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ABSTRACT Solute transport through the extracellular matrix is essential for cellular activities in articular cartilage. Increased
solute transport via fluid convection may be a mechanism by which dynamic compression stimulates chondrocyte metabolism.
However, loading conditions that optimally augment transport likely vary for different solutes. To investigate effects of dynamic
loading on transport of a bioactive solute, triangular mechanical loading waveforms were applied to cartilage explants disks
while interstitial transport of a fluorescent glucose analog was monitored. Peak-to-peak compression amplitudes varied from
5–50% and frequencies varied from 0.0006–0.1 Hz to alter the spatial distribution and magnitude of oscillatory fluid flow. Solute
transport was quantified by monitoring accumulation of fluorescence in a saline bath circulated around the explant. Individual
explants were subjected to a series of compression protocols, so that effects of loading on solute desorption could be observed
directly. Maximum increases in solute transport were obtained with 10–20% compression amplitudes at 0.1 Hz; similar loading
protocols were previously found to stimulate chondrocyte metabolism in vitro. Results therefore support hypotheses relating to
increased solute transport as a mediator of the cartilage biological response to dynamic compression, and may have application
in mechanical conditioning of cartilage constructs for tissue engineering.

INTRODUCTION

The mechanically functional extracellular matrix of adult

articular cartilage is ;70–80% fluid, but avascular. Various

solutes move through this matrix in support of chondrocyte

biological activities, including nutrients, wastes, enzymes, in-

hibitors, cytokines, and matrix macromolecules. Interstitial

transport of bioactive solutes over millimeter-length scales is

of central biological importance in cartilage. Alterations in

solute transport may therefore mediate chondrocyte meta-

bolic responses to cartilage compression, affecting tissue ho-

meostasis, degradation, and cell-mediatedmatrix remodeling.

Chondrocyte-mediated matrix assembly changes differ-

entially in response to cartilage dynamic compression of

varying amplitudes and frequencies. Joint immobilization

and decreased loading in vivo can reduce proteoglycan

synthesis and assembly (1–3), whereas exercise can increase

cartilage proteoglycan content (2,3). Similarly, low ampli-

tude (1–10%) compression of cartilage explants at 0.01–0.1Hz

stimulates matrix synthesis (4–8), whereas low amplitude

compression at lower frequencies has no effect (4,5) or an

inhibitory effect (8). The frequency dependence of the

chondrocyte mechanotransduction response has been linked

to oscillatory fluid flow distributions. Regions of highest

upregulation of matrix synthesis are exposed to relatively

high flow velocities (9,10). These effects are particularly

dramatic at relatively high frequencies where stimulation of

cell metabolism and fluid flows are localized to the radial

edge of axially compressed explant disks (5,7,9). In addition

to other possible mediators such as shear stresses, fluid pres-

surization, and cell-matrix interactions, augmented solute

transport due to convection may therefore be a mechanism

by which dynamic loading stimulates chondrocyte metabo-

lism (4,10,11).

Cartilage dynamic compression combines matrix com-

paction together with interstitial fluid flow, and introduces

time-varying solute-matrix interactions. Compression-

induced fluid flow is associated with augmented solute

transport (12,13), whereas diffusion decreases with increas-

ing compressive strain (14–16). Positive convection coeffi-

cients measured for 0.5–10 kDa dextrans in articular

cartilage (17) indicate that dynamic compression can aug-

ment transport of some solutes. However, optimal loading

conditions remain unclear for specific solutes of interest.

Our goals were to investigate effects of radially unconfined

dynamic compression of cartilage explant disks on interstitial

transport of a 342 Da fluorescent glucose analog. Compres-

sion was applied over a range of amplitudes and frequencies

to vary the spatial distribution and magnitude of matrix

strains and fluid flows. Accumulation of fluorescence in a

saline bath around the explant was compared with theoretical

solutions for estimation of solute partition and diffusion

coefficients. Effects of dynamic compression on solute trans-

port were observed directly for individual explants in a series

of desorption experiments and interpreted in relation to previ-

ous studies of chondrocyte mechanotransduction.

MATERIALS AND METHODS

Osteochondral cores (5 mm diameter) were drilled from fresh humeral heads

of 18-month-old cows. With a microtome (RM 2135, Leica, Wetzlar,

Germany), the superficial layer was removed, then a 600 mm thick cartilage
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sheet sliced, consisting of middle and deep zone matrix, to promote homog-

enous solute transport (18). Explants were stored at �20�C in phosphate

buffered saline (PBS) with protease inhibitors (Complete, Boehringer

Mannheim, Ingelheim, Germany) and 0.1 mg/mL sodium azide (Sigma,

Buchs, Switzerland) until experimental use. Chondrocytes were therefore

nonviable during experiments. Ten animals contributed explants to this study.

Explants were placed overnight in 200 mL absorption baths containing the

342 Da fluorescent glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]-2-deoxy-D-glucose (2-NBDG; Molecular Probes, Eugene, OR),

previously used to monitor cellular glucose uptake (19). Concentrations of

2-NBDG in absorption baths were 2.4–7.3 mM, similar to previous studies

(20). After overnight equilibration, explants were punched to 4 mm diameter

to minimize effects due to solute adsorption at explant radial edges.

For each explant, a 30-min compression and solute desorption protocol

was followed on each of three days (Fig. 1). On days 1 and 3, desorption

occurred during 0% static compression (relative to dissection thickness),

whereas on day 2, dynamic compression was applied (below). Effects of

dynamic relative to static compression were thereby directly observed for

individual explants, whereas static compression protocols bracketing the

dynamic compression provided a control for changing explant properties.

Explants were reequilibrated overnight in solute baths between compression

protocols.

For compression and desorption, explant disks were subjected to radially

unconfined axial compression (Fig. 2). A nonporous platen was placed on

the explant upper surface to ensure radially directed fluid and solute

transport. Compression was applied with a displacement actuator (PM-500

C, Newport, Irvine, CA) in series with a load cell (Sensotec, Columbus, OH)

interfaced with virtual instrumentation software (LabView, National Instru-

ments, Austin, TX). Dynamic compression was applied with a triangular

waveform (between 0% and a predetermined maximum) over a range of

amplitudes and frequencies (Fig. 3). Peak-to-peak amplitudes included 5%,

10%, 20% (moderate physiological loading (21,22)), and 50% (extreme in

vivo loading (23)). Compression frequencies included 0.1 Hz (previously

found to stimulate chondrocyte metabolism (4)), 0.01 Hz, and 0.0006 Hz

(near the intrinsic rate of cartilage matrix stress relaxation (24)).

A small offset compression to 0% from free-swelling conditions was

applied at 10 mm/s with the explant in a dry compression chamber. About

30 s later, when oscillatory dynamic compression began (time t ¼ 0), 10 mL

of PBS was introduced and continuously recirculated through the compres-

sion chamber using a peristaltic pump to promote a zero-concentration

boundary for radially directed solute transport (desorption bath concentra-

tion was at most 0.0013 that of the absorption bath). At 5-min intervals, 100

mL of desorption bath was removed in triplicate for fluorescence mea-

surement with a plate reader (PerkinElmer, Wellesley, MA) calibrated to

solute concentration with standards of 2-NBDG in PBS.

The effective diffusivity (D) of 2-NBDG in cartilage was estimated using

day 1 desorption kinetics. With interstitial solute concentration c defined

as the number of molecules per unit volume of tissue fluid, D related

area-averaged solute flux G to =c:

G ¼ �D
@c

@r
; (1)

where c varied only with radial position r in explant disks and t. Solute

conservation required

@c

@t
¼ D
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@
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where f was explant fluid volume fraction. With conditions of initially

uniform concentration (cðr; t ¼ 0Þ ¼ c0) and a zero concentration boundary

(cðr ¼ R; tÞ ¼ 0) the solution to Eq. 2 may be written (25)
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Integrating to determine desorbed solute concentration (cb) in a bath with
volume Vb provides
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where H was explant disk thickness. Disk radius R was estimated from the

punched diameter and previous measurements of cartilage Poisson’s ratio

(26). Fluid volume fraction f was determined from free-swelling fluid

volume fraction and explant volumetric strain under static compression. The

diffusion coefficient D was thereby determined as the only free parameter

in a least-squares fit of Eq. 5 with experimental data. Reduced volume of

the desorption bath due to sampling for fluorescence measurements was

accounted for as in previous work (27).

FIGURE 1 Schematic of three-day experimentation sequence. A 30-min

compression protocol was applied to cartilage explant disks each day. On

days 1 and 3, 0% static compression was applied, whereas on day 2, dynamic

compression was applied. Explants were equilibrated overnight in solute

absorption baths before each compression and desorption protocol.

FIGURE 2 Schematic of experimental apparatus. Cartilage explant disks

containing a fluorescent glucose analog were mounted in radially unconfined

axial compression in a well-mixed PBS bath. Compression was applied with

a precision displacement actuator in series with a load cell. A nonporous

platen was placed over the explant to ensure radially directed fluid flow and

solute transport from the explant into the PBS bath.

1542 Evans and Quinn

Biophysical Journal 91(4) 1541–1547



A final absorption and desorption to equilibrium were performed to

determine equilibrium partitioning of 2-NBDG. With the partition coeffi-

cient K defined at equilibrium by c ¼ Kca; where ca was absorption bath

solute concentration, then by analogy with previous work (16)

K ¼ Vdcd
V0fðca � cdÞ; (6)

where Vd and cd were volume (1 mL) and equilibrium solute concentration

in the desorption bath, and V0 was explant free-swelling volume (estimated

from control studies as 1.2 times the dissection volume).

After the partitioning measurement, explants were left overnight in PBS

with protease inhibitors, blotted on tissue to remove surface fluid, weighed,

lyophilized, and weighed again. Free-swelling fluid volume fractions were

determined from the difference between wet and dry weights assuming

1 g/mL density of tissue fluid. Explants were then digested overnight at 60�C
in 1 mL PBS containing 125 mg/mL papain (Sigma). Explant glycosamino-

glycan (GAG) content was assayed by established methods (28) to

determine GAG weight fraction (mg GAG/explant wet weight).

For analysis of desorption kinetics, bath solute concentrations at each

time point during dynamic compression on day 2 and static compression on

day 3 were normalized to corresponding values for static compression on

day 1. Normalized bath solute concentrations were compared with unity

using a single-group t-test to identify effects of loading. Differential effects

of compression amplitude and frequency on solute desorption rates were

assessed by two-way ANOVA of normalized desorption bath solute

concentrations at the 30 min time point. Validity of t-tests and ANOVA

was supported by normal distribution analysis. To explore influences of

cartilage matrix density and mechanical properties on solute desorption rates

and diffusivities (26), relationships among these variables were evaluated

using the Pearson correlation coefficient (r) for paired data sets. Matrix

density was characterized by GAG weight and fluid volume fractions,

whereas mechanical properties were characterized by peak-to-peak stresses

during steady-state dynamic compression. Differences and correlations were

considered significant at t , 0.05 and p , 0.05.

RESULTS

Desorption kinetics of 2-NBDG from cartilage explants

under 0% static compression were indistinguishable on days

1 and 3. For all time points, no differences were detected

by ANOVA between bath solute concentrations on days 1 and

3, regardless of loading applied on day 2 (Fig. 4). Therefore

changes in solute desorption measured on day 2 (below)

were due to dynamic loading and not changing explant

properties.

During dynamic compression, liftoff was sometimes ob-

served between the loading post and platen at higher fre-

quencies (Fig. 2), but there was no visible liftoff between the

platen and cartilage. In fact, when explants were subsequently

removed from the apparatus, they were often difficult to sep-

arate from the platen due to suction effects (29). Therefore,

boundary conditions for radially directed transport appeared

well-preserved during dynamic compression.

For dynamic loading at 0.1 Hz, normalized desorption bath

solute concentrations were significantly greater than 1 for 10%

amplitude at all times, and for 5 and 20% amplitudes for some

time points (Fig. 5 A). Increased desorption rate of 2-NBDG

from cartilage explants was also evident for 0.01 Hz loading,

where normalized bath concentrations were significantly

greater than 1 for 5% and 20% amplitudes at several time

points (Fig. 5 B). For 0.0006 Hz dynamic loading, no sustained

significant increase in normalized bath concentration was

observed (Fig. 5 C).
Two-way ANOVA of normalized bath solute concentra-

tion after 30 min of dynamic loading indicated that com-

pression frequency was the dominant factor influencing

enhanced 2-NBDG transport (p , 0.05), with significant

interaction between frequency and amplitude (p , 0.001).

For all amplitudes, desorption rates tended to increase as

compression frequency increased from 0.0006 to 0.1 Hz

(Fig. 6). After 30 min, the most significant increases in

desorption occurred for 10 and 20% compression amplitudes

at 0.1 Hz (336 11% and 376 8%) and for 5% amplitude at

0.01 Hz (12 6 4%). Although not statistically significant,

dynamic compression at 50% amplitude and 0.0006 Hz

appeared to decrease solute desorption rates compared to 0%

FIGURE 3 Dynamic compression was applied in a symmetrical triangular

waveform with compressive strain (solid line) defined relative to explant

dissection thickness. The peak-to-peak amplitude of compression was one of

5, 10, 20, or 50%, whereas the frequency was one of 0.0006, 0.01, or 0.1 Hz.

Explant compressive stress (shaded line) was continuously monitored with

the load cell.

FIGURE 4 Solute desorption kinetics from cartilage explants subjected

to 0% static compression on days 1 (open circles) and 3 (shaded circles),

and dynamic compression with 10% amplitude at 0.1 Hz on day 2 (solid

circles). Mean 6 SE, n¼ 10.

Solute Transport in Compressed Cartilage 1543

Biophysical Journal 91(4) 1541–1547



static compression (Fig. 6). No consistent significant corre-

lations were detected between desorption rates of 2-NDGB

for each compression protocol and cartilage matrix density

(characterized by GAG weight and fluid volume fractions).

Partition coefficients for 2-NBDG in free-swelling carti-

lage were normally distributed around 1.516 0.01 (n ¼ 66).

Kwas significantly greater than 1, suggesting attractive inter-

actions between 2-NBDG and cartilage matrix. However,

K was not significantly correlated with matrix density.

Diffusivities for 2-NBDG in cartilage under 0% static

compression were the only data acquired that were not

normally distributed. The median 50% range of D was 524–

1389 mm2/s (n ¼ 124). Within each dynamic compression

group, D correlated inversely with normalized desorption

bath solute concentrations at 30 min (|r| ¼ 0.24–0.54, n ¼
12) and with steady-state peak-to-peak stresses at 0.1 and

0.01 Hz (|r|¼ 0.25–0.35, n ¼ 8). D was not significantly

correlated with matrix density.

DISCUSSION

Previous studies suggest that dynamic compression may

augment solute transport through cartilage matrix (6,12,17).

Current results demonstrate that dynamic compression can

increase interstitial transport rates of a 342 Da glucose

analog in cartilage explants. Furthermore, loading ampli-

tudes and frequencies that most dramatically increased solute

transport corresponded to those known to stimulate chon-

drocyte-mediated matrix synthesis (4). These findings sup-

port hypotheses regarding increases in bioactive solute

transport as a mediator of cartilage biological responses to

mechanical compression.

For simulating nutrient transport into cartilage, current

methods may appear unsatisfactory since transport was di-

rected outward. However, similar effects are expected whether

solute enters or leaves the tissue. Standard equations governing

radially directed solute transport (by diffusion and convection)

in dynamically compressed cartilage disks are linear in the

concentration (17)

f
@c

@t
¼ D

r

@

@r
r
@c

@r

� �� �
1

@U

@r
1

U

r

� �
ð1� vÞc� Uv

@c

@r
;

(7)

whereU(r,t) is area-averaged interstitial fluid velocity and v is

the convection coefficient (defined so that area-averaged solute

convective flux is vcU (17)). Therefore, any two valid solu-

tions for cðr; tÞ can be superposed to obtain another valid solu-
tion. With this in mind, consider experiments identical to the

study presented here except where the desorption bath has

the same solute concentration as the overnight equilibration

bath. No important changes in interstitial solute concentrations

will occur. But the difference between this situation and the

FIGURE 5 Bath solute concentrations on day 2 (during dynamic com-

pression) normalized to those on day 1 (during static compression) for each

explant. Each group of four bars represents, from left to right, 5, 10, 20, and

50% dynamic compression amplitude. Dynamic compression frequencies

were (A) 0.1 Hz, (B) 0.01 Hz, and (C) 0.0006 Hz. Asterisks above bars

indicate significant differences between the associated data and 1 (p, 0.05,

mean 6 SE, n¼ 10).

FIGURE 6 Fractional increases in rates of solute desorption from cartilage

explant disks after 30 min of dynamic compression, relative to desorption

under static compression. Open bars indicate 5% compression amplitude,

shaded bars, 10%; solid bars, 20%; and striped bars, 50%. Significant changes

in rates of solute transport into the desorption bath are indicated by asterisks

(p , 0.05).
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experiments actually performed corresponds to the case where

interstitial solute concentration is initially zero and increases

due to inward-directed transport from a high concentration

bath during loading. Therefore, wherever solute exited carti-

lage during current experiments, it would be expected to enter

during an ‘‘oppositely oriented’’ protocol. One may therefore

conclude that current findings apply equally well for compres-

sion-induced increases of 2-NBDG transport into cartilage.

Effects of dynamic compression on 2-NBDG transport in

cartilage were highly dependent on loading amplitudes and

frequencies. The most significant increases in solute desorp-

tion rates occurred for amplitudes of 10–20% at 0.1 Hz, and

for 5% amplitude at 0.01Hz (Fig. 6). These loading frequencies

exceed the intrinsic ‘‘gel diffusion’’ frequency (fgd) of

mechanical relaxation in cartilage (24), given by

fgd ¼ HAk

d2 ; (8)

where HA and k represent matrix elastic modulus and hy-

draulic permeability, and d is a characteristic distance. For

typical values of HA and k (10,24), fgd is ;0.001 Hz for a

cartilage explant of millimeter dimensions. Interstitial fluid

flows induced by dynamic compression at frequencies greater

than fgd involved relatively high velocities localized to the

radial edge of cartilage explant disks (5,30). In contrast, matrix

deformations under 0.0006 Hz loading were quasistatic, in-

volving relatively low velocity flows distributed more broadly

across the disk radius (5). Increasing compression frequency

was the main factor contributing to increased solute transport

(Figs. 5 and 6), suggesting that high frequency oscillatory flows

near that explant disk radial edge affected solute transportmore

than quasistatic flows.

These insights may be formalized somewhat by consid-

eration of the Peclet number (Pe) for solute transport in

dynamically compressed cartilage. This dimensionless pa-

rameter represents the relative significance of solute con-

vection versus diffusion

Pe ¼ vUd

D
: (9)

For Pe , 1, diffusion dominates transport, whereas for

Pe . 1, convection is more important. During the compres-

sion phase of an axially loaded, radially unconfined cartilage

disk, fluid velocity at the radial edge (explant volume change

rate divided by radial surface) scales approximately with the

product ARf, where A and f are dynamic compression strain

amplitude and frequency, and d may be represented by disk

radius R. Using Eq. 8, the Peclet number may therefore be

estimated by

Pe ¼ Af

fgd
v
HAk

D

� �
: (10)

For typical values of material properties (10,24), convec-

tion coefficients (17), and 2-NBDG diffusivities, the term in

brackets in Eq. 10 is near unity. Therefore, dynamic com-

pression is expected to introduce significant convective aug-

mentation of interstitial 2-NBDG transport roughly when Af
exceeds fgd, consistent with our results (Fig. 6). These scaling
arguments neglect important aspects of explant mechanics

(e.g., Poisson’s ratio, compression-dependent nonlinear pro-

perties (22)) and solute transport (e.g., dispersion in os-

cillating flows (31)), but nevertheless suggest a reasonable

starting point in searches for loading conditions that optimize

solute transport in cartilage.

Very high compression amplitudes appeared to be asso-

ciated with decreased solute transport: compression at 50%

amplitude did not significantly increase 2-NBDG desorption

rates for any loading frequencies (Fig. 6). Although large

deformations involve displacements of large amounts of

fluid, they can also hinder solute transport due to steric in-

teractions (15,16). Decreased hydraulic permeability due to

matrix compaction may also decrease fluid velocities and

diminish effects of convection. Furthermore, large compres-

sive strains applied at high strain rates can induce cartilage

matrix damage (32). For the most extreme dynamic

compression condition involving 50% amplitude at 0.1 Hz,

significant increases in explant fluid volume fraction (to f ¼
0.84 6 0.01) were detected. Even in this case, no significant

changes in solute desorption kinetics were evident between

days 1 and 3, but these changes suggestmatrix damage. There-

fore, contributions of dynamic compression to augment

solute transport and stimulate chondrocyte metabolism may

ultimately be limited by onset of mechanical injury.

Results highlight relationships between increases in solute

transport and chondrocyte-mediated matrix synthesis in

response to cartilage dynamic compression. In the study

presented here, the highest solute desorption rates were

associated with 0.01–0.1 Hz frequencies and relatively low

amplitude (5–20%) compression (Figs. 5 and 6). These

‘‘optimal’’ mechanical conditions for 2-NBDG transport

correspond to loading conditions seen to increase cell-

mediated matrix synthesis in previous work (4–8). Together

with the colocalization of increased cell metabolism and fluid

flow (5,7,9), current results strongly support a role for

convective augmentation of solute transport as a mediator of

chondrocyte mechanotransduction. Future work may be

motivated by observations that maximum solute desorption

rates were found at the experimental extreme of 0.1 Hz.

Higher frequencies may promote still greater increases in

solute transport and stimulation of cell metabolism. Fre-

quencies near 1 Hz would be of particular interest because of

their relationship to physiological gait cycles.

Measured transport coefficients of 2-NBDG were gener-

ally consistent with previous findings. The equilibrium

partition coefficient of glucose in cartilage was previously

measured at 0.5–0.9 (27,33), somewhat less than current

findings of 1.51 6 0.01 for 2-NBDG. Chemical differences

between glucose and 2-NBDG may explain the apparently

attractive interaction between 2-NBDG and cartilage matrix

(indicated by K . 1), which has previously been observed
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for other fluorescent solutes (16) but was not evident for

glucose (27,33). No correlation was observed between K of

2-NBDG and explant GAG weight fraction, suggesting that

solute-matrix interactions may be nonspecific rather than

electrostatic in origin. Current findings for diffusivity (D)
of 2-NBDG in cartilage were mostly (median 50%) within

the range of 524–1389 mm2/s. Values of D for radiolabeled

glucose in cartilage have been measured in the range 320–

740 mm2/s (13,34). Structural differences between glucose

and 2-NBGD may also contribute to differences in D.
Primary sources of measurement error arose from indirect

determination of explant geometry. Differences from the

mean Poisson’s ratio determined in pilot studies may have

perturbed estimates of compressed explant geometries,

which then affected measured transport coefficients. Direct

observation of explant geometry is preferable for accurate

determination of K and D (17). However, this limitation does

not compromise findings of increased transport rates of

2-NBDG in dynamically compressed cartilage, since effects

were observed directly for individual explants.

Current findings indicate that interstitial transport of

relatively small molecules may be augmented by cartilage dy-

namic compression. Previous studies have suggested that

diffusion dominates interstitial transport of solutes with high

diffusivities, whereas convection is most significant for trans-

port of larger molecules with lower diffusivities (35). Current

findings were consistent with this trend since within each

dynamic compression group, solute diffusivity correlated in-

versely with normalized desorption bath solute concentration;

in other words, dynamic compression-induced augmentation

of 2-NBDG transport was greatest when diffusivities were

smallest. In contrast with previous assumptions (12), current

results therefore suggest that cartilage dynamic compression

can significantly augment transport of solutes as small as

glucose.

Our methods and others (11,17,18,35) provide means for

further exploration of relationships between cartilage dynamic

compression and solute transport. Interstitial glucose transport

in articular cartilage and engineered cartilage-like tissues plays

a central role in chondrocyte metabolism (20,34,36–40).

Chondrocytes in vivo are exposed to diminishing concentra-

tions of glucose with increasing depth from the articular sur-

face, since it is consumed as it moves through the matrix from

the synovial fluid (13). Solute consumption and production

introduce complexities in transport phenomena beyond those

considered in the study presented here. However, the glucose

analog 2-NBDG could be useful for monitoring interstitial and

transmembrane transport, and cell metabolism (19,38). Our

methods and results may therefore aid in identifying optimal

loading regimes for augmented transport of various solutes in

cartilage, with implications for physiological understanding

and improvements in cartilage tissue engineering.

This work was supported by a grant from the Swiss National Science

Foundation.
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