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Abstract

The electrostatic interaction associated with polyion—polyion interaction has been thought to be the basis for the
differential transport of charged transport probes across the capillary wall. The charge of the transport probe may interact
with the negative charges of capillary wall cell surfaces and the intercellular glycocalyx or extracellullar matrix. This study
has set out to quantitate the exact nature of the polyion—polyion interaction through the theoretical and experimental study of
the partition—diffusion of albumin in solutions of anionic polysaccharides (dextran sulfate or heparin) at concentrations up to
250 meq 1" or at an average intercharge distance of 2.2 nm, as compared with solutions of uncharged dextran at the same
volume concentration. The results demonstrate that the albumin partition—diffusion is exactly the same in dextran sulfate,
heparin and uncharged dextran matrices of the same polymer volume fraction. These results confirm previous studies from
this laboratory that the charge effect through polyion—polyion interaction under physiological conditions is negligible.
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1. Introduction

The capillary wall normally consists of an inner
layer of endothelial cells with an underlying base-
ment membrane. Transcapillary transport of macro-
molecules is generally thought to occur in the spaces
or fenestrated regions between endothelial cells and
across the basement membrane. A number of studies
have established that transcapillary transport of
macromolecules appears to be influenced by the net
charge on the molecule. This is particularly evident
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through comparisons of the transport of positively
and negatively charged forms of the macromolecule.
The difference manifested in transport is called
charge selectivity. The capillary wall has a net nega-
tive charge due to the presence of anionic gly-
cosaminoglycans, such as heparan sulfate, and sialo-
proteins in the basement membrane and on endothe-
lial cell surfaces. It is rationalised that the charge on
the macromolecule being transported via extraceliu-
lar pathways interacts electrostatically with the fixed
negative charge of the capillary wall, and that this
influences transport. The aim of this paper is to
examine and quantitate these electrostatic effects on
the transcapillary transport of charged proteins.
Studies on the transcapillary transport of proteins
and other macromolecules with a net positive charge
have given variable results in terms of facilitated
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transport [1-5] or restricted transport [6,7] or both
[2]. Tt seems difficult to separate the influence of
coulombic interaction on transport from the indirect
effects of the binding of the positively charged
macromolecule to the fixed negative charges of the
capillary wall [2]. The binding may result in complex
structural and cellular changes that may influence
transport.

A more reliable measure of the influence of capil-
lary wall charge is in terms of its influence on the
transport of macromolecules with a net negative
charge, as binding will be negligible and coulombic
interaction should result in exclusion by electrostatic
repulsion. Theoretical treatments of this transport
suggest that the major determining factor controlling
charge selectivity will be the equilibrium partition
coefficient at the capillary lumen (or space)—capillary
wall interface [8,9]. This partition is commonly de-
scribed by a Donnan-type model which, however,
has not been established experimentally for multiva-
lent macromolecules owing to the general difficuity
of analysing partition coefficients for charged macro-
molecules in charged environments [9].

It should be stated that there is a paucity of direct
experimental estimates of capillary wall charge con-
centration. Theoretical estimates have put the charge
concentration as high as 100-160 meq 17' to ac-
count for the apparent marked partitioning of albu-
min at the glomerular capillary wall (the charge
interaction has been thought to account for partition-
ing of 100:1 or greater for albumin), whereas direct
measurement has yielded much lower values of 7-15
meq 17! (for review see [10]). To test the influence
of polyion—polyion interaction on polyion partition-
ing, we have devised a transport system which utilises
the transport of radiolabelled protein between two
solution compartments joined by a shear-formed lig-
uid boundary. Specifically, we examine the transport
of albumin in model capillary wall systems that
contain anionic polysaccharide at extreme charge
concentrations of 250 meq 1-' and with an average
intercharge distance as low as 2.2 nm.

2. Theory

In transcapillary transport across extracellular
charged regions, it is generally thought that the

charged transport probe is subject to three distinct
biophysical processes. The entry of the probe into
the membrane or capillary wall from the lumen of
the capillary will be governed by an excluded vol-
ume partition coefficient which will have both non-
electrostatic and electrostatic components. The latter
will represent the polyion—polyion interaction that
will be a major influence on transport charge selec-
tivity. Once in the charged environs of the capillary
wall, the probe will be transported down the chemi-
cal potential gradient until it reaches the exit point.
At the exit point the probe will enter aluminal solu-
tton through partition forces that will be exactly the
reverse of those governing entry of the probe to the
capillary wall at the luminal interface.

For the model capillary wall system, we are pri-
marily interested in the diffusional transport of albu-
min between an aqueous polysaccharide solution
compartment (also referred to as a polysaccharide
matrix compartment) and a solvent compartment.
The comparison of the diffusional transport of albu-
min out of a dextran sulfate or heparin matrix should
generate charge selectivity in a simple, controlled
model system. The diffusion of albumin out of a
polysaccharide compartment represents a model of
the exit conditions associated with the transport of
material out of the capillary wall at the aluminal
interface. The process is the reverse of the ability to
diffuse into a polysaccharide matrix, although the
former is considerably easier to study for density—
stability reasons. We define the components such
that component 2 is albumin, component 3 is the
polysaccharide matrix and component | is the buffer
solvent.

In the diffusion cell, we measure the flux J of
albumin, which is defined as

—J,=D,,,dc,/dx (1

where D, is the apparent diffusion coefficient of
albumin and dc¢,/dx is the molar concentration
gradient of component 2. Expressing the fluxes of
components 2 and 3 in phenomenological terms [11],

we have
Jy =L, (0, /dx) + L23(8p,3/6x) (2)

Jy =Ly, (0, /3x) + Lys( s/ 9x) (3)
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where L, are phenomenological coefficients and w,
is the chemical potential of component i. Analysis
for component 2 by equating Eq. (1) and Eq. (2)
gives

—Jy =D, dc,/dx

= —Ly(du,/dx) — Lyy( s/ dx) (4)
so that
Dupp = =Ly phyy = Lyy pay (5)
where
Ky = 0w,/ dcy; (6)

To proceed to develop Eq. (5), we use algebraic
expressions describing chemical potentials of the
components as functions of composition [12]

o = w,° + RT (In m, + bm, + amy) (7a)
Hr = uy” + RT (In my + dmy + am,) (7b)

where m, is the molality of component i and b. d
and g are constant coefficients that may be related to
thermodynamic virial coefficients. Differentiating Eq.
(7a) and Eq. (7b) with respect to m, and taking the
approximation that ¢, = m,, then

B =RT(1/c, +b) (8)
WUyy = RTa (9)
We now want to express the phenomenological coef-

ficients in Eq. (5) in terms of binary frictional coeffi-
cients f;, [13], where

=) + (v —vy) (10a)

—du,/dx=fr(r,
=,/ dx = fy(vy — o)) T vy —vy) (10b)

where ¢, is the velocity of i. The experiments are
performed so that there is no volume change during

the course of the experiments. This condition may be
written as

Ve, =0 (11)

where V, is the partial molar volume of i. Using Eq.
(11) in Egs. (10a) and (10b) and solving for ¢, and
r4. assuming ¢V, > ¢,V, and ¢V, > ¢;V, and
equating to Eq. (2) and Eq. (3) gives

Ly =cy(f3 + 1) /P (12)
Ly =cy(fy +f2})/P (13)
Lyy=Ly=cyfrn/M=cyf3/P (14)

where

P=—fyfs1 —fafsa = f3fa (15)

Substituting Egs. (8), (9) and (12) and Eq. (14) into
Eq. (5) gives

Dapp = _RT[-f}l + [+ (bfy b+ ‘ffzz)]/P
(16)

Further simplification of Eq. (16) can be reason-
ably made by assuming that the nonideality coeffi-
cient of albumin (b) is relatively low. In multicom-
ponent diffusion analysis, it has been demonstrated
that the cross frictional interaction term f,; will be
negligible in relation to the frictional term f,, [14].
We therefore assume that the cross frictional product

f>3.f3, can be neglected, so that

Dupp = RT[l + (a(.}f}:/(.f}l +f?2))]/f2| (]7)

using the Onsager relationship ¢, f3, = ¢, fos-

If component 2 is distributed between a solution
phase denoted by " and a matrix phase denoted by ”,
then from equations similar to Eqgs. (7a) and (7b)

Wy = i + RT Inmt, (18a)

Wy = 3" + RT (Innty + ant, (18b)

An equilibrium distribution is defined by the con-
dition u, = w4, so that

Inm, /iy = anty (19)

This can be approximated in an alternative fashion
such that the partition coefficient A is governed by

A=ml/mly=1+amy =1+ ac (20)

If the matrix is immobile, which will occur at the
boundary of the diffusion cell corresponding to a
mean matrix concentration of ¢3/2, then f;, — 0.
With Eq. (20) in Eq. (17) we get further simplifica-
tion

D, = RTA/f, (21)

app

The significance of Eq. (21) is that the apparent
diffusion coefficient will be governed primarily by
the partition coefficient and the frictional interaction
of albumin with the solvent. The partition coefficient
will be determined by both electrostatic interactions
and excluded volume interactions. It is also empha-
sised that Eq. (21) is applicable to a codiffusing
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system of components 2 and 3; i.e., the thermody-
namic interactions that occur in the mixture of 2 and
3 will be manifested in the parameter A that governs
the diffusional relaxation of both concentration gra-
dients.

The fact that the interaction term @ will be the
same for a codiffusing system as compared with the
partition coefficient with an immobile matrix has
been thoroughly demonstrated for the interaction of
albumin with Sephadex beads (cross-linked dextran)
as compared with dextran in solution [15,16].

3. Experimental
3.1. Materials

Dextran T500 (M, = 500000, where M, is the
weight average molecular weight) and dextran sul-
fate sodium salt (M, = 500 000) (sulfur content 17%)
were obtained from Pharmacia Fine Chemicals AB,
Uppsala, Sweden. Dextran sulfate sodium salt (M,
= 39700, sulfur content 14%) was from TdB Con-
sultancy, Uppsala, Sweden. Bovine serum albumin,
fraction V (BSA) was from Boehringer Mannheim
GmbH Biochemica, Mannheim, Germany. Heparin
(sodium salt, from porcine intestinal mucosa;
lot14H0507) and sodium azide were from Sigma
Chemical Company, St. Louis, MO, USA. Sodium
boro[*H]hydride (211 mCi mg~"') was from Amer-
sham International, Buckinghamshire, UK.

3.2. Methods

3.2.1. Preparation of tritiated albumin

[*H]Albumin was prepared by the method of Tack
et al. [17]. This reaction involves a reductive meth-
ylation associated with a brief exposure to formal-
dehyde and sodium boro[*H]hydride. The labelled
preparation was then separated from free label on a
Sephadex G-25 PD-10 column and dialysed exten-
sively against phosphate-buffered saline, pH 7.45.
Other studies have demonstrated that this type of
labelled albumin preparation contains > 95%
monomer albumin [18].

3.2.2. Preparation of solutions
Solutions of dextran and dextran sulfate were
prepared from dried preparations. In all cases, unless

otherwise specified, phosphate-buffered saline (PBS)
(NaCl 0.1369 M, KCI 2.68 mM, Na,HPO, 8.10
mM, KH,PO, 1.50 mM) containing 0.02% sodium
azide was used as the buffer. Sodium azide was
included to prevent possible bacterial degradation of
[*HIBSA during the diffusion period.

Solutions of PBS at various ionic strengths were
also used. These were prepared by altering the con-
centration of NaCl in the solutions.

3.2.3. Determination of diffusion coefficients

Unidirectional diffusion coefficients of [*Hlal-
bumin were measured in diffusion cells which con-
sist of two cylindrical chambers that rotate to shear-
form a sharp, free liquid boundary between the upper
and lower solutions. This technique has been de-
scribed in detail previously [19,20].

The total amount Q of labelled probe crossing the
boundary during the diffusing time ¢ is given by

Q*=AC:Dt/7

where A is the cross-sectional area of the interface
between the upper and the lower diffusion compart-
ments in each cell, C, is the initial concentration of
the probe in the lower compartment and D is the
diffusion coefficient. The tritiated probe was placed
in the lower compartment so that diffusion would
take place in an upward direction. The diffusion
studies were performed with tracer albumin and
polysaccharide in the same starting phase for gravita-
tional stability reasons. This initial condition is also
particularly appropriate to study theoretically.

The diffusions were performed in such a way that
there were four time points at 9, 18, 36 and 72 h
studied for each diffusion system. For each time
point there were generally eight experimental mea-
surements. Experiments were carried out at a temper-
ature of 22°C + 1°C on a vibration-free bench.

After completion of the transport, the upper
chamber contents were transferred to a counting vial.
The chamber was then rinsed twice with 0.4 ml of
distilled water. The rinsings were added to the sam-
ple. The entire 1 ml sample was counted for tritium
content in a Wallac LKB liquid scintillation counter
with a scintillant /sample ratio of 3:1. The scintillant
used was OptiPhase ‘‘HiSafe’” from Wallac Oy,
Turku, Finland.

The diffusion coefficients were calculated using
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the Line Fit function in the plotting progam
SigmaPlot Version 5.0 from Jandel Scientific.

4. Results

4.1. Diffusion of albumin in model anionic poly-
saccharide matrices

Fig. 1 shows the variation of the amount of
[*Hlalbumin transferred from the dextran matrix to
the upper chamber containing solvent as a function
of the square root of time. These results demonstrate
that the rate of transfer is represented by a constant
diffusion coefficient (proportional to the gradient)
with a correlation coefficient of 0.994. The feature of
these results is that extrapolation would demonstrate
that the diffusion coefficient describes the albumin
transfer for all times up to and possibly including
zero time. This means that the diffusion coefficient
measured in this way will represent the intitial events
associated with albumin transfer out of the dextran
matrix. and therefore closely represent a stationary
matrix-partition system.

Results in Table 1 demonstrate that albumin diffu-
sion is increased by a factor of = 2 in the presence
of uncharged dextran at a concentration of 25 mg
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Fig. 1. Variation of the quantity Q/AC, (see Section 3.2), in
units of cm, as a function of the square root of time for [*H]al-
bumin transfer from a 25 mg ml~! dextran solution to solvent as
measured in the diffusion cell. Values are means =+ standard
deviation (n = 8).

Table 1

Diffusion of [*HJalbumin from polysaccharide matrices contained
within the lower compartment of the diffusion cell into PBS. The
dextran sulfate used in most studies had M, = 500000 unless
otherwise stated

Lower compartment D““J’ / I(’] ! n
cmT s

5mgml™" BSA 5314050 96
25 mg ml~" dextran TS00 1044+ 1,10 96
25 mg ml™' dextran TS00, 10.21+0.85 12
5 mg mi~" albumin

50 mg ml~ ' dextran sulfate 11.944+0.86 64
50 mg ml™! dextran sulfate, 10434051 32
5 mgml™" albumin

50 mg ml~" dextran sulfate 1456+ 1.34 o4
(M, =39700)

50 mg ml~ ' heparin 10.67+1.42 24
50 mg ml~ ' heparin, 8.60+ 1.57 32

Smg mi™" albumin

* The number of determinations # is equal to the number of
different times analysed times the number of repeat experiments.

ml ™! in the lower compartment. Further stabilisation

of the boundary with the inclusion of 5 mg ml~'
albumin in the lower compartment of the diffusion
cell gave essentially the same result. The increase in
the apparent diffusion coefficient is essentially a
retlection of excluded volume effects on the partition
coefficient of albumin in relation to dextran (see
Section 3).

To examine the direct effect of charge on the
partition—diffusion of albumin, the transport studies
were made with dextran sulfate at a concentration of
50 mg ml~', which represents the same volume
fraction of dextran as compared with dextran studied
at a concentration of 25 mg ml™' (this has been
calculated on the basis of 17% sulfur content in the
dextran sulfate in the form of substituted sodium
sulfate). Dextran sulfate at 50 mg ml™' also corre-
sponds to a charge concentration of approximately
250 meq |~'. which is considerably higher than that
measured in capillary walls (see above). Albumin
transport at this dextran sulfate concentration was
essentially the same as that measured for the same
volume fraction of dextran (Table 1). The albumin
transport increased slightly for a lower molecular
weight dextran sulfate matrix. The inclusion of 5 mg
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ml~! albumin in the lower compartment again did

not make any significant difference. These results
demonstrate that the charge of 250 meq 17! had
essentially no effect on the partition—transport of
albumin, and the major factor governing the parti-
tion—diffusion value was the steric excluded volume
effect. The albumin transport studies with heparin
polysaccharide matrices were identical to those ob-
tained with dextran sulfate matrices at the same
concentration (Table 1).

The studies reported in Table 1 are associated
with solutions that were made up with the same
buffer (for convenience), so that they are not in
thermodynamic equilibrium in relation to the simple
electrolyte (NaCl) distribution. Thermodynamic equi-
librium will result in the lowering of the NaCl
concentration in the anionic polysaccharide matrix to
approximately 0.125 M [21]. The influence of lower-
ing the NaCl concentration on the transport of albu-
min is shown in Fig. 2. The effect is essentially
negligible, as it is only at relatively low NaCl con-
centrations that small changes are seen. This also
confirms the lack of electrostatic interaction on the
transport of albumin in anionic polysaccharide matri-
ces.
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Fig. 2. Variation of the apparent diffusion coefficient D, (n=32)
of [*H]albumin as a function of the ionic strength of the phosphate
buffer medium for diffusion from a 25 mg ml~' dextran solution
into PBS (@), diffusion from a 50 mg ml~' dextran sulfate
solution into PBS (M), and diffusion from a 50 mg ml™' heparin

solution into PBS ().

5. Discussion

The interaction between dextran and albumin is
essentially an entropic excluded volume interaction
without any significant enthalpic effects [22]. Eq.
(21) would predict that the increase in albumin diffu-
sion from a dextran matrix would be primarily deter-
mined by the partition coefficient which, in turn,
would be described by excluded volume interactions.
Laurent {15] and Ogston and Silpananta [16] evalu-
ated the interaction coefficient in mass units (A*) as
3.8 X 107%. We can convert this to the algebraic
coefficient a in Eq. (20) such that a =
107°A* M, M, where M, and M, are the molecular
weights of components 2 and 3 respectively. Using a
concentration value of 25 mg ml~! (as the diffusion
coefficient is valid to times near zero time) we arrive
at a predicted value of D,,,/Dy of 1.665, where
ngap is the diffusion coefficient of albumin (at 5 mg
ml~', Table 1) in the absence of dextran. This
predicted value is in very good agreement with the
experimental value of 1.922 for dextran sulfate (M
~ 500000) calculated from the data in Table 1. The
agreement is also good considering that we are utilis-
ing only second-order interaction terms. This close
correspondence confirms the value of the partition—
diffusion technique to achieve a quantitative measure
of partition coefficients in macromolecular systems.
The fact that there was essentially no difference
between dextran, dextran sulfate and heparin sug-
gests that the charge effect on albumin was negligi-
ble.

It is important to consider the extreme conditions
under which efforts have been made to detect the
putative influence of the electrostatic component of
polyion—polyion interaction on excluded volume in-
teractions. Bovine albumin has the highest valence of
— 18 of the albumins from different species [23] and
this will maximise the potential for electrostatic in-
teraction. Furthermore, construction of the matrix
polyion solutions with 50 mg ml~" dextran sulfate
provides a very highly charged environment of ap-
proximately 250 meq 17'. The average intercharge
distance, assuming all saccharides are freely mobile,
is approximately 2.2 nm. This is close to the inter-
saccharide distance along the polysaccharide chain
of approximately 1 nm. The average interparticle
(intermolecular) distance, based on hexagonal close
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packing of spheres (assuming random coil conforma-
tion for the polysaccharides used), will be for 50 mg
ml~' heparin, dextran sulfate (M, = 39700) and
dextran sulfate (M = 500000) 8.7 nm, 13.8 nm and
31.7 nm respectively. When these average inter-
charge and interparticle distances are compared with
the diameter of albumin of 7.2 nm, then it is evident
that there i1s ample opportunity for significant inter-
action to occur at both the steric and the electrostatic
level. The results would clearly indicate the marked
dominance of steric interaction as compared with
electrostatic interaction.

In the capillary permeability literature, discussion
generally centres around the nature of the “‘pore”™ in
the capillary wall and the nonhomogeneous distribu-
tion of charges associated with it. These pores have
yet to be experimentally identified. In any case, with
the extreme matrix concentrations used, we would
suggest that distributions similar to the stochastic
pore model would be covered by our mode! system.
There is clearly an interaction of close proximity of
albumin with the pores of our matrix model but this
interaction is essentially only steric in nature.

These results confirm other studies in which albu-
min interaction with glycosaminoglycans or extracel-
lular matrices in noncapillary systems has been inter-
preted on the basis of excluded volume effects alone
and where charge effects were negligible. In studies
of the equilibrium interaction of albumin and
hyaluronan as measured by light scattering, Ogston
and Preston [24] demonstrated that the excluded
volume interaction was independent of ionic strength.
Further, transport studies of albumin within poly-
saccharide matrices could be interpreted in terms of
entropic—nonelectrostatic frictional interactions alone
[25,26]. Maroudas and co-workers [27-29] demon-
strated that albumin partitioning with slices of articu-
lar cartilage was directly related to the glycosamino-
glycan content of the tissue and that the partitioning
was a strongly decreasing function with increasing
glycosaminoglycan content. These authors modelled
their data quite satisfactorily on the basis of nonelec-
trostatic excluded volume effects.

The results of albumin partitioning in model sys-
tems studied here and elsewhere, together with stud-
ies performed in cartilage extracellular matrices, all
point to the fact that charge effects associated with
albumin—extracellular matrix (glycosaminoglycan)

interaction are negligible. This has been confirmed in
our own studies of transcapillary transport where, for
both albumin and horseradish peroxidase, there was
no charge selectivity once tubular reabsorption was
inhibited [18). Our previous work suggested that the
Donnan partition could not account for the behaviour
of interacting polysaccharide systems [9]. Although it
has been previously proposed that charge effects
would account for the partitioning of albumin at that
glomerular capillary wall of the order of 100:1 or
greater [10], the studies with albumin reported here
now put into serious question the influence of the
electrostatic component of polyion—polyion excluded
volume interactions to generate any significant parti-
tioning at all.
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