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ABSTRACT

Previous studies of exiraceliular matrix hydraulic conductivity have characterized the
flow resistance of glycosaminoglycans, proteogiycans and collagen. This work focusses
on serum albumin, present in significant quantities in many connective tissues, but not
previously considered for its role in determining connective tissue flow resistance. The
specific hydraulic conductivity of bovine serum albumin solutions, as a function of
concentration, was calculated from sedimentation and ultrafiltration data available in the
literature. A rigid particle hydrodynamic model compared favorably with these resuits.

Experimental measurements on an albumin vkrafiltration cell were in agreement with
this model (within experimental error); furthermore, the experimental data confirmed the
theoretical prediction that there is no (or negligible) pressure drop through the concentration
polarization layer. Use of the hydrodynamic model for albumin spec.ific hydraulic
conductivity with literature values for the hindrance of albumin when passing through a
glycosaminoglycan (GAG) matrix allows an estimate of the relative importance of the
albumin on tissue hydraulic conductivity: in non-cartilagineous tissues with moderate GAG
concentrations, tissue levels of albumin can generate flow resistance effects comparable to
those of the GAGs, although well less than the flow resistance of these tissues.

DUCTL

The flow resistances of a variety of physiologic tissues have been characterized by the hydraulic
conductivity of solutions of its individual macromolecular constituents. Previous stzdies have
focused on the glycosaminoglycans (GAGs), in particular hyaluronic acid. Day (1) found that the
action of hyaluronidase significantly increased tissue hydraulic conductivity, prompting the hypothesis
that hyaluronic acid was the source of tissue resistance. However, Jackson and James (2) showed
that the specific hydraualic conductivity! of hyaluronic acid (in fact, all GAGs) failed to account for the

KEY WORDS: Extracellular matrix (ECM), bovine serum albumin (BSA},
hydraulic conductivity, glycosaminoglycan (GAG)

! By specific hydraulic conductivity (3), we refer to K in Darcy's law defined as K=pQL/(APA)
where jtis the fluid viscosity, O the flow rate , L the length of the porous medium, AP the pressure
drop across the porous medium and A the cross-sectional area facing flow.
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high flow resistance of the extracellular matrix% (ECM). Levick (3) has shown that this conclusion is
valid for a wide variety of tissues, although recent evidence suggests (4) that GAGs may weil account
for the bulk of flow resistance of cartilagineous tissues. Many researchers (2,3,5-7) have suggested
that proteins may contribute to the resistance of the ECM tissues. Ethier et al. (7), for example,
found that inclusion of the GAG-associated proteins in calculations of specific hydraulic conductivity
for the comeal stroma greatly improved agreement with measured values,

Plasma proteins are a constituent of the extracellular matrix that are not normally considered with
regard to extracellular matrix hydraulic conductivity. Albumin is the predominant plasma protein, the
primary contributor to the colloid osmotic pressure (which in part governs the exchange between the
vascular system and the ECM) and is ubiquitous in connective tissues. 60% of the body's albumin is
found in the extravascular space (8): the approximate extravascular albumin concentration in human
skin is 6.5-12 mg/gram tissue (9), in human muscle is 2.7-6.4 mg/gram tissue (9), in peripheral
rabbit cornea is 6-9 mg/gram tissue (20% of plasma) (10) and in the rabbit ciliary processes is 22-33
mg/pram tissue (74% of plasma) (11). Consequently, it is of interest to examine the effect of albumin
on the specific hydraulic conductivity of the ECM.,

Bovine serum atbumin (BSA) is a well-characterized protein with relevant properties (molecular
weight, partial specific volume, friction factors, etc.) (12) that are similar to those of human albumin,
In the current study, the specific hydraulic conductivity of BSA, as a function of conceniration, is
determined based on information available in the literature; a semi-empirical model is developed.
Experimental confirmation of this miodel is obtained using a ultrafiltration cell that is also used to
examine the pressure distribution within the albumin layer accumulated at the suiface of the rejecting
membrane (the concentration polarization layer). The semi-empirical model for albumin specific
hydraulic conductivity is combined with data on the specific hydraulic conductivity of hyaluronic acid
to predict what effects alburmin might have on connective tissue flow resistance. We find that while
connective tissue levels of albumin can generate flow resistance effects cornparablc to those of the
glycosaminoglycans, this resistance is not sufficient to explain the flow resistance of these tissues.

METHODS
Specific Hydraulic Condugtivity Determination

The specific hydraulic conductivity of macromolecular solutions may be calculated from sedimen-

tation data using the relation (13):
. LA
cy(1-v,0) (1]

where y is the viscosity of the solvent in which the macromolecule is sedimenting, s the sedimen-
tation coefficient, ¢; the concentration of the macromolecule, vy, the partial specific volume of the

2 by ECM, we mean the macromolecular complex surrounding the cells, including collagen,
elastin, proteoglycans, GAGs, structural glycoproteins and plasma proteins,
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macromolecule (for BSA, 0.734 ml/g (12)), and p; the density of the solvent.>
A second approach is to model the macromolecular solution as a porous medium and calculate
specific hydraulic conductivity from ultrafiltration data using Darcy's Law:

Y.
=25 2]

where dP/dx is the pressure gradient in the porous medium, O the volume flow rate, and A the cross-
sectional area perpendicular to the flow. (Q/A is the superficial velocity of the fluid relative to the
macromolecules.) For macromolecular systems, it has been shown (14) that a modified form of
Darcy's law should be used:

dp -m _ 40
d« KA (31

This may be viewed as a force balance on the solvent in which the pressure and osmotic forces driving
the fluid into the concentration polarized layer are balanced by the viscous drag forces. This
relationship has been derived thermodynamically considering the gradient in solvent chemical potential
while applying the Gibbs-Duhem condition and Onsager reciprocity (15).

Three differing derivations (14,16,17) have shown that in a concentration polarization layer,
provided that gelation does not occur, the pressure gmdient, dPidx, is zero. Thus equation [3]
becomes:

drr_wm@
dx KA ' (4]

(This result can also be derived by considering 2 mass balance for solute in the concentration
polarization layer using the Stokes-Einstein relationship for diffusivity (18).)
Expressing [T as a function of protein concentration, equation [4] can be written as:  +

dIrac _ ko
de, dx KA i5]

Thus, if the dependence of I on ¢y is known and the concentration gradient in the concentration
polarization layer is measured, the specific hydraulic conductivity can be determined as a function of
concentration {for known values of @ and A).

Ultrafiliration Cell

A schematic of the ultrafiltration system is given in Figure 1 (18). The system involves a constant
pressure supply (provided by a CO; tank and regulator), pressure sensor, ultrafiltration cell with
adjustable needle probe, and filtrate collection bottle. The pressure regulator controiled the upstream
pressure to + 20 mm Hg. The flow chamber has an inner diameter of is 2.2 cm and a length of 2.8

cm.

3In what follows, the subscript 1 refers to the saline solvent, 2 to albumin and 3, where
appropriate, to a hyaluronate matrix,
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Figure 1: Schematic of ultrafiltration system.
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The ultrafiliration cell {plexiglass) and pressure needle probe (stainless steel) are shown in Figure
2. The needle probe and micrometer assembly is fixed to the ultrafiltration cell by three set screw in
the collar of the micrometer platform. The micrometer (Mitutoyo Model 153-204, Harbor Control,
Westwood, MA) has a 0-25 mm range with 0.001 mm graduations. The non-rotating micrometer
spindle is connected to a 0.64 cm diameter stainless steel tube by a 0.64 cm coupling that has been
bored out at one end to fit the 0.8 cm diameter micrometer spindle. The stainless steel tube is
approximately 7.6 cm in length and has a side hole through which has been passed a 20-ga (0.09 cm
QD) stainless steel tube with Luer lock. The needle is epoxied into place, and the end of the larger
tube is sealed with epoxy. A length of 26-ga {0.046 cm OD) stainless steel tubing is epoxied into the
20-ga needle. A length of 33-ga (0.02 crn OD) stainiess steel tubing is epoxied into the 26-ga needle;
it is this latter tube that is used to measure the pressure within the concentration polarization layer.
The fluid-filled pressure probe is connected to the pressure sensor by sterile pressure ubing.

At the bottom of the ultrafiltration cell is the ultrafiltration membrane (PTGC 02510, Millipore,
Bedford, MA), supported by a porous polypropylene frit, which was used to reject the albumin. Its
nominal molecular weight cut-off is 10 kilodaltons. Membrane flow resistance was measured in all
experiments, using pure solvent filtration, and found to be several orders of magnitude smaller than
the total resistance of the BSA layer in all cases reported. Accounting for gaskets, the membrane
surface area was 3.4 cmZ,

The albumin solution used in the perfusion.studies was made using BSA (BSA fraction V,
Boehringer Mannheim Biochemicals, Indianapolis, IN), buffered saline (Dulbecco's phosphate
buffered saline, pH = 7.3, Life Science Technologies, Chagrin Falls, OH) and sodium azide (0.02%)
{Fluka, Ronkonkoma, NY) added to prevent bacterial growth. Solvent and solutions were sterilized
by filtering with a 0.2 pm Gelman Acrodisc filter. In order to coat the binding sites on the inner
surface of the ultrafiltration cell, the cell was soaked ovemight in filtered 0.05 g/ml BSA solution. In
one set of experiments, fluoresceinated BSA (No. A-9771, Sigma, St. Louis, MO.) was used to
allow visualization of the concentration polarization layer.

The BSA solution (approximately 5 mf) was added carefully to the bottom of the ultrafiltration cell
and then covered with buffered saline. This was done in an effort to reduce the time frame required
for the concentration polarization layer to form. Care was taken to eliminate any bubbles from the
system. Filtration experiments were conducted for about one month; this extended period was due to
the time required for the concentration polarization layer to reach an equilibrium state. The filtration
pressure was monitored by the upstream pressure sensor (model #136PC100G2, Microswitch,
Newton, MA).

Filtrate was collected in a collection bottle connected via tubing to the ulmafiltration cell; a mineral
oil layer covered this filtrate fluid reservoir to prevent evaporation. This collection bottle was
periodically weighed on an electronic scale {Sartorius model 1419, Westbury, NY) to determine the
filtration rate. Flowrate measurements were taken over time periods of 350 hours and were accurate
to approximately 5x10~ pl/min. Flowrates ranged between 0.1 and 1 yL/min.

After a steady-state condition was reached (determined by monitoring filtrate flowrate as a
function of time), the pressure distribution in the cell was measured by the needle probe connected to a
pressure transducer (model #136PC100G2, Microswitch, Newton, MA). Pressures were measured
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throughout the concentration polarization layer, every 0.1 cm well away from the membrane, every
0.01 cm as the membrane was approached. Distance from the ultrafiltration membrane was deter-
mined by advancing the micrometer until the needle probe penetrated the membrane (at the conclusion
of the measurement process) and then determining all distances relative to this distance.

For use in the data analysis, osmotic pressure measurements were carried out independently on
solutions made from the same materials. An ultrafiitration membrane (PTGC 01310, Millipore,
Bedford, MA) was placed into a Millipore filtration cell (§X0001300, Millipore, Bedford, MA). The
filtration cell was attached directly to a pressure transducer (model #136PC100G2, Microswitch,
Newton, MA) and the cell filied with the albumin solution. Tubing and connections were kept short
to minimize system compliance. On the opposite side of the membrane was buffer in a column. The
pressure increase in the cell was then monitored as a function of time until osmotic equilibration was
achieved. The measurement was conducted at room temperature. The volume change due to system
compliance was a negligible fraction of cell volume such that dilution effects were insignificant.

ESULT

Specific Hydraulic Conductivity Determination
Sedimentation and ultrafiltration data available in the literature were used to calculate the specific

hydraalic conductivity of BSA. Sedimentation coefficients for BSA (12,19-23) were used in equation
[1] to calculate specific hydraulic conductivity with thé result plotted in Figure 3. Despite the range of
solvent, pH and ionic strength conditions, the specific hydraulic conductivities are well-described by a
single curve.

Vilker (24) conducted ultrafiltration studies on BSA and measured the concentration profile in the
concentration polarization layer at various flowrates. In separate experiments, Vilker (25} also
obtained osmotic pressure data under the same solvent, pH and membrane reflection coefficient
conditions as his ulirafiltration experiments. These data were used with equation [5] to determine the
specific hydrautic conductivity. The results are plotted along with the sedimentation results on Figure
3. There is general agreement between the two methods of determining specific hydraulic conduc-
tivity although the Vilker data appear to deviate from the general behavior for concentrations ~ 0.1

g/ml.

Maodelling the Specific Hydraulic Conductivity of BSA

The balance of pressure drop and viscous drag for particles moving through solvent (as in
sedimentation) or experiencing a solvent flux (as in ultrafiltration) yields, in the dilute limit,

- k=t 61
) n, f

2 where n; is the number of particles per unit volume and f is the frictional coefficient per spherical
particle. The frictional coefficient for the non-sphetical BSA molecule is given by the Perrin factor
£ ifo=1.147 (19) with fp, the frictional coefficient for an equivalent isolated sphere, given by:
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3 113
f=6mu [—mz vz]

i [7]

where m; is the mass of a BSA molecule . Substituting [7] inio [6] and using a BSA molecular
weight of 67,000 (19) and solvent viscosity of water (0.01 poise} yields the theoretical relationship
for specific hydraulic conductivity at dilute concentrations:

K=190x10" ¢! 18]

where K is in units of cm? and ¢, BSA concentration, is in gfcm3. In the limit of low concentration
(c2 < 0.01 g/mi), a least square fit of the BSA specific hydraulic conductivity data shown in figure 3
yields:

-14 __1.008
K=160x10 c, (9]

with r = 0.992 (cormrelation coefficient) and n =7 (number of data points). The expected concentration
dependence is observed within a reasonable error.

At higher concentrations, the specific hydraulic conductivity is more strongly dependent on
concentration. Albumin is a globular protein, usually described as a protate ellipsoid with reported .
values of axial ratio ranging from 3-3.5 (19,25). We used correlations for the sedimentation of
concentrated solutions of rigid spheres to examine the hypothesis that albumin behaves hydrodynami-
cally like a rigid particle. The most commonly used empirical correlation for the hindered settling
function of rigid spheres is attributed to Richardson and Zaki (1954);

5.1
h (¢sphﬂe) = [1 T d’sphere] . {10}

where Ji (Pgpper,) is the ratio of hindered settling velocity to Stokes settling velocity, and Dpper, is the
sphere volume fraction (26). Introducing this relation into equation [1] yields:

_ Hy SO A (‘Dsphere)

T, (v, p,) [11]

where s g, the sedimentation coefficient at infinite dilution, is determined by the low concentration
specific hydraulic conductivity data (using equations [1] and [9]); this semi-empirical approach also
includes the Perrin factor (thus accounting for ellipticity and hydration) .

The solid sphere volume fraction, @yppere, is equivalent to the volume fraction of BSA including

- @ any bound or associated solvent which would move with the sedimenting protein. This quantity was
' calculated from the hydrated molecular volume (V) as:
N V
@ =c, 4o
sphere 2 M2 [12]

where Vi, = 1.5 x 1012 cm? (25), N, is Avogadro's number, and M, is the molecular weight of
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BSA. Substituting sg, k (Psphere) a0d Pyphere into equation [11] yields:

-14

-1 5.1
K=16x10"¢c (1-1348¢,) [13]

This correlation is plotted (solid line) in Figure 3. In spite of the fact that we have introduced only
one adjustable parameter (the frictional coefficient at infinite dilution), the correlation agrees with the
experimental data, showing a deviation from a 1/c dependence of specific hydraulic conductivity at a
concentration of approximately 0.05 g/ml and passing close to the apparent mean of the available data
for higher concentrations (there is increased scatter in the data for these higher concentrations).

Pressure distribution in concentration polarization layer

Our experiments on ultrafiltration of albumin solations allowed us, using the needle probe, to
make measurements of the pressure distribution within the concentration polarization layer. Figure 4
shows the distribution of pressure in this layer for two experiments with differing total amounts of
albumin in the system (m); the total applied pressure drop was similar in the two experiments (520 and
450 mm Hg). The data shows negligible changes in pressure throughout the concentration polarization
layer with the entire pressure drop occurring within in a very short distance of the membrane (0.01 cm
or less). Recall here that the flow resistance of the membrane was negligible in comparison with that
of the concentration polarization layer. .

To ensure that our pressure measurements were made within the concentration polarization layer,
finoresceinated albumin was used in one experiment. Figure 5 shows the concentration polarization
layer with the needle probe clearly within this layer. The pressure distribution for this experiment is
shown in Figure 4 {m = 0.4 g).

Comparison of Predicted to Measured Flowrate

The ultrafiltration experiments also allowed us to further examine the validity of equations [4] and
[13]. If we rearrange equation [5], muitiply it by ¢2 , and integrate over the domain (x;O 0 X=oo; =
i t0 ¢=0) we can find that:

c
S dI1
Q = ml K(CZ)EE-;CZdCZ
0 [14]

where i is the total mass of solute (albumin) placed in the system and ¢y, is the albumin concentration
at the filter face. This expression can be written as:

2 c,.
0=AneyKeye, - | HeyT2idy,
5 DR de, [15]

The concentration of albumin at the membrane (¢,,) is determined by the condition that the entire
system pressure drop occurs osmotically at the filter face and thus IT,=AP, allowing a determination
of ¢, if the osmotic pressure dependence on concentration is known. If we now substitute equation
f13] into equation {15] and use the experimental data for I'l(cy), then for a given AP, m, A and ii; ,
we can predict the flowrate Q. Figure 6 shows our measurements for osmotic pressure as a fanction
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Figure 3: Specific hydraulic conductivity of bovine serum albumin as a function of concentration.
"The open symbols are from sedimentation studies (Squire pH 4.6 and 8.15 (19); Baldwin
pH 4.55 (20); Loeb pH 4.00 and 5.13 (12); Kitchen (21); Comper pH 7 (23) and van den
Berg pH 7.4 (22)) and closed symbols from perfusion studies (Vilker et al.,pH 4554
and 7.4 (24)) using equation [5]. The solid line is the semi-empirical correlation, equation
{131.
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Figure 4: Pressure distribution within the concentration polarization layer measured at the conclusion
of the experiment (zero pressure is downstream of the rejecting membrane). Error bars
reflect uncertainty in measured pressure. Concentration polarization layer for m=0.4 g is
shown in figure 5.
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*

Figure 5: Photograph of fluoresceinated albumin concentration polarization layer showing the needle
probe within this layer.
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Figure 6: Osmotic pressure of albumin as a fanction of concentration (pH = 7.4). The two symbols
are for two separate measurements. The dashed line is a spline fit to the data that was used
in equation [15] to predict flowrate for the experimental perfusions.
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Figure 7: Flowrate times mass as a fanction of pressure drop across the system. The dashed line is
the prediction from equation {15] while the data points are experimental measurements.
The values next 1¢ the data points are the mass in grams of alburin in the ultrafiltration cell .
for that experiment.
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Figure 8: The ratio of the net specific hydraulic conductivity (Kpe) of a mixture of hyaluronic acid
and albumin, to that of hyaluronic acid alone (Kga), for three concentrations of hyaluronic
acid.

of albumin concentration and a best fit of these data (these data fall between those of references (23)
and (25)). Using these data in conjunction with equations [13] & {15] allows us to predict the flow
rate for any given AP.

Equation [15] indicates that Q m shouild be a uniqoe function of AP (in so far as AP éstablishes
¢m). Figure 7 shows a plot of the experimental results versus the theoretical predictions. The
pressures reported here are averaged over the time period of the flow measurement. Given the
experimental uncertainties (flowrate, regulated pressure varjations, osmotic pressure determination,
albumin concentration at filter face), the results are in reasonable agreement with the predictions.
{Note that, as opposed to Figure 3, the ordinate in this figure is arithmetic, not logarithmic).

DISCUSSION

In this study, we have determined the specific hydraulic conductivity of albumin solutions as a
function of concentration using data from sedimentation studies and from direct perfusion studies.
The values for specific hydraulic conductivity, as determined by equations [1] (sedimentation
experiments) and [5] (concentration polarization experiments), were found to be in reasonable
agreement with one another, as shown in Figure 3. Along with a determination of the specific
hydraulic conductivity of albumin over a wide range of concentrations, this approach also confirmed
the experimental validity of equations [4],[5]. Interestingly, the data did not show the specific
hydraulic conductivity to depend on solution pH.
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A semi-empirical model was developed to characterize the dependence of specific hydraulic
conductivity on albumin concentration. Modelling alburmnin as a hydrated sphere (in spite of its
ellipsoidal character), and using an experimental correlation for the specific hydraulic conductivity of a
solution of spheres, we obtained an expression in agreement with the experimental data on the specific
hydraulic conductivity of bovine serum albumin, showing both good agreement with the qualirative
character of the data and reasonable guantitative agreement allowing for experimental scatter. The
physiological range of tissue albumin concentration (based on the values reported above and typical
tissue extracellular hydration) is roughly 0.01-0.2 g/ml.

Experiments were conducted to further validate this model. Albumin was placed into an
ultrafiitration cell and perfused with buffer. Figure 5 shows the concentration polarization layer near
the membrane surface. In this layer, the solute molecules adjust themselves such that their convection
toward the membrane is exactly balanced by their diffusion away from the membrane. If we assume
the diffusion coefficient of albumin to be roughly constant and we define the thickness of the
concentration polarization layer as the distance from the membrane at which the alburmin dropsto 1%
of its value that it had at the membrane surface (x=0), then we can characterize the thickness of the
albumin layer as 5D/V where D is the diffusion coefficient of the albumin and V the velocity of
solvent passing through the system. For our experiments, this thickness is predicted to be ap-
proximately 1 cm, consistent with the results from use of the fluorescent probe. (Actually, of course
the probe can be seen throughout the cell, but most of the fluorescence occurs within 1 cm of the
membrane sarface),

We determined the hydrostatic pressure distribution within this concentration polarization layer.
The concentration polarization layers investigated were such that the distribution of albumin in the cell
was far from the average concentration that would be expected in the absence of flow. These average
conceniration (0.04-0.1 g/ml) would generate osmotic pressures of 10-60 mm Hg; as the system
pressure drop was 500 mm Hg, substantial concentration polarization occurred with the albumin
concentration nearest the membrane of approximately 0.3 g/ml (c,,) (see figure 6) .

Our experiments established (Figure 4) that the pressure gradient in this layer is indeed zero (or
negligible), as predictcd theoretically (14,16,17). Note that this result does not imply that there is
negligible dissipation in the concentration polarization layer: the dissipation results in a loss in
chemical potential of the solvent and a resulting dI1/dx (equation [4]). There will, of course, be a
region of stcep gradient in hydrostatic pressure near the membrane where the albumin is reflected by
the membrane; in this region, dP/dx=dI]/dx. As our pressure measarement probe could be positioned
within an accuracy of 0.01 cm, we can conclude that this pressure gradient must occur within 0.01 cm
of the rejecting membrane or across the membrane itseif. This result is expected to be valid for
macromolecular systems that do not support 2 solid stress (non-gelled systems) (15). We are
currently conducting experiments to determine how this result might be modified in gelled macro-
molecular layers.

Our experimental studies also allowed us to explore the use of the semi-empirical model to predict
the hydrodynamic resistance of an albumin concentration polarization layer. Within expected
experimental uncertainties, the model predictions agreed with experimental results. It should be noted
here that although the system flow resistance will be determined by losses throughout the con-
centration polarization layer, the specific hydraulic conductivity of the high concentration of albumin
nearest the membrane will dominate this resistance. We estimate (based on osmotic pressure
measurements} that this concentration is approximately 0.3 g/ml, and thus the data reported here add
further support to the higher concentration regime modeled by equation [13].
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Application of the results to flow through connective tissues

One motivation for this study was to determine whether the albumin found within connective
tissues might contribute to tissue flow resistance. For this purpose, we modelled the extracellular
matrix as a fixed matrix of hyaluronic acid containing albumin that is mobile. As saline flows through
this system, it carries with it the albumin, albeit at a lower velocity than the saline vehicle since the
albumin is hindered in its transit by the hyaluronate matrix.

In this model, the specific hydraulic conductivity of the system is determined by the combined drag
of the saline passing over the (fixed) hyaluronic acid molecules and the saline moving relative to the
hindered albumin. To find the degree to which the albumin is hindered in its motion, we require data
on the motion of albumin through a hyalurcnic acid matrix. Laurent et al. (27,28) conducted
experiments in which they determined the sedimentation and diffusion coefficient of albumin (and
other macromolecules) while in solutions of hyaluronic acid. Their data can be used to find the
velocity of the albumin (V3), relative to its saline vehicle (V,), as it is passed through a hyaluronic
acid matrix (component 3):

-

=2=1-p(P)=103 e&s.za*fi
v, {151

assuming the density of hyaluronic acid 1o be 1.85 g/ml 29), where g{®3) represents the hindrance ot
the albumin relative to the saline vehicle due to the presence of hyaluronic acid and @4 the volume
fraction of hyaluronic acid (this relationship has been verified for D3<0.014 (30)).

To calculate the drag, we followed the approach of Silberberg (15) who considered gradients in the
chemical potential of a three-component systemn where solvent 1 contained a diffusible solute 2 which
could pass through the gel phase 3 but at a velocity different than that of the solvent, The total drag
force was assurned to be the sum of the drag on the gel matrix (hyaluronate} and the drag on, the solute
(alburnin} (this is equivalent to assuming a dilute limit). The drag on the hyaluronate was determined
using the interstitial velocity of the saline while that of the albumin by its velocity relative to the saline
vehicle. Silberberg determined the hydraulic conductivity and rejection coefficient of such a system.

His rejection coefficient ¢ can be shown to be related to the hindrance function g(P3) by the
expression:

g = P, 8(Py)
@+ @, (1-g (D)) [16)

In the absence of gradients of activity of the gel or solute (homogeneous distribution) and using the
hyaluronic acid matrix as the fixed reference frame, Silberberg's expression for hydraulic conductivity
of the system can be used to show that:

11, 8P
K. kK, K, (17]

nglt

where K is the specific hydraulic conductivity of the hyaluronate matrix 1o solvent flux, and K3 is the
specific hydraulic conductivity of albumin to solvent flux.
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We now assume that Kz= Ka(d3) and Ka= Ka(®3). This is a simplification of the physics
involved, but is correct in the limit of dilute solutions and should atlow us to make a rough estimate of
the effect of albumin on ECM specific hydraulic conductivity.* Eguation [13] is used to characterize
Kaf ) ; K3(@3) is determined using experimental data (6). The results of these calculations are
plotted in Figure 8. An effect not included in this model is the excluded volume interaction (partition
function) between albumin and ECM constituents such as collagen and hyaluronic acid (8). These
interactions will increase the heterogeneity of the albumin and GAG distribution, thereby increasing
the specific hydraulic conductivity (31).

The results show that in connective tissues with moderate GAG concentrations, tissue levels of
alburpin, while passing through the ECM, can have effects on specific hydranlic conductivity
comparable to those of the GAGs. It must be recalled, however, that in non-cantilagineous connective
tissues, the flow resistance generated by GAGs are generally an order-of-magnitude lower than that
exhibited by the connective tissue (2,3,6,7). Thus, the model suggests that the levels of albumin and
glycosaminoglycans found in the non-cartilagineous connective tissues are insufficient to explain the
generation of flow resistance in these tissues; other extracellular moieties (glycoproteins, core proteins
and collagen) must contribute to the generation of non-cartilagineous connective tissue flow resistan-

ce.

w

4 Strictly speaking, these results are limited to concentrations of albumin such that the effects
of albumin on hydraulic conductivity are less than those of the hyaluronic acid; otherwise the
specific hydraulic conductivity of hyaluronic acid, which due to its rod-like nature is highly
boundary condition dependent, would depend on the concentration of albumin in the solution.
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