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Abstract
The potential influence of mechanical loading on transvascular transport in vascularized soft
tissues has not been explored extensively. This experimental investigation introduced and
explored the hypothesis that dynamic mechanical loading can pump solutes out of blood vessels
and into the surrounding tissue, leading to faster uptake and higher solute concentrations than
could otherwise be achieved under unloaded conditions. Immature epiphyseal cartilage was used
as a model tissue system, with fluorescein (332 Da), dextran (3, 10 and 70 kDa) and transferrin (80
kDa) as model solutes. Cartilage disks were either dynamically loaded (±10% compression over a
10% static offset strain, at 0.2 Hz) or maintained unloaded in solution for up to 20 hours. Results
demonstrated statistically significant solute uptake in dynamically loaded (DL) explants relative to
passive diffusion (PD) controls for all solutes except unbound fluorescein, as evidenced by the
DL:PD concentration ratios after 20 hours (1.0 ± 0.2, 2.4 ± 1.1, 6.1 ± 3.3, 9.0 ± 4.0, and 5.5±1.6
for fluorescein, 3, 10, and 70 kDa dextran, and transferrin). Significant uptake enhancements were
also observed within the first 30 seconds of loading. Termination of dynamic loading produced
dissipation of enhanced solute uptake back to PD control values. Confocal images confirmed that
solute uptake occurred from cartilage canals into their surrounding extracellular matrix. The
incidence of this loading-induced transvascular solute pumping mechanism may significantly alter
our understanding of the interaction of mechanical loading and tissue metabolism.
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1. Introduction
Solute transport in biological tissues is a fundamental process in support of cell metabolism,
providing access to nutrients and a removal of waste products. In the native environment,
solute exchange occurs primarily via the circulatory system, where it is understood that
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solutes transport down a concentration gradient from the blood stream into tissues. Over the
years, considerable efforts have been made to explore the contributions of physiologic
mechanisms for this exchange, such as passive diffusion, fluid convection, and transcytosis
(Jennings and Florey, 1967; Michel and Curry, 1999; Pappenheimer, 1953; Pappenheimer
and Soto-Rivera, 1948; Rippe and Haraldsson, 1994; Simionescu et al., 1975). However, the
potential influence of mechanical loading on transvascular transport has not been explored
significantly. This experimental investigation introduces and explores the hypothesis that
cyclic mechanical loading can pump solutes out of blood vessels and into the surrounding
tissue, leading to faster uptake and higher solute concentrations than could otherwise be
achieved under unloaded conditions.

The concept of cyclic or dynamic loading enhancing solute transport in the extracellular
matrix (ECM) of hydrated soft tissues has often been surmised to promote solute convection
induced by oscillatory interstitial fluid flow. Studies have generally shown that dynamic
loading can increase the rate of solute transport in avascular tissue explants or hydrogels
(Bonassar et al., 2001; Evans and Quinn, 2006; Lee et al., 2000; O'Hara et al., 1990).
However, more recently, it has been demonstrated that dynamic loading can pump solutes
into hydrogels from an external bath, promoting substantially higher concentrations than
observed under passive diffusion alone (Albro et al., 2008). These concentration
enhancements were observed to be as high as 15-fold over passive equilibrium values,
demonstrating that solutes are being transported against their concentration gradient. This
phenomenon was shown, on a theoretical basis, to result from the momentum exchange
between solutes and the deforming solid matrix induced by dynamic loading (Albro et al.,
2010; Mauck et al., 2003). As the matrix expands and recoils under loading, it is able to pull
solutes from an external bathing solution into the tissue, in a manner akin to pumping.

This solute-solid pumping mechanism may play an important nutritional role in various
biological tissues. Various tissues possess a network of cells embedded in a dense ECM that
can greatly hinder the diffusion of solutes in the tissue (Gu et al., 2004; Maroudas, 1970;
Maroudas, 1976). As theoretically stated (Mauck et al., 2003), this hindrance is indicative of
a high degree of momentum exchange between solutes and the ECM, suggesting the
potential for effective solute-solid pumping under dynamic loading. Furthermore, studies
have traditionally shown that dynamic loading is an important requisite for maintaining
cellular metabolic activity in a variety of tissues, such as cartilage (Jurvelin et al., 1986;
Kiviranta et al., 1988; Parkkinen et al., 1992; Sah et al., 1989; Salter and Field, 1960; Sood,
1971), muscle (Mackey et al., 2008), tendon (Woo et al., 1987), and bone (Woo et al.,
1981). Generally, tissue immobilization leads to a loss of ECM products while dynamic
loading has a stimulatory effect. While these results are primarily attributed to a
mechanotransduction pathway, it is possible that an enhanced nutrient supply due to solute
pumping may play a role as well.

Therefore, the goal of this current experimental study is to begin to explore the potential
physiologic role of this transport phenomenon by testing whether dynamic loading of a
vascularized tissue in vitro can pump solutes out of blood vessels and into the surrounding
tissue. To this end, we implement immature epiphyseal cartilage as a model tissue system. It
is well established that immature cartilage is vascularized with canals that provide nutrients
to the developing tissue (Haines, 1937; Haines, 1974; Stockwell, 1971; Trueta, 1957;
Wilsman and Van Sickle, 1972). Furthermore, cartilage possesses a dense ECM that has
been shown to substantially hinder the transport of solutes in the tissue (Maroudas, 1970;
Maroudas, 1976). This hindrance has been attributed to interactions with proteoglycans
(Torzilli et al., 1997) and collagen fibers (Fetter et al., 2006; Filidoro et al., 2005; Meder et
al., 2006), suggesting that the ECM may be effective at exchanging momentum with, and
thus pumping, solutes.
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To test this hypothesis, cartilage explants were subjected to either unloaded passive
diffusion (PD) conditions or sustained dynamic compressive loading (DL), and solute
uptake was assessed through two methods: Fluorescent assays that quantitatively measure
solute concentrations in the entire aggregate tissue, and confocal imaging that qualitatively
assesses the spatial distribution of solutes in various regions of the tissue. Firstly, the uptake
of fluorescein-conjugated dextran polysaccharides of various molecular weights (70 kDa, 10
kDa and 3 kDa and unbounded fluorescein, 332 Da, serving as a control) was tested. These
solutes were implemented in our earlier hydrogel investigations (Albro et al., 2008; Chahine
et al., 2009) and are commonly used in cartilage transport studies (Evans and Quinn, 2005;
Fetter et al., 2006; Leddy et al., 2004; Maroudas, 1970; Nimer et al., 2003; Quinn et al.,
2000; Torzilli et al., 1987; Torzilli et al., 1998) due to their availability in a wide range of
molecular weights. Additionally, to explicitly study the biological relevance of this transport
phenomenon, the uptake of the plasma carrier protein, transferrin (80 kDa), was also
measured. Transferrin is responsible for the cellular uptake of iron ions (Laurell, 1951) and
is essential for the metabolic activity of most biological cells (Chua et al., 2007).

2. Methods
Materials

Articular cartilage explants (Ø6 × 3.5 mm) were harvested from the femoral condyles and
patellar grooves of 4–6 week old bovine calves with a biopsy punch (N=21 joints from 14
animals, n=572 explants). All explants were stored frozen in phosphate buffered saline
(PBS) until testing.

Solutions of dextran polysaccharides (3kDa, 10kDa, and 70 kDa, Invitrogen, CA)
conjugated to fluorescein, as well as reference fluorescein solution (332 Da Invitrogen) were
prepared in phosphate buffered saline (PBS) at concentrations of 0.25 mg/mL. Bovine
transferrin (80 kDa, APO form, Sigma, MO) was prepared in PBS at 6 μM and conjugated
with carboxyfluorescein succinimidyl ester using the Invitrogen amine-reactive probes
conjugation protocol. Following the reaction, the conjugate was separated from the
unreacted labeling reagent with a centrifuge filter (Amicon Ultra, 10 kDa cutoff, Millipore,
MA). All the solutes tested in this study possess a net negative charge. Before each test,
solutions were supplemented with protease inhibitors (Complete Protease Inhibitor Cocktail
Tablets, Roche, Germany, 1 tablet per 50mL solution).

While immersed in testing solution at 22° C, disks were subjected to unconfined
compression with a prescribed dynamic strain of ± 10% amplitude superposed over a 10%
static strain offset at a frequency of 0.2 Hz. This loading configuration intentionally
produces platen lift-off on the upstroke, mimicking the physiological loading regimen
cartilage experiences under reciprocating sliding motion.

Solute Uptake
Cartilage disks were subjected to dynamic loading (DL) while immersed in a solution bath
of 3 kDa, 10 kDa, 70 kDa dextran, fluorescein, or transferrin. Concurrently, control disks
(PD) were immersed in a solution-filled Petri dish under unloaded conditions and gently
agitated on an orbital shaker (Bellco, NJ). Tests were conducted for time periods ranging
from 30 seconds to 20 hours of loading. At the completion of each test, disks were removed
and processed for their interstitial solute content (see Appendix A: Supplementary data).

Recovery Test
An additional study was conducted where the transient solute concentration in cartilage
disks was measured upon termination of dynamic loading. Disks were subjected to dynamic
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loading (DL) for 20 hours in transferrin solution, alongside a group of unloaded control
disks (PD). At the end of this period, disks were transferred to a solution-filled Petri dish
and maintained unloaded. At three time points during this recovery period (0, 6 and 40
hours), disks were removed and processed for their interstitial solute content. After the
completion of each 24- hour testing period, solutions were replenished with a new dose of
protease inhibitors.

Confocal Imaging
Cartilage explants were subjected to the aforementioned DL or PD routines while immersed
in 3 kDa, 70 kDa dextran, fluorescein, or transferrin. After 30 seconds, 1 hour, or 20 hours
of testing, samples were removed from solution, gently blotted, and axially sectioned
(approx 0.5 mm thick) with a custom made cutting device. Sections were then placed on a
glass coverslip and imaged in air on a confocal microscope (Leica TCS SP5 Multiphoton) at
excitation and emission wavelengths of 488 and 535 nm and at a scanning depth of 35 μm
into the tissue. Preliminary studies have demonstrated this to be an optimal acquisition
depth, which prevents excessive laser signal attenuation while avoiding potential artifacts
from imaging exuded solution on the surface of the sample. Images were acquired under a
20 × objective through automated tile scanning to recreate the entire cross-section of each
sample (30 seconds per tile scan). Image acquisition settings were consistently maintained
within each solute type only, and therefore, no attempt was made to make comparisons of
sections between different solutes.

3. Results
Solute Uptake

For all uptake measurements, the solute concentration in each cartilage disk was normalized
to the concentration in the external bathing solution and expressed as the normalized ratio ĉ
(mean ± standard deviation). Under passive diffusion conditions, all solutes were partially
excluded from the tissue, as evidenced by steady-state normalized concentration ratios less
than unity. These values generally decreased with increasing solute molecular weight,
ranging from ĉPD = 0.737 ± 0.078 for fluorescein to 0.015 ± 0.006 for 70 kDa dextran
(Figure 1). In fact, the absence of a passive temporal rise in concentration for the larger
solutes (70 kDa, 10 kDa dextran and transferrin, Figure 1A, B, & E) suggests that they may
be almost entirely excluded from the cartilage tissue. Partitioning of solutes in cartilage has
been generally attributed to steric volume exclusion and short-range electrostatic
interactions, and in the case of charged solutes, long-range electrostatic interactions between
solutes and the highly negatively charged proteoglycans in the cartilage ECM. Similar near-
zero partition coefficients in cartilage, as observed for the larger solutes in this study, have
previously been reported for negatively charged high molecular weight dextrans (Fetter et
al., 2006; Maroudas, 1970) and large proteins (Maroudas, 1976). Previous studies have also
demonstrated an inverse relationship between partitioning in cartilage and solute molecular
weight as seen here (Maroudas, 1970; Maroudas, 1976; Quinn et al., 2000).

Under dynamic loading, solute uptake in cartilage disks exhibited a two phase response: a
jump in concentration above passive values within 30 seconds of loading initiation (p<0.02
for 70 kDa, 10 kDa dextran, transferrin, Figure 1A, B, &E), followed by a continued rise
under additional loading, reaching concentrations significantly higher than the initial
dynamic loading time point after 20 hours (p<0.001, Figure 1A, B, &E). After 20 hours of
loading, all solutes except for fluorescein exhibited significantly higher concentrations
relative to passive control values (p<0.001, Figure 1). Furthermore, the observed
enhancement factors (ĉDL / ĉPD in this study after 20 hours were found to increase with
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solute molecular weight, reaching values of 1.0 ± 0.2, 2.4 ± 1.1, 6.1 ± 3.3, and 9.0 ± 4.0 for
fluorescein, 3 kDa, 10 kDa, and 70 kDa dextran, respectively (Figure 2).

Recovery Test
After 20 hours of loading the transferrin concentration in cartilage disks relative to the
external bath reached a value of cöDL = 0.21 + 0.08. During the unloaded recovery period,
the transferrin concentration exponentially decayed back down to cöPD = 0.05+ 0.01, a value
not statistically different from the corresponding concentration under maintained passive
diffusion control conditions (p> 0.5, Figure 3).

Confocal Imaging
Confocal images illustrated the localized presence of 70 kDa dextran in cartilage canals after
only 30 seconds of loading (Figure 4A). In contrast, 70 kDa dextran was only faintly present
in cartilage canals after any duration of passive uptake (Figure 4B, D & F). Images also
demonstrated that under prolonged periods of dynamic loading, solutes spread from the
cartilage canals deeper into the tissue, as became evident after 2 hours (Figure 4C) and after
20 hours, when it occupied most of the surrounding tissue (Figure 4E). The concentration of
dextran in the surrounding tissue was visibly higher than that under passive uptake at any
time point. Similar results were also observed for 3 kDa and transferrin (Figure 4G–J).
These images also depicted enhanced solute concentrations in dynamically loaded tissue
(Figure 4G & I) relative to passive diffusion (Figure 4H & J). On the other hand, there was
no observable difference in fluorescein concentration between dynamic loading and passive
diffusion (Figure 4K & L).

4. Discussion
Results demonstrated that dynamic loading pumps solutes out of cartilage canals and into
the ECM, since solute concentrations in the ECM were found to be considerably higher
under loading than under steady-state passive diffusion (Figures 1, 2 & 4). These
concentration enhancements dissipated upon termination of dynamic loading (Figure 3),
proving that solute transport against a concentration gradient was indeed occurring.

These concentration enhancements were similar to those observed earlier in dynamically
loaded (avascular) hydrogel disks (Albro et al., 2008; Albro et al., 2010), suggesting that
they also resulted from the same mechanism of momentum exchange with the tissue solid
matrix. Solute enhancement factors (ĉDL / ĉPD) increased with solute molecular weight
(Figure 2). This dependency was similarly observed in loaded hydrogels (Albro et al., 2008)
and was expected since larger solutes exchange momentum more effectively with a
deforming solid matrix due to increased hindrance (Mauck et al., 2003). Transferrin (80
kDa) concentration was enhanced less than the 70 kDa dextran, possibly due to the smaller
hydrodynamic radius and reduced hindrance of this compact globular protein (4.3 nm for
transferrin (Sakajiri et al., 2009) versus 7.4 nm for 70 kDa dextran, Lebrun and Junter,
1993). Since the enhancement of transferrin was similar to that of the smaller 10 kDa
dextran (2.7 nm, Lebrun and Junter, 1993), other factors may play a role as well.

Solute pumping against a concentration gradient was further verified through the recovery
test (Figure 3). Transferrin was selected for this test because, unlike dextran and fluorescein,
it is a biologically relevant molecule. This result was also expected from theory (Mauck et
al., 2003), since cessation of loading would stop pumping, and enhanced concentrations
would dissipate as solutes diffuse back out of the tissue down their concentration gradient.
Therefore, the observed enhanced concentrations were due to solute pumping and not some
hypothetical permanent alteration to the system, such as binding or degradation.
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Images of the tissue using confocal microscopy confirmed that pumping from the cartilage
canals into the ECM did occur. These images showed localized presence of 70 kDa dextran
in a narrow boundary layer around canals after only 30 seconds of loading (Figure 4A). As
noted in the Methods, no solution remained in the canal lumen at the depth of the confocal
imaging plane. These results suggested that rapid fluid convection into the canal upon
initiation of loading provided a plentiful supply of solutes that were subsequently pumped
into the ECM due to momentum exchange with the solid matrix. This rapid uptake over the
multitude of canals in these tissue explants was responsible for the initial concentration
jumps observed in assay measurements at 30 seconds of loading (Figure 1).

In contrast, 70 kDa dextran was only faintly present at the canal-ECM interface after any
duration of passive uptake (Figures 4B, D & F), confirming the availability of solutes in the
canals but demonstrating that concentration enhancement did not occur at these interfaces in
the absence of loading. Images also demonstrated that under prolonged periods of dynamic
loading, solutes spread from the boundary layers surrounding canals deeper into the tissue,
as became evident after 2 hours (Figure 4C) and after 20 hours, when it occupied most of the
ECM surrounding the canals (Figure 4E). The concentration of dextran in the surrounding
tissue was evidently higher than that under passive uptake at any time point. Similar results
were also observed for 3 kDa dextran and transferrin (Figures 4G–J). In contrast, there was
no observable difference in fluorescein concentration between dynamic loading and passive
diffusion (Figure 4K & L), consistent with assay measurements (Figure 2).

This demonstration that dynamic loading can pump solutes out from channels localized in
the interior of biological tissues may have broad physiological implications. It has
traditionally been understood that solutes can transport into or out of blood vessels through a
multitude of pathways such as transcytosis (Jennings and Florey, 1967; Simionescu et al.,
1975; Simionescu et al., 1973), passive diffusion, or through transvascular fluid convection
induced by hydrostatic or oncotic pressure gradients (Michel and Curry, 1999;
Pappenheimer, 1953; Pappenheimer et al., 1951; Pappenheimer and Soto-Rivera, 1948;
Renkin, 1977; Renkin et al., 1977a; Renkin et al., 1977b; Rippe and Haraldsson, 1994;
Rippe et al., 1979). All of these pathways are believed to occur down the natural solute
transvascular concentration gradient. The results of this study suggest that solutes may get
pumped out of the microvasculature through dynamic loading as well, and that this
mechanism can give rise to enhanced concentrations in the surrounding tissue.
Concentration enhancements in this study were observed for a wide range of molecular
weights (3 kDa to 80 kDa), suggesting that solute pumping may occur in physiologic
settings for a variety of proteins, hormones, and growth factors. This mechanism may
potentially occur in any vascularized tissue that is subjected to cyclic mechanical forces.

Solute pumping may potentially be influenced by the type of vasculature involved, such as
the type of fenestrations and continuity of the basal lamina. In terms of cartilage transport,
investigations through electron microscopy have demonstrated that cartilage canals possess
enlarged fenestrated capillaries surrounded by a highly discontinuous basement membrane
(Hunt et al., 1979). These structural observations suggest that testing live versus dead tissue
may not significantly influence solute transport and that a fully intact endothelium may not
qualitatively influence active pumping into the cartilage matrix, though this assumption may
need to be confirmed in future studies. Similarly, blood pressure gradients within cartilage
canals are negligible compared to pressure gradients induced by dynamic loading of the
tissue. Therefore, it is unlikely that results will be different in vivo due to this factor.

The results of this study may have more specific implications for cartilage metabolic
activity. Over the years, there has been considerable interest as to the physiologic role and
mode of formation of vascular canals in the immature cartilage epiphyses. These canals
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extend into the tissue from the vasculature of the perichondrium and each canal consists of a
single arteriole and venule, interconnected by a series of large capillaries. Most evidence
attributes their function to promoting the osteogenesis of secondary ossification centers, the
growth of the epiphysis through the supplementation of mesenchymal stem cells, and the
metabolic exchange of nutrients and waste products (Blumer et al., 2008; Blumer et al.,
2005; Carlson et al., 1986; Carlson et al., 1989; Ganey et al., 1995; Haines, 1933; Haines,
1974; Lutfi, 1970; Ytrehus et al., 2004a; Ytrehus et al., 2004b). The results of this study
provide further evidence towards the nutritional role of cartilage canals based on their
potential to significantly enhance the concentrations of nutrients in cartilage tissue under a
physiologic loading regimen.

Upon skeletal maturation vascular canals undergo a physiologic regression process, whereby
the tissue becomes entirely avascular and nutrients are subsequently limited to accessing the
tissue from synovial fluid via the articular surface (Honner and Thompson, 1971; Maroudas
et al., 1968). Considerable efforts have been made to understand how chondrocytes are
provided sufficient access to large macromolecules, despite this avascularity and the
transport hindrance caused by the dense ECM (Maroudas, 1970; Maroudas, 1976; Nimer et
al., 2003; Quinn et al., 2000; Torzilli et al., 1987). The earliest suggestion that cyclic
compression could increase the concentration of large solutes in cartilage appeared in a brief
report by Maroudas et al., who also noted a similar response under static loading conditions,
and thus attributed it to temporary pore alterations (Maroudas, 1980). More recently, in vitro
studies have demonstrated that dynamic loading can increase the desorption or uptake rate of
solutes in articular cartilage explants (Bonassar et al., 2001; Evans and Quinn, 2006; O'Hara
et al., 1990). In this context, the results of this study suggest that dynamic loading of
cartilage may also actively pump solutes across the articular surface from the surrounding
synovial fluid.

In summary, the incidence of this loading-induced transvascular solute pumping mechanism
may significantly alter our understanding of the interaction of mechanical loading and tissue
metabolism. In cartilage, as well as other biological tissues, it has been well recognized that
mechanical stimulation can greatly enhance cellular metabolic activity (Jurvelin et al., 1986;
Parkkinen et al., 1992; Sah et al., 1989; Salter and Field, 1960; Sood, 1971). The results of
this study suggest that these observations may be an important manifestation of enhanced
nutrient concentrations induced by dynamic loading.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix (Supplementary Data)

Methods
Materials

Articular cartilage explants were harvested from the femoral condyles and patellar grooves
of 4–6 week old bovine calves with a biopsy punch (N=21 joints from 14 animals, n=572
explants). The bottom 1–5 mm of these explants was excised with a scalpel blade and
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approximately 750 μm of superficial cartilage was removed with a freezing stage
microtome, producing cartilage disks with uniform dimensions (Ø6 × 3.5 mm), whose
thickness spanned the vascularized middle and deep zones of this immature tissue (Klein et
al., 2003). In the solute uptake study, explants were randomized into 44 testing groups: 5
solutes × 2 loading conditions (PD and DL) × 4 (fluorescein, 3 and 10 kDa dextran) or 5 (70
kDa dextran and transferrin) time points. Each group included 10 samples, for a total of 440
explants. In the recovery test, described below, samples were randomized into 6 testing
groups: 1 solute (transferrin) × 2 loading conditions (PD and DL) × 3 time points. Each
group included 6 samples, for a total of 36 explants. For the confocal imaging study,
explants were randomized into 24 testing groups: 4 solutes × 2 loading conditions (PD and
DL) × 3 time points. Each group included 4 samples, for a total of 96 explants. All explants
were stored frozen in phosphate buffered saline (PBS) until testing.

One face of each cartilage disk was fixed to a thin acrylic square plate (6 × 6 × 1.5 mm)
using a small amount of cyanoacrylate glue immediately before testing. This method of
mechanical fixation was found to prevent the occurrence of abrasion during loading.
Additionally, this configuration better mimics the articular cartilage physiological
environment where cartilage is anchored to the underlying bone.

Dynamic Loading protocol
Dynamic compression was applied with a custom-made device that consisted of a stainless
steel loading platen actuated through a motorized linear translation stage (Tolomatic, Hamel,
MN). During testing, platen displacement was controlled continuously under a feedback
loop using a displacement transducer to ensure accurate application of the desired
deformation profile. Cartilage explants affixed to acrylic plates were placed in a stainless
steel loading chamber.

Fluorescent Assay
At the completion of each test, samples of bathing solution were collected and stored for
subsequent analysis while cartilage samples were removed and immediately processed. To
measure the solute concentration in the disks, samples were excised from their acrylic plate,
blotted with a Kimwipe, radially sectioned into quadrants, and placed in PBS-filled
desorption tubes. Following a 48-hour desorption period, the interstitial solute content of
samples was determined through a fluorescent assay as described previously (Albro et al.,
2008).

Statistical Analysis
A two-way analysis of variance (α=0.05) was performed for the factors of time and loading
condition (PD and DL) to determine differences in concentration for each tested solute.
Statistical significance was set at p≤0.05. A one-tailed test using a T-statistic was performed
to determine whether the enhancement ratio for each solute was significantly greater than
unity.
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Figure 1.
Ratio cö of internal to external solute concentration over time in cartilage disks for (A) 70
kDa dextran, (B) 10 kDa dextran, (C) 3 kDa dextran, (D) fluorescein (332 Da), and (E)
transferrin (80 kDa) under dynamic loading (DL) and unloaded passive diffusion (PD)
conditions (mean ± standard deviation). Results demonstrate that DL progressively pumps
solutes into cartilage at concentrations that significantly exceed those achieved under PD;
this pumping mechanism is most effective for larger molecular weight solutes, but
insignificant for unconjugated fluorescein. *p<0.02: significant increase above respective
PD time point. +p<0.001, †p<0.05: significant increase above initial DL time point.
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Figure 2.
Enhancement ratios (ĉDL / ĉPD) of 70 kDa dextran, 10 kDa dextran, 3 kDa dextran,
fluorescein, and transferrin in cartilage disks after 20 hours of dynamic loading (mean ±
standard deviation). These ratios demonstrate that the pumping mechanism is more effective
with larger solutes, for a given molecular species. *p<0.01: significant increase above unity.
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Figure 3.
Recovery response of cartilage disks in transferrin following 20 hours of dynamic loading
(DL) and corresponding response in never-loaded control samples (mean ± standard
deviation). These results demonstrate that DL is the primary cause for increased solute
uptake, since termination of loading returns solute concentration back to PD levels. *p<0.02:
significant increase above respective PD time point.
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Figure 4.
Confocal images of various solutes in cartilage sections after testing under dynamic loading
or passive diffusion conditions. These images demonstrate that solute pumping under DL
occurs at cartilage canals as well as the outer boundaries of the explant, as evidenced from
the narrow boundary layers of high solute concentrations at 30 s and 2 h (70 kDa dextran).
Over time, solute concentration spreads out from the canals into the surrounding ECM (20
h). In contrast, PD results in much lower solute concentrations for dextrans and transferrin.
Only fluorescein shows no visible difference between DL and PD.

Albro et al. Page 15

J Biomech. Author manuscript; available in PMC 2012 June 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


