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Abstract
Synovial fluid (SF) contains lubricant macromolecules, hyaluronan (HA), and proteoglycan 4
(PRG4). The synovium not only contributes lubricants to SF through secretion by synoviocyte
lining cells, but also concentrates lubricants in SF due to its semi-permeable nature. A membrane
that recapitulates these synovium functions may be useful in a bioreactor system for generating a
bioengineered fluid (BF) similar to native SF. The objectives were to analyze expanded
polytetrafluoroethylene membranes with pore sizes of 50 nm, 90 nm, 170 nm, and 3 μm in terms
of (1) HA and PRG4 secretion rates by adherent synoviocytes, and (2) the extent of HA and PRG4
retention with or without synoviocytes adherent on the membrane. Experiment 1: Synoviocytes
were cultured on tissue culture (TC) plastic or membranes ± IL-1β + TGF-β1 + TNF-α, a cytokine
combination that stimulates lubricant synthesis. HA and PRG4 secretion rates were assessed by
analysis of medium. Experiment 2: Bioreactors were fabricated to provide a BF compartment
enclosed by membranes ± adherent synoviocytes, and an external compartment of nutrient fluid
(NF). A solution with HA (1 mg/mL, MW ranging from 30 to 4,000 kDa) or PRG4 (50 μg/mL)
was added to the BF compartment, and HA and PRG4 loss into the NF compartment after 2, 8,
and 24 h was determined. Lubricant loss kinetics were analyzed to estimate membrane
permeability. Experiment 1: Cytokine-regulated HA and PRG4 secretion rates on membranes were
comparable to those on TC plastic. Experiment 2: Transport of HA and PRG4 across membranes
was lowest with 50 nm membranes and highest with 3 μm membranes, and transport of high MW
HA was decreased by adherent synoviocytes (for 50 and 90 nm membranes). The permeability to
HA mixtures for 50 nm membranes was ~20 × 10−8 cm/s (− cells) and ~5 × 10−8 cm/s (+ cells),
for 90 nm membranes was ~35 × 10−8 cm/s (− cells) and ~ 19 × 10−8 cm/s (+ cells), for 170 nm
membranes was ~74 × 10−8 cm/s (± cells), and for 3 μm membranes was ~139 × 10−8 cm/s (±
cells). The permeability of 450 kDa HA was ~40× lower than that of 30 kDa HA for 50 nm
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membranes, but only ~2.5× lower for 3 μm membranes. The permeability of 4,000 kDa HA was
~250× lower than that of 30 kDa HA for 50 nm membranes, but only ~4× lower for 3 μm
membranes. The permeability for PRG4 was ~4 × 10−8 cm/s for 50 nm membranes, ~48 × 10−8

cm/s for 90 nm membranes, ~144 × 10−8 cm/s for 170 nm membranes, and ~336 × 10−8 cm/s for
3 μm membranes. The associated loss across membranes after 24 h ranged from 3% to 92% for
HA, and from 3% to 93% for PRG4. These results suggest that semi-permeable membranes may
be used in a bioreactor system to modulate lubricant retention in a bioengineered SF, and that
synoviocytes adherent on the membranes may serve as both a lubricant source and a barrier for
lubricant transport.

Keywords
synovial fluid; hyaluronan; proteoglycan 4; synoviocytes; semi-permeable membrane; expanded
polytetrafluoroethylene (ePTFE)

Introduction
The synovial joint functions as a low-friction, low-wear load-bearing system that includes
synovial fluid (SF), contained between articular cartilage and synovium tissue components.
Articular cartilage is composed of chondrocytes within a dense extracellular matrix, and
bears load and slides relative to an apposing surface. Its low-friction, low-wear properties
are due, in part, to lubricant macromolecules in SF, which include hyaluronan (HA) and
proteoglycan 4 (PRG4). HA is a glycosaminoglycan comprised of the repeating disaccharide
D-glucuronic acid and D-N-acetylglucosamine. PRG4 (also called lubricin or SZP) is a
mucinous glycoprotein with O-linked β-(1–3)-Gal-GalNAc oligosaccharides (Swann et al.,
1981). HA is present in normal SF at a concentration of ~1–4 mg/mL (Balazs, 1974; Dahl et
al., 1985), while PRG4 is present at ~0.05–0.5 mg/mL (Schmid et al., 2001). SF HA is
present primarily (~70%) at a high (≥4,000 kDa) molecular weight (MW), and ~30% at
lower MWs of ~100–4,000 kDa (Lee and Cowman, 1994). PRG4 MW is commonly
reported at ~200–400 kDa (Su et al., 2001; Swann et al., 1985). The effective radius, or
radius of gyration, for high MW HA is ~100–200 nm (Coleman et al., 2000; Gribbon et al.,
1999); that for PRG4 is estimated at ~15–20 nm based on its MW (Flory, 1971).

The synovium not only contributes lubricants to SF through secretion by synoviocyte lining
cells, but also concentrates lubricants in SF due its semi-permeable nature (Blewis et al.,
2007). HA is secreted by fibroblast-like synoviocytes in synovium (referred to here as
“synoviocytes”) (Smith and Ghosh, 1987), while PRG4 is secreted by both chondrocytes in
the superficial layer of cartilage as well as synoviocytes. Lubricants are lost from SF, in part
due to transport across the synovium. The synovium cellular intima is ~50 μm thick in
humans, and the cells form a nearly continuous layer (Knight and Levick, 1984; McDonald
and Levick, 1988) attached to an extracellular matrix with an effective pore size of ~20–90
nm (Granger and Taylor, 1975; Sabaratnam et al., 2005). Molecules that transgress the
synovium intima enter the underlying subsynovium and are cleared by lymphatics (Jensen et
al., 1993; Levick, 1980).

While experimental culture systems have been developed to mimic certain features of the
synovial joint to facilitate study of the biology and mechanobiology of synovium and
cartilage, a fluid with lubricant function similar to that of native SF has not yet been
generated in bioreactor. A 3-D synovium-like tissue has been generated in vitro to study
synoviocyte function in organizing the synovium (Kiener et al., 2006). Chondrocytes and
synoviocytes have been co-cultured to study cartilage matrix metabolism (Fell and Jubb,
1977; Nixon et al., 2005). Mechanical regulation of joint tissues has been examined at the
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scale of osteochondral fragments (Thibault et al., 2002; Visser et al., 1994) and whole joints
(Nugent-Derfus et al., 2007). The homeostasis of lubricating fluid may be particularly
relevant to mechanobiological bioreactors where cartilaginous surfaces articulate and
undergo joint-like motion (Grad et al., 2006; Nugent-Derfus et al., 2007). A semi-permeable
membrane with attached synoviocytes could be a useful component of such a bioreactor
system.

Membranes with a variety of filtration properties are used for separation of biological
molecules (Charcosset, 2006; Saxena et al., 2009) and might be suitable for creating a
functional synovium. Expanded polytetrafluoroethylene (ePTFE) is one such candidate
material, as it is commonly used in vascular grafts and can be engineered with varying pore
size and thus varying solute permeability. It has a controlled structure and is resistant to
degradation, properties that may facilitate consistent filtration during extended usage. While
solute diffusion across ePTFE membranes has been assessed (Noh et al., 2006), no reports
have described PRG4 transport across any type of membrane, and transport of HA has been
assessed primarily across native synovium (Coleman et al., 2000; Sabaratnam et al., 2004;
Scott et al., 2000b). Additionally, ePTFE has been used as a substrate for cell growth, with
surface modification to facilitate cell attachment (Bellon et al., 1993; Walluscheck et al.,
1996); however, culture and analysis of lubricant-secreting cell types on ePTFE has not
previously been described.

Incorporation of semi-permeable membranes in a bioreactor system may allow retention of
lubricants in a pore-size dependent manner, while adherent lubricant-secreting cells may aid
in lubricant retention and serve as a lubricant source. Thus, the objectives of this study were
to analyze ePTFE membranes of pore sizes 50 nm, 90 nm, 170 nm, and 3 μm in terms of (1)
HA and PRG4 secretion rates by adherent synoviocytes, and (2) the extent of HA and PRG4
retention with or without adherent synoviocytes.

Methods
General Methods

Biomimetic Transport Chambers—Transport chambers were biomimetically designed,
scaling the native joint as a template. The design consisted of two compartments, denoted as
(1) a bioengineered fluid (BF) compartment and (2) a nutrient fluid (NF) compartment,
separated by a semi-permeable membrane of surface area 1 cm2 (Fig. 1). Fluid volumes in
BF and NF compartments were 0.1 and 3 mL, respectively (described below). Chambers
were made from polysulphone material.

Semi-Permeable Membrane—Poly-L-lysine coated ePTFE membranes (W.L. Gore &
Associates, Inc., Flagstaff, AZ) were utilized to separate BF and NF compartments in the
bioreactors. As synovium pore size is estimated at ~20–90 nm (Sabaratnam et al., 2004,
2005), membranes of near-equivalent pore size and of larger pore size were used to obtain a
range of experimental responses. Membranes had pore sizes averaging ~50 nm, ~90 nm,
~170 nm, and ~3 μm, and thicknesses of ~10–30 μm.

Synoviocyte Isolation—Human synovial tissue was collected with IRB approval and
informed donor consent, and studies were approved by the University of California, San
Diego Human Subjects Research Protection Program. Tissue was obtained from patients
with osteoarthritis (OA) or rheumatoid arthritis (RA) at the time of joint replacement, as
described previously (Alvaro-Gracia et al., 1990). RA diagnosis conformed to the 1987
revised American College of Rheumatology criteria (Arnett et al., 1988). Synovial tissues
were minced, incubated with 1 mg/mL collagenase in DMEM for 2 h at 37°C, filtered and
washed, then incubated in DMEM + 10% FBS. After overnight culture, nonadherent cells
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were removed. Adherent cells were later trypsinized, split at a 1:3 ratio, and cultured in
DMEM + 10% FBS. Synoviocytes were used from passages 3 to 9 when they are a
homogeneous population of fibroblast-like synoviocytes (Alvaro-Gracia et al., 1990).

Experimental Design
Lubricant Secretion by Synoviocytes Attached to Membranes—Synoviocytes
were applied to ePTFE membranes of pore size 50 nm, 90 nm, 170 nm, and 3 μm to assess
proliferation and lubricant secretion rates, in comparison to those on tissue culture (TC)
plastic. Synoviocytes were seeded onto 1 cm2 membranes at a density of 10,000 cells/cm2,
cultured within the BF compartment of bioreactors in DMEM + 10% FBS for 6 days, and
upon reaching confluency (~30,000 cells/cm2) were then cultured in DMEM + 0.5% FBS
for 2 days. This period of serum starvation minimizes proliferation while permitting a robust
response to exogenous cytokines (Sundarrajan et al., 2003). Confluent cells were then
cultured for an additional 3 days in DMEM + 0.5% FBS (control) ± a cytokine combination,
IL-1β (10 ng/mL), TGF-β1 (10 ng/mL), and TNF-α (100 ng/mL) (abbreviated as ITT), that
stimulates HA and PRG4 synthesis (Blewis et al., 2009).

Lubricant secretion was assessed after the 3-day ITT cytokine treatment by analyzing
medium for HA by an enzyme-linked binding assay using HA binding protein (Afify et al.,
2007), and for human PRG4 by ELISA using mAb GW4.23 (a gift from Dr. Klaus Kuettner;
Su et al., 2001). Secretion rates were determined by normalizing total mass of secreted
lubricant to culture duration and cell number on the final day of culture (i.e., cell number
after 3-day treatment with control or ITT media). As minimal proliferation (i.e., ≤20%
increase in cellularity) occurred during the 3-day treatment, the cell number obtained at the
end of culture was representative of the cell number throughout this period. Cell numbers
were determined by solubilizing cell layers with 0.5 mg/mL proteinase K (Roche,
Indianapolis, IN), analyzing the solution for DNA using PicoGreen® (McGowan et al.,
2002) (Molecular Probes, Eugene, OR), and converting DNA to cell number assuming 7.7
pg DNA/cell (Kim et al., 1988).

Lubricant Flux Across Membranes in Transport Chambers—Lubricant flux across
membranes was analyzed using bioreactors with ePTFE membranes alone or with cultured
cells. For the latter, synoviocytes were cultured on ePTFE membranes of pore size 50 nm,
90 nm, 170 nm, and 3 μm within the BF compartment of bioreactors in DMEM + 10% FBS
for 6 days, and then in DMEM + 0.5% FBS for 2 days. An HA or PRG4 solution was then
added to the BF compartment, and DMEM was added in the NF compartment. Bioreactors
were incubated at 37°C and 5% CO2 with gentle mixing for 2, 8, and 24 h. After 2 and 8 h,
NF (but not BF) was collected and replenished. After 24 h, both NF and BF were collected
for lubricant analysis. Although analysis of BF was not performed at the 2 and 8 h time
points, the lubricant present in BF at these time points was determined assuming that the
total present in the system was the sum of that in all NF collections and in the BF at the final
24 h time point. The total recovery of HA or PRG4 lubricant from all of the collected
solutions averaged 95% of the amount added, indicating this analysis approach was
reasonable.

The HA solution was prepared to 1 mg/mL with a MW distribution similar to that of normal
SF where ~70% is at high MWs of ~4,000 kDa and ~30% is distributed at lower MWs (Lee
and Cowman, 1994). The solution consisted of the following MWs and concentrations, each
reconstituted in DMEM: 4,000 kDa (0.7 mg/mL) and 2,400, 1,156, 450, 262, 160, and 30
kDa (each at 0.05 mg/mL) (Associates of Cape Cod, East Falmouth, MA).

The PRG4 solution was prepared to 50 μg/mL using PRG4 purified from bovine cartilage
explants. PRG4 was purified from medium conditioned for 12 days by cartilage explants
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incubated in DMEM + 0.01% BSA + 10 ng/mL TGF-β1 + 25 μg/mL to stimulate
chondrocyte PRG4 secretion (Schmidt et al., 2008). Conditioned media was ultrafiltrated
with a 100 kDa MWCO centrifugal filtration device (Millipore, Billerica, MA), treated with
Streptomyces hyaluronidase (1 U/mL) (Seikagaku Corp., Tokyo, Japan) overnight at 37°C,
and then subjected to a second ultrafiltration with a 100 kDa MWCO centrifugal filtration
device to remove HA and the S. hyaluronidase. PRG4 concentration was then assessed by
ELISA (described below), and reconstituted in DMEM to a physiological concentration of
50 μg/mL (Schmid et al., 2001).

To assess overall HA and PRG4 lubricant loss from BF into NF, the collected NF solutions
and the residual BF solutions were analyzed for either HA or PRG4 according to which
lubricant was being studied (i.e., had been added). Samples were analyzed for HA by an
enzyme-linked binding assay using HA binding protein (Afify et al., 2007) and for bovine
PRG4 by ELISA using mAb 3-A-4 (gift from Dr. Bruce Caterson; Schumacher et al., 1994).
The % of lubricant loss at 2, 8, and 24 h for each condition was calculated by dividing the
cumulative lubricant loss at the respective time point by the total lubricant mass collected.
Also, the % of lubricant remaining at 2, 8, and 24 h was calculated as 100% minus the
cumulative % loss at that time point, where the 100% value at time 0 represented the total
lubricant in the system. Overall, the percentage of HA and PRG4 loss across membranes did
not appear to be affected by the possible binding of lubricants to the membrane and/or cell
layer, as the total recovery of lubricant from all of the collected solutions was ~95% of the
amount added.

To further analyze HA transport as a function of MW, the distribution of HA in the 7 MW
components in BF and NF samples was determined. Using a gel electrophoresis technique
(Lee and Cowman, 1994), 1.5 μg of HA from NF samples collected at 2, 8, and 24 h and
from BF collected at 24 h were applied to 1% agarose gels (Lonza, Rockland, ME),
separated by horizontal electrophoresis at 100 V for 110 min in TAE buffer (0.4 M Tris–
acetate, 0.01 M EDTA, pH 8.3), and visualized after incubation with 0.1% Stainsall (Sigma,
St. Louis, MO). Gel images were digitized with a D80 digital camera (Nikon, Melville, NY)
and processed to determine the % contribution for each of the 7 MWs. These %
contributions were then multiplied by the total loss of HA mass at 2, 8, and 24 h to
determine loss of mass for each MW. Finally, the % of total lubricant loss was calculated
and presented as described above for the HA mixture.

Engineering Analysis of Membrane
Permeability to Lubricants—The permeability of membranes ± adherent cells to the
lubricant i, where i = HA or PRG4, during lubricant transport studies was estimated by
obeying Fick’s law, as done in previous studies assessing solute diffusion across a cell-laden
membrane (Albelda et al., 1988; Jo et al., 1991; Noh et al., 2006; Sahagun et al., 1990).
With sample agitation, the fluid compartments were assumed to be well mixed. The
expression for lubricant flux is:

(1)

where ∂Mi/∂t is the mass flux of lubricant across the membrane in units of mass per time, A
the surface area of membrane in units of length squared, Di the diffusivity of the lubricant in
units of length squared per time, ci the concentration of lubricant within the membrane, and
x the position within the membrane. It should be noted that endogenous lubricant secretion
by adherent cells may affect the concentration of lubricant within the membrane, and
therefore the mass flux of lubricants; however, as the endogenous secretion in the transport
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portion of this study was known a priori to be negligible under the basal media conditions
utilized (i.e., <1% of exogenously added lubricant; Blewis et al., 2009), this contribution
was assumed to be negligible in the analysis (see Discussion Section).

The permeability Pi is related to membrane and solute properties by:

(2)

which can be combined with Equation (1) to yield:

(3)

Assuming the concentration of lubricant in the NF compartment ( ) is ≪ the
concentration in the BF compartment ( ), Equation (3) can be simplified as follows:

(4)

(5)

The rate of loss in Mi is balanced by the rate of change in ci,BF within the volume (VBF):

(6)

Combining Equations (5) and (6) results in the following first-order differential equation:

(7)

which can be rearranged to:

(8)

and the form of the solution to this equation is (where  is a constant):

(9)

The above expression was utilized to estimate the membrane permeability to the various
lubricants, that is, the mixture of HA MWs, HA of individual MWs, and PRG4. To do so,
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the lubricant mass in BF versus time (with time points of 0, 2, 8, 24 h) was first fit with an
exponential curve, with R2 values in the range of ~0.75–0.99. Then, the exponential
coefficient (1/τ) from the equation of fit was used with values for A and VBF to calculate
permeability as follows:

(10)

Statistical Analysis
Data are expressed as mean ± SEM. For lubricant secretion studies, data were log
transformed to improve normality, and a 1-way ANOVA was used with Tukey post hoc tests
to determine the effect of cytokines. For all lubricant transport studies (i.e., those assessing
either % of lubricant loss or lubricant permeability), a 1-way ANOVA was used to
determine the effect of membrane pore size on % of total loss on total HA (i.e., the mixture
of MWs) and PRG4. A t-test was also used for each membrane pore size to determine the
effect of adherent cells, as such statistical analysis accounts well for the variability of
samples being compared. For analysis of specific HA MWs, a 3-way ANOVA was used to
determine individual and interactive effects of membrane pore size, HA MW, and adherent
cells, since effects of multiple HA MWs were being assessed. For the % of loss analysis,
data from 24 h were used and arcsine transformed to normalize data since %’s form
binomial rather than normal distributions (Sokal and Rohlf, 1995). For permeability
analysis, data were log transformed.

Results
Synoviocyte Lubricant Secretion on Membranes

Synoviocytes remained viable on ePTFE and proliferated over 6 days to a greater extent on
50 and 90 nm membranes than on TC plastic (~3× vs. ~2×; P < 0.05, Fig. 2A). Synoviocyte
secretion of HA was stimulated by the ITT cytokine combination for all substrates (P < 0.05,
Fig. 2B). The average HA secretion rate induced by ITT was ~150 μg/(106 cell day), a
marked ~60× increase over basal controls. Secretion of PRG4 by synoviocytes on TC plastic
and 50, 90, and 170 nm membranes exhibited a similar trend of ITT responsiveness (Fig.
2C). The secretion of PRG4 and that of HA were correlated positively (Fig. 2D).

Lubricant Flux Across Membranes in Transport Chambers
The loss of HA across membranes was dependent upon pore size as well as the presence of
adherent cells for certain pore size membranes. The average % of total HA loss (with the
mixture of MWs) from BF to NF after 24 h was ~10% for 50 nm membranes, ~21% for 90
nm membranes, 36% for 170 nm membranes, and ~66% for 3 μm membranes (Fig. 3A).
The % loss from 3 μm membranes was greater than that of all other membranes (P < 0.05),
and the % loss from 170 nm membranes was greater than that of 50 nm membranes. The
presence of adherent cells led to decreased HA loss for the small pore size membranes (16%
vs. 4% for 50 nm and 26% vs. 15% for 90 nm, P < 0.05).

HA loss was further dependent upon MW, and there was a significant interaction with
membrane pore size (P < 0.05) (Fig. 4). 30 kDa HA had a high % loss after 24 h (~92%) that
was similar for all pore size membranes (Fig. 4G). 160 kDa HA was lost to a greater extent
from 90 (60%), 170 (70%), and 3 μm (83%) membranes than from 50 nm membranes (29%)
(P < 0.05) (Fig. 4F). 262 and 450 kDa HA similarly had the least % loss from 50 nm
membranes compared to all others (P < 0.05), but there was also a greater loss of each from
3 μm (37%, 54%) than from 90 nm membranes (13%, 16%) (P < 0.05) (Fig. 4D and E).
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1,156, 2,400, and 4,000 kDa HA were all lost from BF to a similar extent by the membranes,
with a significantly greater % loss from 3 μm membranes (~61%) than 50 (~5%), 90
(~12%), and 170 nm membranes (~29%) (P < 0.05) (Fig. 4A–C). 1,156 and 2,400 kDa HA
were also lost to a greater extent from 170 nm membranes than from 50 nm membranes (P <
0.05). The presence of adherent cells decreased the % of HA loss from BF for 50 and 90 nm
pore size membranes (P < 0.05).

PRG4 loss across membranes was dependent upon pore size, but unaffected by adherent
cells. The % loss from BF to NF after 24 h was ~3% for 50 nm membranes, ~28% for 90 nm
membranes, 67% for 170 nm membranes, and ~93% for 3 μm membranes (Fig. 3B). The %
loss from each membrane was significantly different than that of all other membranes (P <
0.05).

Permeability of Membranes to Lubricants
Reduction of experimental data according to the engineering analysis yielded values for
lubricant permeability through membranes ± adherent cells (Figs. 5 and 6, Table I). Figure 7
shows representative curves of the lubricant mass in BF vs. time that were fit with an
exponential curve predicted by the engineering analysis to estimate permeability (R2 values
were in the range of ~0.75–0.99).

The permeability of membranes to HA was dependent upon pore size, as well as the
presence of adherent cells for certain pore size membranes. The average permeability for
HA (with the mixture of MWs) was ~12 × 10−8 cm/s for 50 nm membranes, ~27 × 10−8 cm/
s for 90 nm membranes, ~74 × 10−8 cm/s for 170 nm membranes, and ~139 × 10−8 cm/s for
3 μm membranes (Fig. 5A, Table I). The permeability of 3 μm membranes was greater than
that of all other membranes (P < 0.05), and the permeability of 170 nm membranes was
greater than that of 50 and 90 nm membranes (P < 0.05). The presence of an adherent cell
layer led to decreased permeability for small pore size membranes (~20 × 10−8 vs. ~5 ×
10−8 cm/s for 50 nm, and ~35 × 10−8 vs. ~19 × 10−8 cm/s for 90 nm, P < 0.05).

HA permeability was further dependent upon MW, and there was a significant interaction
with membrane pore size (P < 0.05) (Fig. 6, Table I). 30 kDa HA had a high permeability
(~373 × 10−8 cm/s) and was similar for all pore size membranes, in contrast to the
permeability for all other MWs (Fig. 6G). For example, permeability for 160 kDa HA was
~4–5× lower for 50 nm membranes than for 170 nm and 3 μm membranes (45 × 10−8 vs.
158 × 10−8 and 231 × 10−8 cm/s, respectively) (P < 0.05) (Fig. 6F). Additionally, the
permeability for 262, 450, and 1,156 kDa HA was ~3–15× lower for 50 nm membranes
compared to all other membranes (P < 0.05) (Fig. 6C–E). In a similar manner, for 2,400 and
4,000 kDa HA, the permeability of 50 nm membranes (~5 × 10−8 cm/s) was ~2–30× lower
than that of all other membranes, and the permeability of 3 μm membranes (~113 × 10−8

cm/s) was ~3–30× higher than that of all other membranes (P < 0.05) (Fig. 6A,B). In
comparing HA of different MWs across the same pore size membrane, the permeability of
450 kDa HA was ~40× lower than that of 30 kDa HA for 50 nm membranes, but only ~2.5×
lower for 3 μm membranes. The permeability of 4,000 kDa HA was ~250× lower than that
of 30 kDa HA for 50 nm membranes, but only ~4× lower for 3 μm membranes. The
presence of an adherent cell layer significantly affected the permeability of both 50 and 90
nm pore size membranes (~12× and ~2× lower permeability, respectively, P < 0.05).

PRG4 permeability was dependent upon pore size, but unaffected by adherent cells.
Permeability was ~4 × 10−8 cm/s for 50 nm membranes, ~48 × 10−8 cm/s for 90 nm
membranes, ~144 × 10−8 cm/s for 170 nm membranes, and ~336 × 10−8 cm/s for 3 μm
membranes (Fig. 5B, Table I). The permeability of 3 μm membranes was greatest, and the
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permeability of 170 nm membranes was greater than that of 50 and 90 nm membranes (P <
0.05).

Discussion
This study examined HA and PRG4 secretion rates by synoviocytes on ePTFE membranes
of pore sizes ~50 nm to ~3 μm, and the extent of HA and PRG4 retention by these
membranes. Synoviocyte HA and PRG4 secretion rates on membranes were comparable to
those on TC plastic and tended to be stimulated by application of cytokines. Transport of
HA and PRG4 across membranes was dependent upon pore size, with % of total lubricant
loss and membrane permeability to lubricant being lowest with 50 nm membranes and
highest with 3 μm membranes. HA transport was further dependent upon the presence of
adherent cells and HA MW, with cells (for 50 and 90 nm membranes) and higher MWs
resulting in decreased loss and permeability. These results suggest that membranes of
various pore sizes may be applied to a bioreactor system to modulate lubricant composition
in a bioengineered SF. Synoviocytes present on membranes may serve as both a lubricant
source and a barrier to lubricant transport.

The interpretation of data from the present study applies to synoviocytes isolated from
arthritic joints. However, these cells behave similarly to normal synoviocytes in most
respects when stimulated by cytokines, including proliferation, metalloproteinase
production, adhesion molecule expression, and activation of the mitogen-activated kinase
pathways (Bartok and Firestein, 2009; Firestein, 1996). While some differences have been
observed in a SCID mouse model containing cartilage explants (Geiler et al., 1994), these
properties were not examined in the present studies. However, those observations probably
have less relevance considering that the mechanisms of adhesion to cartilage in the murine
model are not necessarily relevant to the normal synovial matrix. These considerations,
along with difficulty obtaining well-characterized fibroblast-like synoviocytes from normal
individuals, have led most groups studying type B synoviocytes to focus on cells derived
from total joint replacement samples.

The assessment of lubricant transport properties was dependent on a number of assumptions.
Although a large % of total lubricants diffused across membranes in certain conditions in
this study, the assumption that lubricant concentration in NF was negligible compared to BF
remained valid due to the relatively large volume of NF (3 mL) compared to BF (0.1 mL)
and the replenishment of the NF compartment. For example, even if 70% of a 1 mg/mL HA
solution from BF diffused into NF, the concentration in BF would be 0.3 mg/mL and the
concentration in NF would be more than 10× lower at 0.023 mg/mL. Also, the endogenous
lubricant secretion by synoviocytes during transport studies likely had negligible
contribution to the BF lubricant concentration, as basal media conditions were used where
lubricant secretion is very low as described in previous studies (Blewis et al., 2009) and as
confirmed here. Thus, it is predicted to contribute in a 24 h period a mass that is <1% of that
applied exogenously (i.e., synoviocytes are estimated to secrete ~0.3 μg HA vs. 100 μg
exogenously applied HA, or ~0.03 μg PRG4 vs. 5 μg exogenously applied PRG4, as
calculated using a basal HA secretion rate of ~10 μg/(106 cell day), a basal PRG4 secretion
rate of ~1 μg/(106 cell day), a time period of 1 day, and a total cell number of ~30,000 which
represents the confluent cell layer and negligible proliferation in basal media conditions).
Furthermore, the synoviocytes utilized in this study were of human origin while the
exogenous PRG4 applied to bioreactors was of bovine origin; the use of a bovine-specific
PRG4 antibody in the analyses thus eliminated confounding detection of endogenously
secreted PRG4. Finally, the recovery of lubricant that was ~95% of that added to the system
is consistent with the above, and also suggests that there was negligible binding of lubricants
to the membrane.
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The ability to culture synoviocytes on material substrates, rather than on standard TC plastic,
with maintenance of a desired phenotype is consistent with and extends previous studies
(Kiener et al., 2006; Ozturk et al., 2008; Vickers et al., 2004). Synoviocytes attached to
ePTFE membranes, proliferated, and maintained secretion of both HA and PRG4 in a
manner that appeared to be coordinately regulated by cytokines, with correlated rates of
secretion. A thin, flexible lubricant-secreting sheet could be incorporated into various types
of joint bioreactors to enclose cartilage surfaces and form a SF compartment, including
systems of simple geometry and also complex joint-scale systems with large, contoured
cartilage surfaces.

The findings in this study illustrate the importance of MW in HA transport across
membranes, and provide an in vitro analog to previous work examining in vivo transport of
HA across synovium. Studies that infused HA of varying MW into rabbit knee joints
demonstrated that with lower MW HA (~140, ~500 kDa) there was less retention by the
synovium and accumulation in SF than with higher MW HA (~2,200 kDa) (Coleman et al.,
2000; Sabaratnam et al., 2005). Similar observations were made with infusion of HA into
dog knee joints, where 2,300 kDa HA scarcely penetrated synovium, but 840 kDa HA
penetrated readily (Asari et al., 1998).

As PRG4 loss across membranes in this study was affected by pore size in a relatively
similar manner to that of HA, PRG4 forms of varying MW may also be differentially
transported. PRG4 MW in SF is commonly reported at ~345 kDa, although larger
multimeric forms (Schmidt et al., 2009) and smaller MW forms may also exist (Swann et al.,
1985). The relative abundance of these different MWs in SF and their contribution to PRG4
transport remains to be established, but increases in PRG4 MW would likely decrease the
rate of PRG4 loss from SF.

The different molecular structures of HA and PRG4 may account for some differences in
transport patterns observed in this study between PRG4 and HA of a similar MW (450 kDa).
The % of total PRG4 loss with 50 nm membranes was limited compared to that of 450 kDa
HA (3% vs. 12%), while the % loss with 170 nm and 3 μm pore sizes was greater for PRG4
(67% vs. 50% and 93% vs. 74%). Comparison of the permeability values between PRG4
and 450 kDa HA revealed similar distinctions. The large mucin-like domain in the PRG4
structure and potential differences in secondary lubricant structures could contribute to
distinct transport properties.

Solute efflux from SF in vivo is a function of both diffusion-driven and convection-driven
flux across the synovium, and although many studies have assessed the latter (Coleman et
al., 2000; Sabaratnam et al., 2004; Scott et al., 2000a,b), some comparisons may be drawn
between permeability values obtained in this in vitro study and the literature. Synovium
permeability to HA or PRG4 remains to be measured, but free diffusion coefficients of the
lubricants are 0.98 × 10−7 cm2/s and 1.11 × 10−7 cm2/s, respectively (Swann et al., 1981;
Sabaratnam et al., 2005). The permeability values obtained here for 50 nm membranes, a
pore size within synovium range, were ~1–5 × 10−8 cm/s for PRG4 and HA of physiological
MW. An estimated restricted diffusion coefficient through the membrane, calculated using
these permeability values and a membrane thickness of ~0.02 cm, is ~1 × 10−9 cm2/s to 2 ×
10−10 cm2/s, expectedly lower than the free diffusion coefficients. Additionally, synovium
permeability to albumin, a low MW solute that readily permeates, is expectedly greater than
that of HA and PRG4 found here (~6 × 10−5 cm/s vs. ~1–5 × 10−8 cm/s) (Granger and
Taylor, 1975). Taken together, some permeability values reported in this study for lubricants
with ePTFE membranes, particularly the 50 nm pore size, appear within range of synovium
lubricant permeability.
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As in vivo alterations in synovium structure may occur in disease or injury to affect
lubricant loss from SF, the range of membrane pore sizes utilized in this study provide an
analog to various in vivo conditions. For example, a decrease in the half-life of HA in SF is
often observed in arthritic joints compared to normal joints (~12 h vs. ~24 h) (Coleman et
al., 1997; Fraser et al., 1993; Laurent et al., 1992; Sakamoto et al., 1984), as are increases in
the concentration of certain SF cytokines that may contribute to degradation of the synovium
matrix and an increase in synovium permeability (Bertone et al., 2001; Coleman et al., 1998;
Joosten et al., 2006; Kotake et al., 1999; Marks and Donaldson, 2005; Scott et al., 1998). If
50 nm pore size membranes mimic certain transport properties of normal synovium, then
membranes of pore sizes 90 nm to 3 μm may mimic the altered transport properties of
pathological synovium, with varying degrees of increased permeability. Native synovium
tissue from either normal or pathological joints might be performed as a comparison in the
current experimental system, although the isolation of tissue suitable for such analysis may
be difficult. The altered transport properties in vivo may also be due to altered MW forms of
HA in SF.

The bioreactor system developed here could be utilized to better understand whether
lubricant interactions affect their transport properties. HA and PRG4 synergistically interact
to lower friction at cartilage–cartilage and latex–glass interfaces, by postulated mechanisms
involving molecular interactions (Jay et al., 1992; Schmidt et al., 2007). Such interactions in
SF could increase the effective MW of HA and PRG4 and limit lubricant transport across
synovium. Physical interactions of lubricants with surrounding joint tissues, such as
synovium, may also occur and slow transport. Various biological solutions may be applied
to the bioreactor system developed here to study the effects of these different types of
interactions on lubricant transport.

The results of this study demonstrate (1) the ability of human synoviocytes to adhere and
proliferate on semi-permeable membranes and to be regulated in their lubricant secretion
rates by cytokines, and (2) the ability of these membranes, with or without adherent cells, to
retain lubricants in a manner dependent upon membrane pore size and lubricant MW. Such
membranes may be applied to a joint bioreactor system as a method to modulate lubricant
composition in a bioengineered SF. The ability to bioengineer SF may have application in
tissue engineering whole joints for biological joint replacement, by providing an appropriate
lubricating environment to articulating cartilage surfaces during applied mechanical
stimulation in bioreactors. Bioengineering SF in bioreactors may also have applications in
developing lubricant supplements for deficient SF, and in identifying molecules involved in
lubricant regulation.
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Figure 1.
(A) SF lubricant retention by the synovium in the in vivo synovial joint can be (B)
biomimetically modeled in a bioreactor where a bioengineered (synovial) fluid compartment
containing lubricants (HA and PRG4) is separated from a nutrient fluid compartment by a
semi-permeable membrane ± adhered synoviocytes. [Color figure can be seen in the online
version of this article, available at www.interscience.wiley.com.]
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Figure 2.
(A) Effects of substrate on synoviocyte proliferation over a 6-day culture period. Effects of
substrate and cytokines (IL-1β + TGF-β1 + TNF-α) on (B) HA and (C) PRG4 secretion
rates, n =4. D: Correlation of secretion rates of HA and PRG4.
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Figure 3.
(A) HA loss (with the mixture of MWs) and (B) PRG4 loss from the BF compartment into
NF due to transport across indicated membranes ± adhered cells as a % of total, n =3–4.
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Figure 4.
HA loss, as a function of HA MW, from the BF compartment into NF due to transport
across indicated membranes ± adherent cells, (A) 4,000, (B) 2,400, (C) 1,156, (D) 450, (E)
262, (F) 160, and (G) 30 kDa, n =3–4.

Blewis et al. Page 19

Biotechnol Bioeng. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Permeability of ePTFE membranes ± adhered cells to (A) HA (with mixture of MWs) and
(B) PRG4, n =3–4.
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Figure 6.
Permeability of ePTFE membranes ± adherent cells to HA, as a function of HA MW, (A)
4,000, (B) 2,400, (C) 1,156, (D) 450, (E) 262, (F) 160, and (G) 30 kDa, n =3–4.
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Figure 7.
Representative data of the mass of lubricant in BF vs. time (0, 2, 8, and 24 h time points) fit
with exponential curves predicted by engineering analysis utilized in permeability
calculations: (A) 4,000 kDa HA with 50 nm membranes, (B) 4,000 kDa HA with 3 μm
membranes, (C) 30 kDa HA with 50 nm membranes, (D) 30 kDa HA with 3 μm
membranes, (E) PRG4 with 50 nm membranes, (F) PRG4 3 μm membranes.
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