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A
n area of significant interest and
techological importance has been
the nanoscale mechanisms underly-

ing the macroscopic dynamic mechanical
properties of hydrated biological and non-
biological materials that are responsible for
important functions such as fluid permea-
tion, solute and drug transport,1�3 energy
dissipation and self-stiffening,4,5 and lubrica-
tion and cellular mechanotransduction.6�8

Recent advances in instrumentation have
enabled the quantification of nanoscale-
time-dependentproperties invarioushydrated
tissues,9�12 hydrogels6,13,14 and macromol-
ecules.11,15�21 It has been hypothesized
that two molecular mechanisms underlie

the observed nanoscale dynamic mechan-
ical properties: solid�fluid interactions
(poroelasticity) or fluid flow-independent
intrinsic macromolecular viscoelasticity.22,23

The poroelasticity mechanism obeys a spe-
cific length scale dependence (e.g., the
length scale over which fluid flows),5,24

while intrinsic molecular viscoelasticity
does not show this dependence.25,26 The
limited frequencybandwidth of experimental
instruments utilized to date has precluded
measurement of the broad dynamic spec-
trum necessary to decouple poro- and vis-
coelastic phenomena based on length scale
tests. In the present study, we utilized a
custom-built high-bandwidth (frequency
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ABSTRACT Poroelastic interactions between interstitial fluid and the extracellular

matrix of connective tissues are critical to biological and pathophysiological functions

involving solute transport, energy dissipation, self-stiffening and lubrication. However,

the molecular origins of poroelasticity at the nanoscale are largely unknown. Here, the

broad-spectrum dynamic nanomechanical behavior of cartilage aggrecan monolayer is

revealed for the first time, including the equilibrium and instantaneous moduli and the

peak in the phase angle of the complex modulus. By performing a length scale study

and comparing the experimental results to theoretical predictions, we confirm that the

mechanism underlying the observed dynamic nanomechanics is due to solid�fluid

interactions (poroelasticity) at the molecular scale. Utilizing finite element modeling, the molecular-scale hydraulic permeability of the aggrecan assembly

was quantified (kaggrecan = (4.8( 2.8)� 10�15 m4/N 3 s) and found to be similar to the nanoscale hydraulic permeability of intact normal cartilage tissue

but much lower than that of early diseased tissue. The mechanisms underlying aggrecan poroelasticity were further investigated by altering electrostatic

interactions between the molecule's constituent glycosaminoglycan chains: electrostatic interactions dominated steric interactions in governing molecular

behavior. While the hydraulic permeability of aggrecan layers does not change across species and age, aggrecan from adult human cartilage is stiffer than

the aggrecan from newborn human tissue.

KEYWORDS: aggrecan . cartilage . nanomechanics . AFM . dynamic loading . poroelasticity . hydraulic permeability

A
RTIC

LE



T. NIA ET AL. VOL. 9 ’ NO. 3 ’ 2614–2625 ’ 2015

www.acsnano.org

2615

range, f ∼1 Hz to 10 kHz) atomic force microscope
(AFM)-based nanorheology system4 to quantify the
broad spectrum dynamic nanomechanical behavior
of amodel biomacromolecular system, cartilage aggre-
can, and to subsequently identify the mechanisms
underlying molecular rheology.
Cartilage is an important hydrated biomacromole-

cular tissue (70�80% water by weight) that exhibits
rate-dependent macroscopic dynamic mechanical
properties and allows for proper physiological joint
function over a wide range of frequencies.27 The
two major structural constituents of cartilage are a
self-assembled gel of aggrecan monomers enmeshed
within a self-assembled network of collagen fibrils. The
negative charges on the glycosaminoglycan (GAG)
chains of aggrecan (Figure 1a), along with their asso-
ciated counterions, exert high nanoscale electrical
double layer repulsive forces and associated osmotic
interactions that result in a high intramolecular and
intratissue water content. We chose aggrecan as a
model biomacromolecule for this study because it
has been hypothesized that the small spacing between
neighboring GAG chains (∼3 nm28), which is much
smaller than the average spacing between collagen
fibrils (∼100 nm29), determines the fluid permeability
of the aggrecan gel and is therefore the molecular
origin of poroelasticity in cartilage. Aggrecan was also
chosen as a model system because of its critical role in
the pathophysiology of diseases such as osteoarthritis
(OA).30�32 At the earliest stages of OA, proteolytic
degradation of GAG-containing aggrecan (16) makes
cartilage especially susceptible to degradation during
high-rate (dynamic) joint activities.4 Since mechanical
loading of many tissues upregulates cell synthesis and
deposition of a locally enriched aggrecan gel (e.g., in
the intervertebral disc and the fibrocartilaginous re-
gions of tendons and ligaments,33,34 and even in
regulating structural and dynamical plasticity in the
microenvironment of nervous system35), the basic
work in this study is broadly relevant tomany examples
of mechanobiology.
The goals of the current study are to (1) quantify the

broad spectrum (frequency range, f ∼1 Hz to 10 kHz)
dynamic nanomechanical behavior of a biomimetic,
end-grafted cartilage aggrecan monolayer assembly
(Figure 1b), including the low frequency (equilibrium)
modulus EL, high frequency (instantaneous) modulus
EH, and the characterstic frequency fpeak (the frequency
at which the phase of the complex dynamic modulus
E* peaks, see Figure 1e,f); (2) determine the scaling
law relationship between characteristic frequency
fpeak and characteristic length scale d, the distance
over which the fluid flows during dynamic loading
and can be varied by changing the AFM tip radius
(see Figure 1d), to confirm whether poroelasticiy
is the underlying mechanism governing dynam-
ic behavior; (3) estimate the nanoscale hydraulic

permeability k by using finite element modeling
(with the aggrecan monolayer modeled as a aniso-
tropic poroelastic material); (4) find the role of elec-
trostatic and steric interactions in the poroelastic
properties of aggrecan by changing the ionic
strength of the salt solution (to screen electrostatic
interactions between neighboring double layers)
and changing the initial offset load during dynamic
nanoindentation; and (5) to compare the nanoscale
dynamic mechanical properties of aggrecan across
cartilage age and species from which the aggrecan
molecules are extracted.

Figure 1. High frequency atomic force microscope (AFM)-
based rheology of aggrecan monolayer. (a) Schematic
drawing of aggrecan showing chondroitin sulfate (CS)
GAG, keratan sulfate (KS) GAG, core protein and globular
domains G1, G2 and G3. (b) Aggrecan monolayer is end-
grafted on a gold-coated substrate and indented by gold-
coated AFM colloids. (c) Loading profile is composed of an
initial indentation at a specified force, followedby a random
binary sequence (RBS) in displacement with step size of
2 nm covering the frequency range of 1 Hz to 10 kHz. (d) The
fluid pressurization due to dynamicmechanical loading and
the resulting fluid flow along the contact distance are
simulated by finite element modeling. (e and f) The magni-
tude and phase of the dynamic effective modulus of new-
born human aggrecan is measured at different ionic
strength of 0.001, 0.01, 0.1, and 1 M in NaCl solution (solid
lines). The mean (solid line) and 95% confidence interval
(shaded area) are based on n = 6 different locations on the
substrate. The simulation by the transversely isotropic finite
element model (dashed lines) shows a close match to the
experimental data.
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RESULTS/DISCUSSION

Fluid Solid Interactions Govern the Dynamic Nanomechanics
of Aggrecan. Wemeasured the nanomechanics of brush
layers of aggrecan over a four-decade frequency range
using a newly developed high-frequency AFM-based
nanorheology system,36 and an efficient loading pro-
file where the AFM tip is displaced by 2 nm steps,
applied in a “random binary sequence” (RBS, Figure 1c;
see the Supporting Information for more details). The
first full spectrum measurement of newborn human
aggrecan nanomechanics, reported as the magnitude
and phase of the effective dynamic modulus over the
frequency range of 1 Hz to 10 kHz (Figure 1e,f), exhibits
the following distinct features: a low frequency asymp-
tote EL and high frequency asymptote EH of the
magnitude of modulus |E*|, and a phase angle φ

between the applied probe tip displacement and
measured force that exhibits a peak at frequency fpeak.
EL reflects the equilibrium compressive modulus of the
aggrecan monolayer due to its solid content only, with
no contribution from fluid flow because it is measured
at very low frequency (i.e., the quasi-equilibrium state).
EH reflects the modulus of the monolayer at high
frequencies, equivalent to instantaneous loading,
where the mixture of the solid and pressurized fluid
behaves as an incompressible material.37 At mid fre-
quencies, the interactions between solid and fluid
dominate and the phase angle, the tangent of which
is an indicator of energy dissipation,38 peaks at fre-
quency fpeak.

We showed that the mechanism underlying the
observed frequency-dependent nanomechanics of ag-
grecan is nanoscale-poroelasticity by means of an
experimental length-scale study. According to linear
poroelasticity,5,24 the peak frequency fpeak is propor-
tional to the product of the equilibrium modulus
E and the hydraulic permeability k of the material,
and inversely proportional to the characteristic contact
distance d between the AFM tip and aggrecan (shown
in Figure 1d):

fpeak �
Ek

d2
(1)

This dependence of fpeak with the length scale d is a
definitive approach to confirming the hypothesis that
solid�fluid interactions are the origin of the observed
dynamic nanomechanics (rather than, e.g., a purely
solid-phase viscoelastic mechanism, which would not
scale with contact distance d). We performed this
dynamic nanomechanical test on newborn human
aggrecan with two different-sized AFM colloidal probe
tips having diameters of 45 and 5 μm (Figure 2). The
difference in tip diameter resulted in a difference in
the contact distance of d45‑μm = 3.1 μm versus d5‑μm =
1.5 μm at near-physiological ionic strength conditions
of 0.1 MNaCl. (The contact distance between aggrecan
monolayer and AFM tip is estimated using Hertzian

contact geometry. The indentation depth at a given
applied force, estimated from the height-force curves
of Supporting Information Figure S1, is the difference
of the initial height (zero force) and the height at the
applied force.) The peak frequency was measured
fpeak‑45‑μm = 124 ( 9 Hz when the 45 μm diameter tip
was used. Equation 1 predicts that when the dynamic
tests are performedwith the 5 μmtip, at similar loading
conditions to the 45-μmtip to keep E and k unchanged,
the peak frequency fpeak shifts to 529 Hz. The peak
frequency with the 5 μm tip was measured as fpeak‑5
μm = 518 ( 34 Hz (Figure 1a), which shows close
agreement to the prediction of eq 1. This consistency
of the length scale dependence of the dynamic mod-
ulus phase angle with the prediction of eq 1 over a
wide range of ionic strengths (IS = 0.1, 0.01, and
0.001 M NaCl), together with the observation of the
key features of poroelastic response, such as EL, EH, and
fpeak, all confirm that poroelasticity is the dominant
mechanism underlying the dynamic nanomechanics
of the aggrecan monolayer. Intrinsic viscoelastic beha-
vior, associated with molecular friction and configura-
tional changeswithin and betweenmacromolecules, is
another energy dissipation mechanism in soft tissues,
but has been shown to be independent of fluid-flow
length scale.22,26 In addition, intrinsic viscoelastic re-
laxation times in cartilage have been found to bemuch
longer than those associated with the nanomechanical
poroelastic behavior of aggrecan revealed in the pre-
sent study.22,39

A finite element model was implemented to esti-
mate the intrinsic poroelastic properties of the aggre-
can monolayer, such as the hydraulic permeability
and Young's modulus. End-grafting of each aggrecan
monomer to the substrate confines the aggrecan
monolayer from lateral motion at the bottom of the
layer (Figure 1b), resulting in a higher effective stiffness
in the transverse direction compared to the axial
direction. To incorporates this anisotropy in the lateral
vs axial direction, we utilized a transversely isotropic
model.40 Due to axisymmetric geometry of the tip-
sample, the model parameters are reduced to the
following: hydraulic permeability k, axial equilibrium
modulus Ea, and transverse equilibrium modulus Et
(see Supporting Information for more details about
the model). The predictions of the theoretical FEM
simulation closely match the experimental data for
the magnitude and phase of the dynamic modulus
over the wide frequency range of 1 Hz to 10 kHz, and at
different ionic strengths of 0.001, 0.01, 0.1, and 1 M
NaCl. The close match between theoretical and experi-
mental spectrum of dynamicmodulus further confirms
the hypothesis that the observed nanomechanics of
the aggrecan layer is governed by linear poroelasticity.

Hydraulic Permeability of Aggrecan at the Molecular Level.
We estimated the hydraulic permeability of the dense
aggrecan layer at the molecular level for the first time
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using the measured fpeak together with the poroelastic
finite element model. The hydraulic permeability of
fetal bovine aggrecan was found to be k = (4.8( 2.8)�
10 �15 m4/N 3 s. This value is close to the hydraulic
permeability of the normal ECM of newborn bovine
cartilage (Figure 2b), where it is hypothesized that
aggrecan is the main determinant of the hydraulic
permeability of the tissue. (The volumetric concentra-
tion of aggrecan layer is cmonolayer = 43( 10 mg/mL at
0.1 M ionic strength,41 close to the physiological range
of 20�80 mg/mL in human and animal cartilage ECM.)

In cartilage, the type II collagen network mesh size is
60�200 nm,42 while the distance between GAG chains
on aggrecan is only 2�4 nm apart from each other.28

Thus, the pore size and hence the hydraulic perme-
ability of cartilage is hypothesized to be determined by
aggrecan. In a previous study,4 we applied the same
high-bandwidth AFM-based rheology system to esti-
mate the hydraulic permeability of normal and GAG-
depleted cartilage ECM. In the normal tissue, both
aggrecan and collagen network contribute to the
nanomechanics of matrix. However, in cartilage where

Figure 2. Aggrecan fluid solid interactions play the dominant role in dynamic nanomechanical properties of cartilage. (a) The
length-scale analysis at different ionic strength confirms our hypothesis that the governing mechanism in the dynamic
mechanical function of aggrecan monolayer is poroelasticity. On the basis of poroelasticity theory, fpeak ∼ 1/d2, i.e., if the
contact distance d45μm decreases to d5 μm, the peak frequency of the phase angle of the dynamic modulus increases from
fpeak‑45‑μm = 124 Hz to fpeak‑5‑μm = 529 Hz. Our experimental data, here using fetal bovine aggrecan, shows that the peak
frequency increased to fpeak‑5 μm = 518( 34 Hz for the 5 μm-tip, which is in close agreement to the theoretical prediction of
529 Hz. (b) The hydraulic permeability of normal newborn bovine cartilage, with main constituents of aggrecan GAGs and
collagen, is close to the hydraulic permeability of the fetal bovine aggrecan monolayer (no statistical significance), and they
are both significantly lower than the hydraulic permeability of GAG-depleted newborn bovine cartilage (representative of
early changes in cartilage after joint injury to young individuals, leading to post-traumatic osteoarthritis). This further
confirms that the mechanical properties of the matrix that are dependent on solid�fluid interactions, such as hydraulic
permeability, are determinedby the aggrecannetwork. (*p<0.05; using t test, and the reporteddata ismean( SE. For normal
and GAG-depleted cartilage, N = 4 animals, where k of each animal is the average over M = 4 plugs, and m = 4 different
locations on each plug. For aggrecan, N = 3 plates, where for each plate, the k and EL are averaged over M = 6 different
locations.).
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the aggrecanGAG chainswere enzymatically depleted,
the collagen network, which was still intact, has the
major nanomechanical contribution. In this previous
study, we measured the hydraulic permeability of the
normal cartilage to be knormal = (5.4 ( 2.0) � 10 �15

m4/N• 3 s, while the hydraulic permeability of the GAG-
depleted matrix was more than an order of magnitude
higher, kGAG‑depleted = (1.3 ( 0.7) � 10 �13 m4/N 3 s.
Comparing the hydraulic permeability of these three
bovine systems: aggrecan monolayer, intact ECM, and
aggrecan-depleted ECM (Figure 2b), we further con-
firmed the dominant role of aggrecan in determining
the hydraulic permeation of cartilage ECM.

We also calculated the equilibrium modulus EL of
the aggrecan monolayer and of normal and GAG-
depleted cartilage (Supporting Information Figure S3)
to be EL,normal = 141.1( 34 kPa, EL,GAG‑depleted = 90.5(
18 kPa, and EL,aggrecan = 20.5 ( 1.0 kPa, and showed
that the effect of the aggrecan on equilibrium stiffness
EL is less dramatic than its effect on hydraulic permea-
tion of the matrix. From the comparison of EL among
the three systems, we directly conclude that both
aggrecan and collagen play a major role in determin-
ing the compressive stiffness of the ECM at the nano-

scale; this conclusion has been shown previously only
at the macroscale.43

Mechanisms Underlying Fluid�Solid Interactions in Aggrecan
Monolayers. We explored the mechanisms underlying
molecular level poroelasticity of aggrecan by measur-
ing the changes in hydraulic permeability and stiffness
of newborn human aggrecan caused by electrostatic
and steric interactions. Macroscale43 and nanoscale
studies41,44 have shown that the electrostatic interac-
tions between the highly charged GAGs of aggrecan
contribute significantly to the cartilage equilibrium
stiffness (a fluid flow-independent property). Here,
we explored the role of electrostatic interactions
on hydraulic permeability (a fluid flow-dependent
property) as well as stiffness of the aggrecan layer by
changing the ionic strength of the solution, from 0.001
to 1.0 M NaCl. Bath ionic strength regulates electro-
static interactions by shielding of the fixed charge
groups of the GAG chains. Steric interactions were
studied by changing the initial indentation strain of
the brush layer (from 0.2 to 0.7) under which the
poroelastic properties were measured, while keeping
the ionic strength constant.

By quantifying the axial modulus of the newborn
human aggrecan layer Ea (Figure 3a) from the full spec-
trum dynamics at different ionic strengths and pre-
indentation strains (Supporting Information Figure S4),
we observed that the stiffness of aggrecanmonolayers
was less sensitive to strain than to ionic strength. The
axial modulus Ea of aggrecan at low ionic strength
(0.001M) showed negligible changeswith static strains
ranging from 0.2 to 0.7, implying that aggrecan be-
haves as a linearmaterial (i.e., strain-independent) over

a wide strain range under low ionic strength condi-
tions. At a higher ionic strength of 0.01 M, Ea showed a
slight increase with strain. By further increasing the
ionic strengths to 0.1 M (near physiological), the equi-
librium modulus increased from ∼15 kPa measured at
strain of 0.3, to∼50 kPa at the large strain of 0.65. This
strain-dependence of the equilibrium modulus be-
comes even more amplified when the ionic strength
is further increased to 1.0 M. The lateral modulus Et
(shown in Supporting Information Figure S5) did not
show significant dependence on strain at different
ionic strengths as the endgrafted aggrecan monolayer
is confined laterally.

The hydraulic permeability of the aggrecan mono-
layer showed strong dependence on ionic strength,
and weaker dependence on strain (Figure 3b). At low
ionic strength of 0.001 and 0.01 M, where the electro-
static interaction is maximum, the hydraulic perme-
ability showed a slight decrease when the strain is
increased. At higher ionic strength of 0.1 and 1.0 M, the
variation in hydraulic permeability was large and no
significant trend was observed. At a fixed strain, how-
ever, the hydraulic permeability dropped significantly
by increasing the ionic strength. Taking the data on
equilibrium stiffness and hydraulic permeability to-
gether, we found that the electrostatic interactions
between the GAG chains play a dominant role in
determining the intrinsic poroelastic properties of
aggrecan, which were altered significantly by ionic
strength. The electrostatic repulsion between the
charged GAG chains plays a key role in the stiffness
and persistence length of the GAG chains and the core
protein of aggrecan, as was shown previously via

course-grained modeling,45 and via direct measure-
ment at low ionic strength.28 By increasing the ionic
strength, the fixed negative charges of the GAG chains
are shielded, resulting in lower persistence lengths. As
a result, at a constant applied force via the AFM probe
tip, the lack of electrostatic repulsion at high ionic
strength results in a collapse of the GAG chains. Hence,
the intra- intermolecular steric interaction begins to
compete with electrostatic interactions at higher ionic
strength, wherewe observe a change in the poroelastic
properties of aggrecan by increasing strain as well as
ionic strength.

The full spectrum dynamic nanomechanics of ag-
grecan provided interesting facts about other aspects
of fluid�solid interactions, i.e., the energy dissipation
and self-stiffening of aggrecan at different applied
strain values. The self-stiffening represented here by
the ratio of EH to EL, i.e., the increase in stiffness due to
loading rate (Supporting Information Figure S4a), and
the energy dissipation, represented here by the peak
angle φp (Supporting Information Figure S4b), are
lowered by increasing strain (Supporting Information
Figure S4). It is well-known that themodulus of an ideal
elastic material does not change with frequency, so for

A
RTIC

LE



T. NIA ET AL. VOL. 9 ’ NO. 3 ’ 2614–2625 ’ 2015

www.acsnano.org

2619

a purely elastic material where there is no energy
dissipation: EH/EL = 1, and φp = 0. Therefore, at higher
ionic strengths, the aggrecan exhibits more elastic-like
material behavior (Supporting Information Figure S4).

Previous macroscale experiments have shown
that the stiffness of a GAG-rich extracellular matrix
increases as the ionic strength of the solution
decreases.43,46 This seems to contradict the molecular
level data that is reported here (Figure 1e, and
Figure 3a); however, we showed that if the loading
conditions are consistent, our molecular level results
are consistent with themacroscale data. We compared
load-control and height-control (i.e., displacement-
control) loading before applying the dynamic random
binary sequence. These two cases are shown in Sup-
porting Information Figure S2, where the height of the
patterned aggrecan monolayer (Supporting Informa-
tion Figure S2a) is shown at different applied forces by
the AFM tip at IS = 0.1 M (blue) and 0.01 M (red). The
measurement at constant offset load of 320 nN (load-
control) is performed at the AFM height/force shown,
while for the approximately constant GAG spacing

measurement (height-control) 320 nN is applied at
0.1 M, and 950 nN is applied at 0.01 M.

When the dynamic measurement is performed in
load control (as in Figure 1e,f), the stiffness increases
with increasing ionic strength. When the dynamic
measurement is performed in height-control, the
stiffness decreases with increasing ionic strength (as
shown in Supporting Information Figure S2c). To inter-
pret this difference in the measured dynamic stiffness
in response to load-control versus height-control, we
note that in Supporting Information Figure S1, the
height of the aggrecan monolayer, for a given applied
force, decreases dramatically with increasing ionic
strength due to shielding of repulsive electrostatic
interactions between GAG chains. The resulting de-
crease in GAG�GAG spacing leads to enhanced steric
interactions, which then dominate over any remaining
electrostatic interactions. At 1.0MNaCl in Figure 1e, for
example, the aggrecan monolayer behaves more like a
fully compressed elastic material having a relatively
high, frequency-independent dynamic modulus that
no longer exhibits poroelastic self-stiffening. Under

Figure 3. Decoupling the electrostatic and steric interactions between GAG-chains. (a and b) The axial stiffness Ea and
hydraulic permeability k of the newborn human aggrecan is estimated using the transversely isotropic finite element model
at solutions with ionic strength of 0.001, 0.01, 0.1, and 1MNaCl under strain values in the range of 0.2�0.7. The axial stiffness
Ea has shown statistically significant strain-dependence for IS = 0.01, 0.1, and 1.0 M, but not for IS = 0.001. The hydraulic
permeability k showed statistically significant strain-dependence for IS = 0.001, 0.01, and 0.1M, but not for IS = 1.0M (p<0.05;
using one way analysis of variance; data are mean ( SE). (c and d) The dependence of axial stiffness Ea and hydraulic
permeability k on the height of the aggrecan monolayer, H, at which the dynamic measurement is performed. The height of
the aggrecan is altered by changes in the ionic strength (i.e., data points with different colors) and by applying compressive
stress via the AFM tip (changes in height within each color; see Supporting Information Figure S1).
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these conditions, steric interactions between GAG
chains provide the resistance to indentation of aggre-
can. In contrast, when aggrecan height is maintained
constant, the effects of altered ionic strength can be
interpreted in the context of almost constant
GAG�GAG spacing (Supporting Information Figure
S2a). Under these conditions, a decrease in ionic
strength (e.g., 0.1 down to 0.001 M NaCl) results in a
∼10-fold increase in the electrical Debye length; as a
result, the probe tipwould have to apply amuchbigger
force to maintain constant GAG-GAG spacing
(aggrecan height), leading to a higher apparent dy-
namic modulus. (Similarly, native cartilage tissue is
stiffer at lower ionic strength.)

Additional insight into this important difference in
the response to load-control versus height-control-
based dynamic stiffness can be seen in Figure 3c,d.
Here, we use the aggrecan height data of Supporting
Information Figure S1 and replot the data of Figure 3 to
report axial stiffness and hydraulic permeability versus
aggrecan height. At 0.001 and 0.01 M NaCl, axial
stiffness is essentially constant in the 50�130 nm
height regime (Figure 3c). This is expected since, under
this range of ionic strength conditions, the Debye
length is greater than GAG�GAG spacing (the latter
being ∼2�4 nm along and between adjacent aggre-
can core proteins,44 and electrostatic repulsive inter-
actions between GAGs remain essentially constant).
With the use of Poisson�Boltzmann theoretical simu-
lations, just such a result was previously predicted.43

However, further increases in ionic strength to 0.l M
reduces electrostatic interactions, and by 1.0 M NaCl,
electrostatic interactions are completely shielded. In
this regime, aggrecan height is so greatly diminished
that GAG-GAG steric interactions yield a much higher
axial compressive stiffness (Figure 3c). Simlarly, the
decrease in aggrecan height at high ionic strength
and the resulting decrease in GAG�GAG spacing leads
to a much smaller equivalent pore size for fluid flow,
consistent with a decrease in hydraulic permeability
(Figure 3d).

Aggrecan Stiffness and Hydraulic Permeability Across Age and
Species. The effect of age and species on the aggrecan
nanostructure and nanomechanics is of critical impor-
tance to understand the fundamental molecular pro-
cesses that take place in age-related disease such as
osteoarthritis. In previous studies in which aggrecan
was imaged via AFM, the two key structural param-
eters, the trace length of the GAG chain, LGAG and
the trace length of the core protein, LCP, were quanti-
fied for fetal bovine, newborn human, and adult hu-
man aggrecan (Figure 4a�c).28,47 LGAG and LCP were
measured to be similar in fetal bovine and newborn
human aggrecan. However, the adult human has a
significantly shorter LGAG and LCP than the fetal bovine
and newborn human, where the lower LCP in adult
aggrecan is due in part to the accumulation of

enzymatically cleaved aggrecan core protein with
increasing age.48 Thus, AFM-based visualization of
aggrecan has shown significant age-dependent
(fetal/newborn vs adult) structural alterations, while
species-dependence (bovine vs human) for similar
relative age did not as dramatic variations in structural
properties.

Here, by high-bandwidth measurement of the dy-
namic modulus of aggrecan, we correlated the nano-
mechanical functions of aggrecan such as Ea and k,
to the structural properties LGAG and LCP reported
previously.28,47 We observed that adult human aggre-
can exhibits higher axial stiffness Ea compared to
newborn human and fetal bovine aggrecan, implying
the effect of age on the nanomechanical function of
aggrecan. The difference in Ea of newborn human and
fetal bovine aggrecan is not statistically significant,
which implies species-independence of nanomecha-
nics of aggrecan for similar relative ages. In adult
human aggrecan, we also observed a stronger depen-
dence of axial stiffness Ea on ionic strength compared
to fetal and newborn aggrecans. In contrast to the
observed age-dependence of the stiffness Ea, we did
not observe significant differences in hydraulic perme-
ability k of aggrecan across age or species. Given that
shorter LGAG and LCP in adult human aggrecan resulted
in higher stiffness, while the hydraulic permeability
remained unaffected, we suggest that the age-asso-
ciated structural differences in aggrecan core protein
andGAG chains do not change the pore size for a given
applied molecular-scale load, which is determined by
the distance between GAG chains. In other words, the
electrostatic interaction between GAG chains, which
we showed to be the dominant determinant of hy-
draulic permeability and pore size, does not change
across age, despite the changes in LGAG and LCP.
However, the alterations in LGAG and LCP affect the
persistence length and stiffness of the aggrecan layer,
as shown in Figure 4a, and previously for quasi-static
loading.28,47 While our approach cannot determine
whether LGAG or LCP contributes most to the stiffness
properties of the aggrecan layer, we hypothesize that
LGAG and GAG�GAG spacing are dominant due to
electrostatic interactions. A model that incorporates
these specific contributions of GAG chains and core
proteins individually may better bridge the gap
between the structure and function of aggrecan
macromolecules.

CONCLUSIONS

Cartilage in human joints functions optimally in a
wide range of loading rates during daily activities
ranging from standing and walking to running and
very high impact. Highly specialized matrix molecules
like aggrecan are synthesized and secreted then as-
sembled outside the cells to form a microenviron-
ment that adjusts its stiffness and energy dissipation
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according to the rate of loading presented to the cells.
In this work, we investigated the molecular origin of
the dynamic mechanical functions of cartilage, and
showed that aggrecan solid�fluid interactions form
the dominant mechanism underlying these functions
(Figure 5). Utilizing a custom-made high bandwidth
atomic force microscope-based rheology system, we
directly explored the solid�fluid interactions of the
GAG-rich proteoglycan aggrecan over awide spectrum
to cover the frequency content of loading in daily
activities (1 Hz to 10 kHz, the higher frequencies
relevant to impact joint loading). Our methodology
to estimate the key parameters governing solid�fluid
interactions in isolated aggrecan molecules revealed
the following: (1)we observed the key nanomechanical
functions of aggrecan including their equilibrium stiff-
ness at low frequencies, the increase in stiffness with
increasing loading rate, and a peak in the phase angle
of the complex modulus indicative of poroelastic
behavior at the nanoscale. These features have re-
cently been observed in native cartilage ECM4 where
both aggrecan and the collagen network are present.
The observation of similar dynamic behavior in isolated
aggrecan confirmed the hypotheses that (i) aggrecan
solid�fluid interactions govern the dynamic nano-
mechanical functions of the extracellular matrix at high-
er frequency loading (Figure 5b), while (ii) electrostatic
repulsion between GAG chains in the absence of fluid
flow govern the quasi-static stiffness of the aggrecan

constituents (Figure 5a). (2) The length scale analysis
further confirmed the above hypothesis that
fluid�solid interactions are the main mechanism un-
derlying the observed dynamic nanomechanical re-
sponse. (3) For the first time, the hydraulic permeability
of aggrecan layerswasmeasured at themolecular level
and was quantified by finite element modeling to be k
= (4.8( 2.8)� 10 �15m4/N 3 s for fetal bovine aggrecan,
which closely matches both the nanoscale and macro-
scale hydraulic permeability of native newborn bovine
ECM. (4) We also showed that electrostatic interaction
between the GAG chains plays a significant role in
determining the equilibrium stiffness and hydraulic
permeability while the steric interactions contribute
mostly at higher ionic strengthwhere the fixed charges
of aggrecan GAGs are shielded.
As an immediate application, we utilized this meth-

odology to correlate the nanostructure of aggrecan to
its poroelastic properties such as the equilibriummod-
ulus and hydraulic permeability across age and species.
Aggrecan from adult human tissue showed higher
equilibrium modulus than aggrecan from newborn
human or fetal bovine tissue, while the hydraulic
permeability did not change significantly among these
groups. This implies that the alteration in structural
dimensions of aggrecan may affect the persistence
lengths of themolecule, but not the pore size (i.e., GAG-
GAG spacing) that determines the hydraulic perme-
ability. A further application directly linked to our

Figure 4. Poroelastic properties of aggrecan estimated across species and ages. (a) AFM images of individual aggrecan
molecule have been used to quantify structural properties such as core protein length LCP and GAG chain length LGAG (image
reproduced with permission from ref 47. Copyright 2012 Elsevier). (b) GAG chain length and (c) core protein length of
aggrecan varies across age and species (data from refs 28 and 47). (d) The axial stiffness Ea of adult human aggrecan is higher
than that of newborn human and fetal bovine (two-way ANOVA, p < 0.05). Ea is not significantly different between newborn
human and fetal bovine. (e) The hydraulic permeability k for adult human, newborn human and fetal bovine aggrecan did not
show any significant differences.

A
RTIC

LE



T. NIA ET AL. VOL. 9 ’ NO. 3 ’ 2614–2625 ’ 2015

www.acsnano.org

2622

findings concerns the transport of peptides and ther-
apeutic drugs into tissues having highly charged ma-
trix constituents in which both electrostatic and
solid�fluid interactions become critical factors in de-
livery of such drugs. For example, the mucins in
mucus,49 the hyaluronan in desmoplastic tumors,50,51

and the aggrecan�GAGs in cartilage,52 are major
determinants of diffusivity and transport of potential

therapeutics. For the case of cartilage, electrostatic
interactions can increase the uptake of charged nano-
particles up to 400-fold compared to neutral particles
having the same size and molecular weight. This
dramatic dependence of transport into tissues with
fixed charges is best understood by separating elec-
trostatic from solid�fluid interactions, for which we
present a molecular level approach in this work.

METHODS
Aggrecan Purification. The cartilage samples were washed in

ice-cold 50 mM sodium acetate, pH 7.0, containing a mixture of
protease inhibitors, and stored on ice for the next step. The
tissue was cut into small pieces (∼3mm� 3mm) and extracted
in 4 M guanidinium hydrochloride, 100 mM sodium acetate,
pH 7.0, with protease inhibitors for 48 h. Unextracted tissue
residues were separated by centrifugation and the clarified
supernatant was dialyzed against two changes of 100 vol of
0.1M sodium acetate, pH 7.0, with protease inhibitors.53 Purified
aggrecan fractions were obtained by Guanidine HCL extraction
followed by dissociative CsCl density gradient centrifugation as
described,28,47 and then dialyzed consecutively against 500 vol

of 1 M NaCl and deionized water to remove excess salts.
Aggrecan yield was determined by the dimethyl methylene
blue (DMMB) dye-binding assay.54

Endgrafting. Purified fetal bovine epiphyseal,28 adult
(38 years old) and newborn human aggrecan47 were chemically
end-grafted to gold-coated planar substates (6mm� 6mm) via
thiol-gold binding.55 Aggrecan was end-functionalized by reac-
tion with 1 μM dithiobis (sulfosuccinimidyl propionate) and
0.1 mM dithiothreitol (Pierce) for 1 h. Excess reactants were
removed by spinning (3500 rpm, 6 h) with a centrifugal filter
(Centricon, Millipore, 10 kDa cutoff). Approximately 30 μL of
1 mg/mL modified aggrecan solution in deionized water
was deposited onto freshly cleaned gold-coated surfaces and

Figure 5. Molecular mechanism of cartilage dynamic mechanical behavior is governed by electrostatic and solid�fluid
interactions betweenGAG chains. (a) Cross section of neighboringGAG chains is shown. Themechanical function of aggrecan
in quasi-static loading is controlled by the electrostatic and steric interaction between GAG side chains. (b) In dynamic
loading, as it happens during fast rate of loading such as in running, solid�fluid interaction determines the mechanical
functions of aggrecan by viscous drag effects and fluid pressurization. (c) The fluid pressurization due to solid�fluid viscous
interaction (simulated and shown by the blue line) results in self-stiffening, which is the increase in dynamic modulus by
loading frequency (experimentally measured and shown by black line; the shade around the black line is the 95% confidence
interval).
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incubated for ∼48 h in a humidity chamber. Prior to nanome-
chanical measurements, the surfaces were thoroughly rinsed
with deionized water. With this protocol, the volumetric con-
centration of aggrecan layer is cmonolayer = 43( 10mg/mL at 0.1
M ionic strength,41 close to the physiological range of 20�80
mg/mL in cartilage ECM.

Microcontact Printing. Aggrecan height was measured versus
normal force using microcontact printing and contact mode
AFM imaging with probe of tip radius 22.5 μm (same as the one
used in dynamic nanoindentation). Aggrecan was end-grafted
within circular patterns (15 μm in diameter; a typical height
image is shown in Supporting Information Figure S2b) and an
OH-SAM filled the area outside of the circular area, as described
previously.55

AFM Imaging in Contact Mode. The heights were measured in
0.001�1 M NaCl using ∼0�1300 nN normal force (scan rate =
60 μm/s) and were averages of eight 30 μm line scans
(256 points/line) (Supporting Information Figure S1). The initial
height of the aggrecan layer is considered to be the height at
zero force. The height at a certain loading is obtained from the
height-force curve (shown for 0.01 and 0.1 M in Supporting
Information Figure S2a; for height-force curves at all IS, see the
Supporting Information). The strain is calculated as the ratio of
the height at the loading time by the initial height. The stress is
calculated as the force exerted on the AFM tip normalized by
the effective area under the AFM tip.

High-Frequency AFM-Based Nanorheology System. The complex
dynamic modulus of cartilage was measured over a wide
frequency range (1 Hz to 10 kHz), using a recently developed a
high-frequency rheology system coupled to the commercial
AFM, MFP-3D (Asylum Research, Santa Barbara, CA).4,36 We
coupled a high-frequency actuating system to the commercial
AFMs. The secondary piezo, which is chosen to be small com-
pared to the primary piezo of the commercial AFM (2 � 2 �
2 mm3; Physik Instrumente, Auburn, MA), maximizes the feasible
frequency range by pushing the resonance frequency of the
combined piezo system to frequencies as high as 10 kHz. The
displacement of the secondary piezo is load-independent by
applying a permanent prestress to the piezo by clamping it
between abeamand the substrate. The clampsystemhas its own
mechanical resonances, which were diminished by optimizing
the beam geometry and material. To have a low weight-
to-stiffness ratio, we fashioned the beam from carbon fiber.

Loading Profile: Random Binary Sequence (RBS). We used the
random binary sequence signal to maximize the signal-to-noise
ratio (Figure 1c). The advantage of the RBS over the more
traditional signals such as sinusoid sweep is stimulating
the system with lower crest factor (defined in Supporting
Information). The lower crest number is equivalent to higher
stimulus power, which results in a less noisy system identifica-
tion of the system.56,57 For details of generation of the RBS
signal see the Supporting Information.

Finite Element Model. The aggrecan is end-grafted covalently
to the gold-coated substrate, where the substrate confines the
aggrecan monolayer from lateral motion at the bottom of
the layer (Figure 1b). This lateral confinement results in higher
stiffness in the lateral direction compared to the axial direction.
A transversely isotropic model40 was implemented using the
general purpose commercial finite element software ABAQUS
(Version 6.9, SIMULIA, Providence, RI) Because of the symmetry
of the problem, the specimenwasmodeled using axisymmetric,
poroelastic elements (CAX4P). The probe tip indenter was
modeled as a rigid surface since the spherical tip is much stiffer
than the aggrecan monolayer. The probe tip was assigned a
displacement history as described in Figure 1c), and a zero-
displacement boundary condition was assumed at the lower
aggrecan�substrate interface. The indenter and the substrate
surface were assumed to be impermeable to fluid flow, and
the indenter�aggrecan contact region was assumed to be
frictionless due to the hydrophilic, highly charged nature of
aggrecan.58,59 The pore pressure was set to zero at the top
surface of the aggrecan (excluding the indenter contact surface)
and the side surfaces of the aggrecan to simulate free draining
of the interstitial fluid from the aggrecan at those surfaces. We
note that, for the frequency and amplitude ranges specific to

our dynamic measurements, previous studies have shown that
hydrodynamic drag associated with fluid flow along the probe
tip is negligible.60,61 The relevant mechanical properties in this
anisotropic model are the Young's modulus in axial direction
Ea, the Young's modulus in transverse direction Et, and the
hydraulic permeability, k.. (For parametric studies on model
sensitivity to these parameters, see Supporting Information
Figure S6.) The remaining parameters such as the Poisson's
ratios ϑa, ϑat and the transverse shear modulus Gt are assumed
to be zero. The equilibrium Young's modulus in the axial
direction Ea is taken as the limiting low-frequency dynamic
modulus EL, and is directly obtained from experimental data
(see Supporting Information Figure S6a,b). Once Ea is obtained,
the Young's modulus in transverse direction and the ratio of
Et/Ea is estimated from EH/EL, the ratio of the high-frequency
modulus EH to low-frequnecy modulus EL (see Supporting
Information Figure S6c and d). Having the moduli Ea and Et,
we directly estimated the hydraulic permeability k from the
peak frequency of the phase angle, fpeak, which is linearly
proportional to k (see Supporting Information Figure S6e,f).

Statistical Analysis. All the data are the result of a minimum of
three independent experiments. Statistics were calculated
with Matlab. The significance was calculated using a one-way
ANOVA method, followed by independent Student's t test.

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. This work was supported by NIH Grant
0603312 and a Whitaker Health Sciences Fund Fellowship
(H.T.N.).

Supporting Information Available: Description of the materi-
al; additional details for methods and figures. This material is
available free of charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Netti, P. A.; Berk, D. A.; Swartz, M. A.; Grodzinsky, A. J.; Jain,

R. K. Role of Extracellular Matrix Assembly in Interstitial
Transport in Solid Tumors. Cancer Res. 2000, 60, 2497–
2503.

2. Chauhan, V. P.; Stylianopoulos, T.; Boucher, Y.; Jain, R. K.
Delivery of Molecular and Nanoscale Medicine to Tumors:
Transport Barriers and Strategies. Annu. Rev. Chem. Biomol.
Eng. 2011, 2, 281–298.

3. Bajpayee, A. G.; Wong, C. R.; Bawendi, M. G.; Frank, E. H.;
Grodzinsky, A. J. Avidin as a Model for Charge Driven
Transport into Cartilage and Drug Delivery for Treating
Early Stage Post-Traumatic Osteoarthritis. Biomaterials
2013, 35, 538–549.

4. Nia, H. T.; Bozchalooi, I. S.; Li, Y.; Han, L.; Hung, H.-H.; Frank, E.;
Youcef-Toumi, K.; Ortiz, C.; Grodzinsky, A. High-Bandwidth
Afm-Based Rheology Reveals That Cartilage Is Most Sensi-
tive to High Loading Rates at Early Stages of Impairment.
Biophys. J. 2013, 104, 1529–1537.

5. Nia, H. T.; Han, L.; Li, Y.; Ortiz, C.; Grodzinsky, A. Poroelas-
ticity of Cartilage at the Nanoscale. Biophys. J. 2011, 101,
2304–2313.

6. Cameron, A. R.; Frith, J. E.; Gomez, G. A.; Yap, A. S.;
Cooper-White, J. J. The Effect of Time-Dependent Defor-
mation of Viscoelastic Hydrogels on Myogenic Induction
and Rac1 Activity inMesenchymal Stem Cells. Biomaterials
2014, 35, 1857–1868.

7. Hoffman, B. D.; Grashoff, C.; Schwartz, M. A. Dynamic
Molecular Processes Mediate Cellular Mechanotransduc-
tion. Nature 2011, 475, 316–323.

8. Kisiday, J. D.; Frisbie, D. D.; McIlwraith, C. W.; Grodzinsky,
A. J. Dynamic Compression Stimulates Proteoglycan Syn-
thesis by Mesenchymal Stem Cells in the Absence of
Chondrogenic Cytokines. Tissue Eng., Part A 2009, 15,
2817–2824.

9. Grant, C. A.; Twigg, P. C.; Tobin, D. J. Static and Dynamic
Nano-Mechanical Properties of Human Skin Tissue Using
Atomic Force Microscopy: Effect of Scarring in the Upper
Dermis. Acta Biomater. 2012, 8, 4123–4129.

A
RTIC

LE



T. NIA ET AL. VOL. 9 ’ NO. 3 ’ 2614–2625 ’ 2015

www.acsnano.org

2624

10. Nijenhuis, N.; Mizuno, D.; Spaan, J. A.; Schmidt, C. F. High-
Resolution Microrheology in the Pericellular Matrix of
Prostate Cancer Cells. J. R. Soc., Interface 2012, 9, 1733–
1744.

11. Desrochers, J.; Amrein, M.; Matyas, J. Viscoelasticity of
the Articular Cartilage Surface in Early Osteoarthritis.
Osteoarthr. Cartil. 2012, 413–421.

12. Oyen, M. L. Poroelastic Nanoindentation Responses of
Hydrated Bone. J. Mater. Res. 2008, 23, 1307–1314.

13. Shayegan, M.; Forde, N. R. Microrheological Characteriza-
tion of Collagen Systems: From Molecular Solutions to
Fibrillar Gels. PLoS One 2013, 8, e70590.

14. Jiao, T.; Farran, A.; Jia, X.; Clifton, R. High Frequency
Measurements of Viscoelastic Properties of Hydrogels for
Vocal Fold Regeneration. Exp. Mech. 2009, 49, 235–246.

15. Grant, C. A.; Phillips, M. A.; Thomson, N. H. Dynamic
Mechanical Analysis of Collagen Fibrils at the Nanoscale.
J. Mech. Behav. Biomed. Mater. 2012, 5, 165–170.

16. Shen, Z. L.; Kahn, H.; Ballarini, R.; Eppell, S. J. Viscoelastic
Properties of Isolated Collagen Fibrils. Biophy. J. 2011, 100,
3008–3015.

17. Gautieri, A.; Vesentini, S.; Redaelli, A.; Buehler, M. J.
Viscoelastic Properties of Model Segments of Collagen
Molecules. Matrix Biol. 2012, 31, 141–149.

18. Papagiannopoulos, A.; Waigh, T.; Hardingham, T.; Heinrich,
M. Solution Structure and Dynamics of Cartilage Aggre-
can. Biomacromolecules 2006, 7, 2162–2172.

19. Reviakine, I.; Johannsmann, D.; Richter, R. P. Hearing
What You Cannot See and Visualizing What You Hear:
Interpreting Quartz Crystal Microbalance Data from
Solvated Interfaces. Anal. Chem. 2011, 83, 8838–8848.

20. Klein, J.; BRIscoE, W. H.; Chen, M.; Eiser, E.; Kampf, N.; Raviv,
U.; Tadmor, R.; Tsarkova, L. Polymer Brushes and Surface
Forces. Polym. Adhes., Frict., Lubr. 2013, 135–176.

21. Banquy, X.; Greene, G. W.; Zappone, B.; Kolomeisky, A. B.;
Israelachvili, J. N. Dynamics of Force Generation by Con-
fined Actin Filaments. Soft Matter 2013, 9, 2389–2392.

22. June, R. K.; Ly, S.; Fyhrie, D. P. Cartilage Stress-Relaxation
Proceeds Slower at Higher Compressive Strains. Arch.
Biochem. Biophys. 2009, 483, 75–80.

23. Huang, C. Y.; Mow, V. C.; Ateshian, G. A. The Role of Flow-
Independent Viscoelasticity in the Biphasic Tensile and
Compressive Responses of Articular Cartilage. J. Biomech.
Eng. 2001, 123, 410.

24. Grodzinsky, A. J. Fields, Forces, and Flows in Biological
Systems; Garland Science: New York, 2011; Chapter 4, pp
139�173.

25. June, R.; Neu, C.; Barone, J.; Fyhrie, D. PolymerMechanics as
a Model for Short-Term and Flow-Independent Cartilage
Viscoelasticity. Mater. Sci. Eng., C 2011, 31, 781–788.

26. Mak, A. F. The Apparent Viscoelastic Behavior of Articular
Cartilage;the Contributions from the Intrinsic Matrix
Viscoelasticity and Interstitial Fluid Flows. J. Biomech.
Eng. 1986, 108, 123.

27. Maroudas, A. Physical Chemistry of Articular Cartilage and
the Intervertebral Disc. The Joints and Synovial Fluid;
Sokoloff, L, Ed, Academic Press: New York, 1980; pp
239�291.

28. Ng, L.; Grodzinsky, A. J.; Patwari, P.; Sandy, J.; Plaas, A.;
Ortiz, C. Individual Cartilage Aggrecan Macromolecules
and Their Constituent Glycosaminoglycans Visualized via
Atomic ForceMicroscopy. J. Struct. Biol. 2003, 143, 242–257.

29. Roughley, P. J.; Lee, E. R. Cartilage Proteoglycans: Structure
and Potential Functions. Microsc. Res. Technol. 1994, 28,
385–397.

30. Sui, Y.; Lee, J. H.; DiMicco, M. A.; Vanderploeg, E. J.; Blake,
S. M.; Hung, H. H.; Plaas, A. H.; James, I. E.; Song, X. Y.; Lark,
M. W. Mechanical Injury Potentiates Proteoglycan Cata-
bolism Induced by Interleukin-6 with Soluble Interleukin-6
Receptor and TumorNecrosis Factor A in Immature Bovine
and Adult Human Articular Cartilage. Arthritis Rheum.
2009, 60, 2985–2996.

31. Adams, M. A.; Roughley, P. J. What Is Intervertebral
Disc Degeneration, and What Causes It? Spine 2006, 31,
2151–2161.

32. Plaas, A. H.; West, L. A.; Wong-Palms, S.; Nelson, F. R.
Glycosaminoglycan Sulfation in Human Osteoarthritis
Disease-Related Alterations at the Non-Reducing Termini
of Chondroitin and Dermatan Sulfate. J. Biol. Chem. 1998,
273, 12642–12649.

33. Halper, J. Proteoglycans and Diseases of Soft Tissues. Adv.
Exp. Med. Biol. 2014, 802, 49–58.

34. Juneja, S. C.; Veillette, C. Defects in Tendon, Ligament, and
Enthesis in Response to Genetic Alterations in Key Pro-
teoglycans and Glycoproteins: A Review. Arthritis 2013,
2013, 154812.

35. Morawski, M.; Brückner, G.; Arendt, T.; Matthews, R.
Aggrecan: Beyond Cartilage and into the Brain. Int. J.
Biochem. Cell Biol. 2012, 44, 690–693.

36. Nia, H. T.; Bozchalooi, I. S.; Youcef-Toumi, K.; Ortiz, C.;
Grodzinsky, A. J.; Frank, E. High-Frequency Rheology
System. US Patent 8,516,610: 2013.

37. Ateshian, G. A.; Ellis, B. J.; Weiss, J. A. Equivalence between
Short-Time Biphasic and Incompressible Elastic Material
Responses. J. Biomech. Eng. 2007, 129, 405.

38. Lakes, R. S. Viscoelastic Solids, 1st ed; CRC Press: Boca Raton
FL, 1999.

39. Han, L.; Frank, E. H.; Greene, J. J.; Lee, H. Y.; Hung, H. H. K.;
Grodzinsky, A. J.; Ortiz, C. Time-Dependent Nanomechanics
of Cartilage. Biophys. J. 2011, 100, 1846–1854.

40. Soltz, M. A.; Ateshian, G. A. A Conewise Linear Elasticity
Mixture Model for the Analysis of Tension-Compression
Nonlinearity in Articular Cartilage. J. Biomech. Eng. 2000,
122, 576.

41. Dean, D.; Han, L.; Grodzinsky, A. J.; Ortiz, C. Compressive
Nanomechanics of Opposing Aggrecan Macromolecules.
J. Biomech. 2006, 39, 2555–2565.

42. Dean, D. Modeling and Measurement of Intermolecular
Interaction Forces between Cartilage Ecm Macromolecules.
Ph. D. Thesis, Massachusetts Institute of Technology, 2005.

43. Buschmann, M. D.; Grodzinsky, A. J. A Molecular-Model of
Proteoglycan-Associated Electrostatic Forces in Cartilage
Mechanics. J. Biomech. Eng. 1995, 117, 179–192.

44. Dean, D.; Seog, J.; Ortiz, C.; Grodzinsky, A. J. Molecular-Level
Theoretical Model for Electrostatic Interactions within Poly-
electrolyte Brushes: Applications to Charged Glycosamino-
glycans. Langmuir 2003, 19, 5526–5539.

45. Bathe, M.; Rutledge, G. C.; Grodzinsky, A. J.; Tidor, B. A
Coarse-Grained Molecular Model for Glycosaminoglycans:
Application to Chondroitin, Chondroitin Sulfate, and
Hyaluronic Acid. Biophys. J. 2005, 88, 3870–3887.

46. Eisenberg, S. R.; Grodzinsky, A. J. Swelling of Articular
Cartilage and Other Connective Tissues: Electromechano-
chemical Forces. J. Orth. Res. 1985, 3, 148–159.

47. Lee, H.-Y.; Han, L.; Roughley, P.; Grodzinsky, A. J.; Ortiz, C.
Age-Related Nanostructural and Nanomechanical Changes
of Individual Human Cartilage Aggrecan Monomers and
Their Glycosaminoglycan Side Chains. J. Struct. Biol. 2012,
181, 264–273.

48. Lee, H.-Y.; Han, L.; Roughley, P.; Grodzinsky, A. J.; Ortiz, C.
Age-Related Nanostructural and Nanomechanical
Changes of Individual Human Cartilage Aggrecan Mono-
mers and Their Glycosaminoglycan Side Chains. J. Struct.
Biol. 2013, 181, 264–273.

49. Lai, S. K.; Wang, Y.-Y.; Hanes, J. Mucus-Penetrating Nano-
particles for Drug and Gene Delivery to Mucosal Tissues.
Adv. Drug Delivery Rev. 2009, 61, 158–171.

50. Provenzano, P. P.; Cuevas, C.; Chang, A. E.; Goel, V. K.;
Von Hoff, D. D.; Hingorani, S. R. Enzymatic Targeting of the
Stroma Ablates Physical Barriers to Treatment of Pancrea-
tic Ductal Adenocarcinoma. Cancer Cell 2012, 21, 418–429.

51. Chauhan, V. P.; Martin, J. D.; Liu, H.; Lacorre, D. A.; Jain, S. R.;
Kozin, S. V.; Stylianopoulos, T.; Mousa, A. S.; Han, X.;
Adstamongkonkul, P.; Popovi�c, Z.; Huang; Bawendi,
M. G.; Boucher, Y.; Jain, R. K. Angiotensin Inhibition
Enhances Drug Delivery and Potentiates Chemotherapy
by Decompressing Tumour Blood Vessels. Nat. Commun.
2013, 4, No. 2516.

52. Bajpayee, A. G.; Scheu, M.; Grodzinsky, A. J.; Porter, R. M.
Electrostatic Interactions Enable Rapid Penetration,

A
RTIC

LE



T. NIA ET AL. VOL. 9 ’ NO. 3 ’ 2614–2625 ’ 2015

www.acsnano.org

2625

Enhanced Uptake and Retention of Intra-Articular
Injected Avidin in Rat Knee Joints. J. Orthop. Res. 2014,
32, 1044–1051.

53. Buckwalter, J.; Rosenberg, L. Electron Microscopic Studies
of Cartilage Proteoglycans. Direct Evidence for the Vari-
able Length of the Chondroitin Sulfate-Rich Region of
Proteoglycan Subunit Core Protein. J. Biol. Chem. 1982,
257, 9830–9839.

54. Farndale, R. W.; Buttle, D. J.; Barrett, A. J. Improved Quanti-
tation and Discrimination of Sulphated Glycosaminogly-
cans by Use of Dimethylmethylene Blue. Biochim. Biophys.
Acta, Gen. Subj. 1986, 883, 173–177.

55. Dean, D.; Han, L.; Ortiz, C.; Grodzinsky, A. J. Nanoscale
Conformation and Compressibility of Cartilage Aggrecan
Using Microcontact Printing and Atomic Force Micro-
scopy. Macromolecules 2005, 38, 4047–4049.

56. Ljung, L. System Identification; Wiley Online Library: New
York, 1999.

57. Bozchalooi, I.; Youcef-Toumi, K.; Burns, D.; Fantner, G.
Compensator Design for Improved Counterbalancing in
High Speed Atomic Force Microscopy. Rev. Sci. Instrum.
2011, 82, 113712-1–113712-12.

58. Raviv, U.; Giasson, S.; Kampf, N.; Gohy, J.-F.; Jérôme, R.;
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