polyelectrolyte-coated tips, information
regarding the molecular mechanisms of deformation can
be inferred. The stress–strain behavior of the OH-SAM
and aggrecan-functionalized colloidal probe tips (Fig.
7b) suggests that the compression mechanism of
deformation dominates for strains less than 0.5, and
the softening effect seen with the aggrecan tip for strains
greater than 0.5 is due to an alternate deformation
mechanism, likely the onset of molecular interdigitation.

5.2. Comparison of nanomechanical data to theoretical

models

The three models represent different estimates of the
contribution of electrostatic interactions to the total
stress. The volume charge model overestimated the
measured aggrecan interactions for all strains of interest
(Fig. 10a, b). This is consistent with previous studies
(Buschmann and Grodzinsky, 1995) which ascribed this
discrepancy to molecular-level spatial inhomogeneities
in the fixed charge density and intermolecular electrical
potential not accounted for in a smooth macroscopic
model. When model parameters were within the range in
which the point-charge assumptions of the PB model
hold (i.e. a5R in the unit cell model), the unit cell and
rod models underestimated the data at strains 40.6.
Since nonelectrostatic forces become increasingly im-
portant at higher strains, it is not surprising that models
which only include electrostatics underestimate the data
in this regime.
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line). (b) Aggrecan nanomechanical data converted to stress versus

average aggrecan concentration (red dots) compared to the rod model
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(dashed orange line).
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5.3. Aggrecan interaction forces: contribution to

cartilage stiffness

The molecular-level strains reported here (Figs. 7b
and 10a) are defined with respect to the extended
contour length of aggrecan. In contrast, at the nanoscale
within tissue, aggrecan is already ‘‘pre-strained’’ to a
more compact configuration even at zero tissue strain.
That is, the volume of an individual aggrecan in tissue is
much less than its fully extended volume in dilute
solution (Wight et al., 1991). The estimated nanome-
chanical stiffness of aggrecan taken from the slope of the
stress–strain data (Fig. 10a) is �1 Pa at aggrecan strains
o0.2 (concentrations o20mg/ml, Fig. 10b) and then
increases almost linearly from 0.1 to 1.5MPa at strains
40.4 (�40–80mg/ml aggrecan). The aggrecan concen-
tration in articular cartilage is �20–80mg/ml (Comper
and Laurent, 1978; Maroudas, 1980; Urban et al., 1979).
At 40mg/ml of aggrecan, the GAG spacing in this
experiment is calculated to be �5 nm, or 5k�1 at 0.1M
NaCl. In this concentration regime, electrostatic repul-
sion between GAGs of neighboring aggrecans is of the
same order as repulsive interactions between GAGs
along the core protein. Further compression at this
threshold concentration causes the measured stress (Fig.
10b) and calculated modulus to increase sharply. These
results give direct experimental evidence that the closer
to physiological 4–5 nm GAG–GAG spacing corre-
sponds to the onset of significant repulsive interactions
between GAGs of opposing aggrecan, and further
elucidate the relation between aggrecan molecular
structure and the biomechanical properties of cartilage.
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