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CHAPTER 1
INTRODUCTION

This thesis is concerned with the interactions of neutral poly-
mers, in particular dextrans, with erythrocyte surfaces. The con-
cern is focussed on two general areas:

(i) the effects of neutral polymers on the electrokinetic prop-
erties of red cells, and therefore on the electrostatic inter-
actions between these cells

(ii) the effects of neutral polymers on the rheological behavior
of erythrocyte suspensions and the possible influence of the
cellular electrokinetic potential on this behavior.

The interest in these problems was initiated by two observations.

(i) Ponder (1) reported in 1957 that the electrokinetically-
determined surface potentials of human erythrocytes and
platelets were increased when dextran was added to the
suspending medium.

(ii) Early work from this laboratory (2) demonstrated that the
relative viscosities of normal human erythrocyte suspensions
wefe markedly reduced when high concentrations (10% w/v)
of low molecular weight dextran were included in the simple

ionic suspending media.



The central questions with which the present work is involved,
then, are what is the mechanism by which a neutral polymer can in-
crease the surface potential of cells, and what connection, if any,
does this increase have with the dextran-induced changes in the
rheology of their suspensions. As an introduction to the work that
follows, this chapter will outline the principles of electrokinetic meas-
urements, describe the human erythrocyte surface region as charac-
terized by electrophoresis, give the general properties of polymer
adsorption and the effects of such adsorption on the state of aggrega-
tion of dispersed systems, discuss previous work on the electro-
kinetic changes neutral polymers induce in cells, and finally summar-
ize briefly the research done to date on the rheology of erythrocyte

suspensions.

The Theory and Application of Electrokinetic
Measurements on Cells

I. The Electrokinetic Equations

The physical bases of the electrokinetic phenomena of interest
here lie in the interactions among a particle bearing a surface charge,
the ions in solution which are attracted or repelled by that surface
charge, and an externally applied electric field. The surface charge
produces an electrostatic potential at the solid-solution interface

which influences the distribution of ionic charges near the surface.
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Ions of unlike sign to the surface charge (counterions) tend to accumu-
late near the surface, while those of like sign (co-ions) are repelled.
Under the influence of thermal agitation considerable mixing takes
place. The result is a diffuse layer consisting predominantly of
counterions which extends some distance into solution, the distance
being determined by the concentration and valence of the ions. This
layer of ions is called the counterion double layer. The greater the
concentration and/or valence of the counterions, the nearer to the
surface is the potential due to the surface charge reduced to zero,
and the thinner is the double layer. When the charged particle-double
layer system is placed in an external field, the particle and double
layer, being of opposite sign, tend to move in opposite directions.
The result is that the particle moves in the direction dictated by its
surface charge (electrophoresis), but with a terminal velocity reduced
by the viscous drag exerted on it as a result of the tendency of the
double layer to move in the opposite direction. The lower the ionic
concentration in the bulk phase, the more diffuse the double layer, the
less the drag exerted by it on the particle, and the greater the electro-
phoretic velocity. This velocity divided by the magnitude of the
applied electric field strength is defined as the electrophoretic mobil-
ity, the experimentally determined quantity characteristic of the
surface potential and the ionic atmosphere around the particle.

The quantitative relationship between the electrophoretic
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mobility and the electrostatic potential at the point near or at the sur-
face across which shearing takes place is due to von Smoluchowski
(3). The derivations of this and the other electrokinetic equations
have been conveniently summarized by several authors (4, 5,6, 7).

Consider the motion of the fluid in a diffuse double layer rela-
tive to a smooth non-conducting surface bearing a fixed surface
charge when an electric field E 1is applied tangentially to the sur-
face. The field exerts a force Ep(x)dx on a fluid element of thick-
ness dx and unit area containing a charge density p{(x). This

force is opposed by the viscous force retarding the motion of the

dv

dv ' dv
ndx g [ndx ]x’ where 1N and = are the

laminus given by [
viscosity and velocity gradient respectively at distances x and

(xtdx) from the surface. When the fluid has attained a terminal

velocity v, the sum of these forces is zero, giving:
d dv _
Ep(x)dx + g;['r](x) s Jdx = 0 (1-1)

The charge density is related to the potential at any point x, (x),

by Poisson's equation (assuming that the dielectric constant ¢ does

not depend on x), which in electrostatic units is (8):
d’yix) _ -4
X =TT
3 . p(x) (1-2)

dx



Substituting for p(x) and integrating once with respect to x be-

tween x and ©0:

SE du(x) _ o dv
4r dx = n(x) dx (1-3)

since both i;kg and % approach zero as x — ®©. Integrating

a second time between x=0 and x = oo

o] o0
f ézdx_ifi_y 1)
0 n(x) dx

Setting -v(0) = ve, the velocity of the fluid relative to the surface,

gives:
Ve £ c’d (x)
(2)r=y =L (A (1-4)
E dr J, nlx)
where U is the electrophoretic mobility, and (0)-={, the zeta

‘potential. So long as the viscosity does not vary with x, the
Smoluchowski equation relating the rhobility to the surface potential

is then obtained:

e
= - 1-
v 47m k-3
As may be seen from (1-4), the zeta potential is the potential at the

surface of shear, the plane which separates the stationary and moving

phases, here assumed to coincide with the smooth surface. That the



shear plane and the surface coincide, however, is an assumption.
Hence, the information provided by the mobility relates only to the
potential at the shear plane, and not necessarily to that at the charged
surface.

The assumption that the viscosity of the ionic solutions does not
vary throughout the extent of the double layer has been examined by
Lyklema and Overbeek (9); these authors calculated the effect of the
high electric field near the charged surface on the viscosity of water.
For the low zeta potentials measured for cells, however, the effect
is negligible, and in any event, their estimates of the viscoelectric
effect have been criticized as being too high (10, 11).

The derivation of (1-5) given above applies only to surfaces
which are everywhere parallel to the applied electric field. Henry
(12) has given the derivation of an equivalent relationship for spheri-
cal particles, however, which reduces to the above equation in the
limit of non-conducting particles whose radius is large compared to
the double layer thickness. These conditions will virtually always
apply to cells due to their size and the insulating properties of the
membrane (13). Furthermore, that (1-5) applies regardless of the
shape of the particle (providing that the radii of any of the areas on
the particle are again much larger than the double layer thickness)
has recently been shown rigorously (14). Equation (1-5), then, may

be applied with some confidence to the results of cell electrophoresis.



The electrophoretic mobility, then, gives a measure of the
electrostatic potential at the shear plane, which is assumed to equal
the surface potential. The relationship between the surface potential
and the charge density which produces it was derived by Gouy (15)
and Chapman (16). These authors were the first to introduce the con-
cept of the diffuse double layer surrounding a charged particle in an
ionic solution. The assumptions under which the following treatment
applies are:

(i) the surface is assumed to be flat, of infinite extent, to bear
only a fixed charge evenly smeared out over the surface, and
is assumed to be impenetrable to ions

(ii) the ions in the double layer are assumed to be point charges
governed by the Boltzmann distribution

(iii) the surface charge is assumed to be small enough that the

potential (x) obeys [E—EH{T(—)Q] << 1 throughout the double

layer, where e = electronic charge, =z = ionic valence,
k = Boltzmann's constant and T = absolute temperature
(iv) the dielectric constant is assumed to be that of the bulk
liquid throughout the double layer
(v) the solvent affects the ionic distribution only through the
dielectric constant
The charge density at some distance x from the surface, p(x),

is related to the potential at that point by the Poisson equation in one



dimension:

The charges at x consist only of the dissolved ions, so:

o
p(x) = e 2/74,11,():) (1-6)
ii
i
where
z, = valence of ith ion type
1
. . g .
n,(x) = number of ith type ions per cm  at point x

1

The magnitudes of the ion concentrations in regions near the surface
where the potential is significant, relative to their concentrations far
enough away from the surface that the potential is zero, are given by

the Boltzmann distribution:

—ZieLlJ(X)
} A 1-7
ni(x) n, exp[ " T ] ( )
: . . 3. .
where n, s the number of ith type ions per cm™ in the bulk
solution. Combining (1-2), (1-6) and (1-7) gives the Poisson-
Boltzmann equation:
2 -
du(x) _ -4me zz P S b e
2 e i"io TP KT )

dx

i



Considering now only a single symmetrical electrolyte to be present,

(1-8) may be written:

2 8mzen
L) .2 22U (1-9)
€ kT
dx
, X -X
where the hyperbolic sine is defined by sinh x = = _Ze

Applying assumption (iii), the exponentials may be expanded to give,

zed(x),3 |
to order of [_—kT [
d2 (x) 2
S Ly (1-10)
2
dx
2 2
8tz e n 1/2
where ko= [——?k—,f——g] is the usual DebysHuckel parameter.

The general solution of (1-10) is given by (17):

Y(x) = a exp(kx) + b exp(-kx) (1-11)

The boundary condition that (x) — 0 as x — © demands that
a=0. Setting x =0 gives b = (0), the surface potential, so

(1-10) has the solution:

p—

Y(x) = Y(0) exp(-kx) (1-12)

From (1-12) it is seen that at the point x = 1/, the potential

has decreased from ((0) to (0) exp(-1) = 0.37¢(0). A relative
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decrease of this degree provides a convenient definition of the thick-

ness of the double layer, equal to 1/k. The parameter «k can be
expressed in terms of ¢, the molar ionic concentration by:
2 2
IL<=[81Te NAcz ]1/2 o 15
1000¢kT i
or in terms of W, the ionic strength by:
2
K—-[Ejf—ﬁfs‘—'li]l/Z (1-14)
1000ekT )
— 2 : : -
where pr=- C.Z., € % molar concentration of ith ion, and

N, = Avogadro's number. It is seen from (1-13) that 1/«

expresses quantitatively the properties ascribed to the double layer
. . ‘ S17E

thickness earlier in this chapter. Thus, 1/k @ p . so that a

decrease in either ionic valence or concentration results in an ex-

pansion of the double layer.

To derive an expression for the charge density, the electro-

neutrality condition is invoked in the form:

e 0]

0"A+‘_Sﬂ pdV =0 (1-15)
0
where o 1is the surface charge (esu) per unit area, A is the area

of the surface and dV 1is a volume element = Adx. That is, the
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total net space charge must equal but be of opposite sign to the sur-
face charge. Substituting from (1-2), differentiating (1-12) and apply-

ing the boundary condition L1 0 as x—™ ®©, gives:
dx

g = SO (1-16)

If again the assumption is made that the surface and zeta potentials

are equal:

e =17

Equation (1-17) shows that for a fixed surface charge density the zeta
potential depends on the thickness of the double layer, 1/x, and
therefore on the ionic strength. The lower the ionic strength, the
thicker the double layer and the greater the zeta potential. Combining
(1-17) with (1-5) gives the approximate relationship between the

mobility and charge density:

nu = (1-18)

|9



T2
‘Again, the further the double layer extends out into the bulk phase
away from the surface, the greater the mobility of a fixed charge

system.

If the approximation [EE%(E] <« 1 does not hold, equation

(1-9) may still be integrated exactly to give, for a symmetrical elec-

trolyte, (4):

G = 2kT In [ 1+vy exp(-Kx)] (1-19)

ze 1-yexp(-kx)

where

exp[EE_LE(_O_)]_ 1

v S 2kT
- ze(0)
exp[ KT J+1

and for the charge density, from (1-16):

2ekTn
oq1/2 . zey(0)
w—] sinh( . ] (1-20)

II. The Potential Energy of Repulsion Between Charged Plates

One of the important applications of the results of electro-
phoretic measurements on particles is in the study of suspension
stability. Interaction between the double layers of two identical
particles results in the repulsion of these particles when the double
layers overlap. If this repulsion is strong enough to overcome the

dispersion forces that mutually attract the particles, the particles



13

will not aggregate and the suspension will be stable.

Since the repulsion is generated by the overlap of counterion
double layers of adjacent particles, the potential energy of repulsion
can be expected to depend on the surface and solution properties that
determine the magnitude and extent of the potential and ion distribu-
tion near the surface. Derivations of the expression for the repulsive
potential energy between two charged plates have been given by sev-
eral authors (18,19, 20); that reproduced here is due to Derjaguin (19)
as quoted by Overbeek (20).

Consider two infinite flat charged plates in contact with a reser-
voir at zero potential, containing n_ molecules of symmetrical
electrolyte per cm3, in which the hydrostatic pressure is Py
Assume that the plates are held at a separation 2s by a pressure
P. This pressure is necessary to counteract the osmotic forces tend-
ing to dilute the counterion accumulation and separate the plates. In
equilibrium, the hydrostatic and electrical forces acting on the ionic

space charge must equal zero:

iggh p(x)‘d—'g(xi)zo (1_21)

d
where —SL}(SC-) is the pressure gradient at some point x, and ¢(x)
is the total electrostatic potential at that point. Considering the

region between the plates, p(x) may be expressed by (1-2) to give:
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dE(X) £ dzé(x)dé(x) =0 (1-22)
dx 4w 2 dx )
dx
Integrating:
pix) - _8% [ddi:i)]z = constant (1-23)

dé

At x =5, midway between the plates, the potential gradient E

must vanish, because the potential must be symmetrical about x = s.
Therefore, the right hand side (RHS) of (1-23) must be p(s), the
pressure midway between the plates tending to force them apart. The
difference between p(s) and Py the pressure in the bulk reser-
voir must be P, the net "disjoining" pressure repelling the plates.
Hence, P = p(s) - Py which may be evaluated by integrating

dp(x) between the point in solution where ¢(x) = ¢(s) and the bulk

reservoir, where ¢(x) = 0:

s
P(s) 5 dp(x) (1-24)
bulk

Substituting from (1-21):
¢(s)
P(s) = -5 p(x)do(x) (1-25)
0

The space charge density p(x) 1is again determined by the

Boltzmann distribution, which gives from (1-6) and (1-7):
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p(x) = —ZzenO sinh[%i)] (1-26)

Combining (1-25) and (1-26), and integrating gives for the force per

unit area tending to separate the plates:

P(s) = 2n kT[cosh[mSJ]-l] (BT
o kT
2
Approximating coshx ~ 1+ x?-, good to 4th order in x, (1-27)
becomes:
2 2
nz e >
e o 1-2
P(s) i G (1-28)

The repulsive potential energy associated with this disjoining

pressure, V is given by twice the work required to bring one

R_’
plate up from < to a distance s from the ultimate midpoint of

the plate separation:
S
V_ = -ZS\ P(s)ds (1-29)

To carry out this integration, the dependence of ¢(s) on =x must
be specified. By definition, ¢{s) is the total electrostatic potential
at the point midway between the plates. If the plates are far enough
apart that the potentials in the double layers are small at s, ¢(s)

is simply given by the sum of the potentials ((x) of (1-12) or (1-19)
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evaluated at x = s. Under the assumptions of small surface poten-

tials, then, applying (1-12) gives:
d(s) ~ 2y(s) = 2y(0) exp(-xs) (1-30)

Substituting (1-28) and (1-30) into (1-29) and integrating gives for the
potential energy of repulsion per unit area of surface:
4ezn04}2(0)
VR = exp(-2ks) (1-31)

More exact expressions may be derived for VR (20), but
(1-31}) is sufficient to point out its general properties. VR is seen
to depend on the square of the surface potential (or the zeta potential,
making the usual assumption that ((0) = §) of the two plates.
Further, it is seen to depend strongly on the double layer thickness,
1/k. Expansion of the double layer results in an increase in VR
both through the multiplicative and exponential terms. Measurement
of the zeta potential through the electrophoretic mobility, then, allows
an estimate to be made of the repulsive force and energy per unit
area acting between the particles.

The derivation of equation (1-31) applies to flat surfaces which
are large enough that edge effects are not important. For spherical
particles no exact expression is available for VR’ but an approxi-

mate expression may be derived by treating the surfaces of the
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spheres as series of concentric flat rings (19). These rings are then
assumed to interact as flat surfaces, and the flat plate equations
applied to each ring-ring interaction. Integration over the surface of
the spheres then sums these interactions to give an expression for
V.. Since the basic interaction energy is still based on the flat plate

R

equation, the qualitative effects of (0) = ¢ and 1/k on Vi will

be the same as described above.

III. The Application of Electrophoretic Methods to the Study
of Cell Surfaces

As was discussed in Section I, the zeta potential reflects the
charge character at the plane of shear, a plane near or at the surface,
within which no flow occurs. Changes in ¢, then, reflect changes
in a highly localized, if slightly ill-defined, region of the particle.
Herein lies the strength of the electrophoretic method, in that only
changes in surface parameters are detected. Hence, as applied to
cells, electrophoresis allows one to study in virtual isolation charge
structures at the periphery of the cell, structures which can be
expected to be important in the interactions of a cell with its milieu.

In the derivation of the electrokinetic equations, the surface of
shear was assumed to be impenetrable to counterions. Cells, how-
ever, are known to be permeable to ions and in fact their peripheral

region has been likened more to a sieve than a solid surface (21). As
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first discussed by Mitchell (22) and Heard and Seaman (23), and
examined quantitatively by Haydon (24), the availability of regions
interior to the shear plane to counterions can modify the observed
zeta potential. Charge groups within the membrane can be detected
by electrophoresis if they are roughly within a double layer thickness
of the shear plane (~8 .g in 0.145 M NaCl). In such a circumstance,
the potential due to buried groups is not damped out by counterions
over the distance between the internal charges and the shear plane, so
some fraction of the potential due to buried charges still contributes
additively to {. The lower the ionic strength, the farther the double
layer extends behind the shear plane, and the deeper into the mem-
brane will the zeta potential "see." Even taking this porosity into
account, however, the charge density indicated by the zeta potential
is probably located within 10 or 20 10& of the shear plane in physiologi-
cal saline.

An analysis of the effect of porosity on the charge density-zeta
potential relationship has been given by Haydon (24). Assuming that
the restricted space available to counterions within the membrane can
be treated to first order in the same way as ionic self-exclusion
effects, Haydon gives for the charge density o(a) (for small poten-

tials and 1:1 electrolyte):

o(a) = (1+NT-a) K:f (1-32)
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where a is defined as the fraction of total space within the shear
plane which is not available to counterions and is assumed not to vary
with distance from the surface. For a < 1, then, equation (1-17)
will underestimate the absolute value of the charge density by up to a
factor of two. Unfortunately, however, no estimates of a, which
would allow (1-32) to be applied, are-available. Attempts to measure
a have been unsuccessful because no independent measure of o
has yet been made for cells (25).

Although the absolute value of the surface charge density of cells
can only be estimated with some ambiguity from zeta potential meas-
urements, there are few other theoretical difficulties inherent in the
application of the electrophoretkic equations to the results of cell
electrophoresis (26). Brinton and-Lauffer (27) have questioned the
use of (1-5) on the grounds that the local radii of curvature of portions
of cell surfaces may be so small that its use is invalid. However,
since changes in shape and radius of curvature have been sﬁown to
have no effect on red cell mobility (28, 29) it would seem these objec-
tions do not apply.

Because of the localization of the region under observation to
the extreme periphery, electrophoretic methods have been used exten-
sively in the study of cell surface properties. No attempt will be made
here to summarize the field of cell electrophoresis, as extensive

reviews are available (27,29,30,31,32). However, a brief description



20
of the properties of the human erythrocyte peripheral region will be
given, since this is the cell on which the majority of the work pre-
sented in this thesis has been done.

At physiological ionic strength (0. 145 gm-ions 1_1), all detect-
able charge groups at the shear plane of the human erythrocyte are
anionic (33). The electrophoretic mobility in 0. 145 M NacCl at 25°C
is -1.08 £0.03 p s-lv_lcm, implying a zeta potential, calculated
from (1-5) of { = -14.1mv = -4.70 x 107" ababalEs, The mobility
for normal erythrocytes is constant between pH 4.5 and 9.0, the cells
adsorbing detectable amounts of hemolysate outside that pH range
which alters their electrokinetic properties (23). Fixation of the cells
with acetaldehyde increases the range of pH over which the cells
exhibit electrophoretic reversibility without altering their electro-
kinetic properties in the region where normal cells are stable (34).
The mobility of fixed cells drops precipitously to zero below pH 4
indicating the presence of an ionogenic group with a pKa ~2.6.
Treatment of erythrocytes with neuraminidase (E.C. 3.2.1.18)
decreases the mobility ~60% (36). This observation, coupled with the
isolation of N-acetylneuraminic acid from the medium in which the
neuraminidase treatment took place, and knowledge of the enzyme
specificity, was sufficient to identify sialic acid as the group respon-
sible for the principal electrokinetic charge on the human erythrocyte

(35,36). The enzyme is believed to not penetrate the cell, and has
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been shown to release virtually all of the sialic acid in the membrane
(36). Approximately twice as much sialic acid (per cell) can be de-
tected in the enzyme supernatant as is estimated from the calculated
decrease in charge density using equation (1-17) (35). The discrep-
ancy may be due to the assumption in the calculation that no counterion
penetration occurs behind the charge plane, or it may be that some of
the membrane sialic acid is located well behind the shear plane and
is undetected by electrophoresis at physiological ionic strength.

The increased apparent pKa (~3.4) of the groups remaining after
neuraminidase treatment is consistent with the suggestion that these
are a-carboxyl groups of protein-bound amino acids (33). That the
mobility of normal and fixed red cells does not depend on the mono-
valent anion present in the suspending medium (23), and that the
mobility of esterified fixed cells is zero (33) indicates that none of the
surface charge of the human red cell is due to anion adsorption or
cation desorption. This property of cell surfaces renders them some-
what unique, most other surfaces acquiring at least some charge by
the ion rearrangement mechanism (5). The lack of effect of aldehyde
treatment on the erythrocyte mobility at all ionic strengths tested (34)
indicates that there are relatively few free amino groups located with-
in the peripheral region. Attempts to measure the a-factor of equa-
tion (1-32) by obtaining an independent estimate of ¢ through titra-

tion of surface carboxyls with methylene blue have been unsuccessful
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(25). Apparently methylene blue adsorbs only to non-neuraminidase
susceptible acidic groups (33).

Application of equation (1-17) to electrophoretic data at physio-
logical ionic strengths has produced the estimate that there are
~1 x lO7 negative groups within “842‘ of the shear plane of human
erythrocytes at neutral pH (33). Approximately 62% of these are the
carboxylic acid groups of N-acetylneuraminic acid, and the remainder
have an average pKa of 3.35 and may be due to the a-carboxyl's of
protein-bound amino acids. There are probably less than 2-3 x 105
free amino groups in this region, this figure representing the relative
accuracy with which cellular electrophoretic mobility determinations
may be made (~ £3%).

- The majority of the electrophoretic work on erythrocytes has
been done at high (physiological) ioenic strength. At lower ionic
strengths, in media kept isotonic with sorbitol or glucose, the normal
red cell is stable over a decreasingly narrow range of pH (23).
Furthermore, the net charge density decreases below 0.02-0.05 M
NaCl (25,37). Since none of the surface charge is due to adsorbed
anions, the most reasonable explanation for the decrease is that posi-
tively charged groups deep in the membrane are being detected at the
plane of shear due to the expanded double layer. The low ionic
strength apparent charge density is unaltered by aldehyde treatment,

however, indicating that the positive group(s) are probably not
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primary amines. Neither are they due to any group with a pKa
between 2.9 and 10. 5, since the apparent charge density is constant
over this pH range at low (0. 0029 gm-ions 1_1) ionic strengths.
Hence, while the charge groups detected by electrophoresis at high
ionic strengths are relatively well characterized, at least one group
responsible for the electrophoretic behavior of human erythrocytes at
low ionic strengths has yet to be identified.

Polymer Adsorption and its Effect on the State of
Aggregation of Dispersed Systems

I. Polymer Adsorption at the Solid-Liquid Interface

Adsorption from solution of neutral and charged polymers at
the solid-liquid interface has been studied extensively, due largely to
its importance in industrial processes such as mineral extractions
and fractionations, and water clearance. Although the range of con-
ditions and materials which have been studied is very large, a degree
of consistency of behavior has been found which is at first sight sur-
prising. The bulk of the experimental evidence, obtained on both
aqueous and non-aqueous systems, allows the following generalizations
to be made (38,39, 40):

(i) Adsorption increases rapidly with bulk phase polymer concen-

tration until a plateau is.reached beyond which there is little

concentration dependence. The concentration range over



(iii)

(v)
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which the increase occurs may be undetectably low.
The adsorption data often fit a. Langmuir adsorption isotherm
(41), particularly for high molecular weight polymers.
At a fixed weight concentration, adsorption is molecular
weight dependent for a series of homologous polymers. The
amount adsorbed increases with molecular weight (some-

times linearly) at low molecular weights, then plateaus for

‘high molecular weights.

The polymer molecule is adsorbed in a series of loops ex-
tending out into solution which are interspersed with trains
of segments all in contact with the solid surface. The depth
of the adsorbed layer is determined by the extent to which
these loops protrude into solution. The amount of polymer
adsorbed in the saturation region is frequently equivalent to
more than one monolayer of close-packed monomers, while
the depth will in general correspond to many times this num-
ber of monolayers. The structure of the adsorbed layer is
therefore quite diffuse. There appears in general to be no
reason to believe that multilayer adsorption occurs; every
adsorbed molecule is in contact with the surface at one or
more points in the chain.

Adsorption is increased from solvents in which the polymer

is less soluble.
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(vi). The length of time required for equilibrium to be established
may vary from seconds to many hours, the longer equilibra-
tion times generally being associated with high molecular
weights.

(vii) Washing an equilibrated adsorbed phase with the solvent from
which the adsorption occurred may not remove the adsorbed
-polymer immediately.

(viii) Temperature dependence of adsorption is small; the amount
adsorbed may either increase or decrease with increasing
temperature.

The method generally used 1;0 measure the adsorption of polymer
from solution is to follow the decrease.in bulk solution polymer con-
centration as the polymer adsorbs to a dispersed solid (39). Provid-
ing that the surface area of the particles is known, and an accurate
method of measuring the polymer concentration is available, the
amount adsorbed per unit area may be calculated. The amount of
polymer adsorbed, or information on the monomer-surface interacticn
may also be obtained by examination of the equilibrated surface
after excess solution has been removed. Radiocactive tracers (41),
infrared analysis (42, 43) or ellipsometry (44) have been successfully
employed to this end. In general, any technique which can unambigu-
ously identify and quantify the polymer, in solution or in association

with a solid, may be used to measure adsorption isotherms.
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Techniques for measuring the depth of adsorbed layers, how-
ever, are somewhat more limited. Ellipsometry (44), ultraviolet
attenuated total reflectance spectroscopy (45) and various methods
which determine the effective hydrodynamic thickness of the adsorbed
layer (42, 46, 47) have been employed, the latter type being more
prevalent since a wide variety of surfaces may be used. In general,
the hydrodynamic methods measure the depth from which a fluid flow-
ing past the surface is apparently excluded by the presence of an
adsorbed layer. If normal flow is simply retarded in part of the
adsorbed layer, the depth will be underestimated. The degree to
which flow is excluded from the adsorbed layer has been anticipated
(48).to depend on the flow rate past the surface, but apparently no
thorough investigation has -been made of this point.

The theoretical treatments of polymer adsorption date from the
initial attempts of Frisch, Simha and Eirich (49, 50) to describe the
statistical distribution of polymer segments near a wall. Subsequent,
more involved treatments have been applied (38, 51, 52, 563, 54, 55), the
most successful and complete being due to Silberberg (56). His sta-
tistical mechanical analysis of a two and three dimensional restricted
random walk model yields numerical results which display all the
equilibrium properties summarized above. The quantitative predic-
tions made with respect to amounts of polymer adsorbed, depth of

adsorbed layers and fraction of segments in contact with the surface
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are in general agreement with the available data. This treatment
shows that the free energy change involved in replacing a solvent
molecule with a monomer molecule on a surface binding site need only
be very small, of the order of kT, for strong adsorption to occur.
Polymer adsorption might therefore be expected to be the rule, not
the exception, when polymer solutions are exposed to solid surfaces.
Further, Silberberg's analysis shows that while the total amount
adsorbed depends on both the polymer-surface interaction energy and
the bulk polymer concentration, the fraction of surface sites occupied
is independent of the bulk concentration, and the amount adsorbed as
loops is independent of the surface interaction energy. The properties
of the diffuse part of the adsorbed layer, then, appear to be virtually
independent of the type of surface to which adsorption occurs.

II. The Effect of Polymer Adsorption on the State of
Aggregation of Dispersed Systems

In simple ionic solutions, the state of a dispersed colloidal
suspension is determined by the balance between the London-van der
Waals forces of attraction and the repulsions generated by the overlap
of counterion double layers associated with the suspended particles.
These two opposing forces form the basis of the colloid stability
theory developed by Derjaguin and Landau (57) and Verwey and

Overbeek (58). Conditions which tend to suppress the double layer
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extension, such as high ionic strength, will faveor aggregation since
the particles will approach more closely before significant double
layer overlap occurs. The attractive force is increased at these
smaller separations. Likewise, as mentioned earlier, expansion of
the double layer will increase the repulsive forces, favoring disag-
gregation and suspension stability.

Addition of polymers to such a suspension, however, compli-
cates the picture considerably. If the polymers are charged poly-
electrolytes, they can in theory act as multivalent counterions and
suppress the surface potential simply through an ionic strength effect.
In practice, however, if the polyelectrolyte is of opposite charge to
the particle, it will adsorb strongly to the surface (59, 60) and reduce
(at low levels of adsorption) the magnitude of the net surface charge.
More important, polymer molecules will frequently adsorb to more
than one particle simultaneously, forming bridges of polymeric
material which link the particles into flocs and destabilize the sol.
This mechanism of flocculation (a term which, it has been proposed
(61), should be reserved for this type of aggregation) was first sug-
gested to apply to polymer-induced suspension destabilization of clays
by Ruehrwein and Ward (62). The mechanism of flocculation was
studied in detail by LaMer and co-workers (63, 64,65), and it is to him
that much of the credit must go for the basic delineation of the effect.

Although the theory of filtration of the resulting flocs (66, 67) used by
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LaMer's group to study and characterize flocculation has been
strongly questioned (68), the mechanism of polymer bridging is now
generally accepted.

Flocculation can be induced by polymers regardless of the rela-
tive sign of the charges of the particle and polymer (69), neutral
polymers also being effective (70). It has been shown in a number of
studies (41, 59, 60, 71, 72) that flocculation depends partially on the
surface charge, aggregation only occurring to a significant extent
when the zeta potential is reduced to a low level. Hence, the distinc-
tion between flocculation, caused by a polymer bridging mechanism,
and coagulation, induced by changing the double layer parameters,
becomes less clear in these instances. If concentrations of polymer
are used which are greater than that required for optimum floccula-
tion, disaggregation is frequently observed to occur (41, 59, 60, 71).

In those cases where the charges of the particle and polymer are
opposite, such re-dispersion generally parallels a reversal of charge
on the particle due to strong polymer adsorption. The resulting high
surface potential is felt to cause disaggregation by electrostatic repul-
sions in the overlapping double layers. In these instances, then,
electrostatic repulsion seems to be sufficiently strong to prevent links
from forming in sufficient numbers to induce flocculation.

In cases where neutral polymers or polyelectrolytes of the same

charge as the particle are used as flocculants, higher molecular
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weights or concentrations are required for maximum flocculation
(41,73). For negatively charged polymer and surface, the presence
of multivalent cations is frequently (41, 61), but not always (71), a
requisite for flocculation. In these systems, with or without multi-
valent cations, charge reversal is not observed, yet at high enough
concentrations the particles are disaggregated. The zeta potential is
typically unaltered by these higher concentrations of polymer, retain-
ing the same low but non-zero value as measured under flocculating
conditions. In this case, although some electrostatic repulsion will
occur, the change in state of aggregation at constant surface potential
clearly requires an alternate explanation. For neutral polymers,
essentially similar behavior has been observed, but surface potentials
have not always been measured (67, 74).

Two explanations have been proposed to account for this disag-
gregation at high polymer concentrations. The first assumes that with
increased surface coverage there are insufficient binding sites avail-
able for bridging molecules, so too few links form to produce floccu-
lation (67). There is an objection to this explanation, however, in that
the adsorption isotherm isusually still increasing at polymer concen-
trations where diaggregation occurs. Hence, it is not clear why the
adsorption leading to bridging should stop while adsorption to single
particles continues.

The second explanation attributes the re-dispersion to steric
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interactions between adjacent adsorbed layers to polymer (74). This
suggestion was based on early work on non-aqueous dispersion
stabilization by terminally-adsorbed hydrocarbons (75, 76, 77). Sub-
sequent work directed towards the study of this steric stabilization
has largely been carried out on systems where the adsorbed species
has been anchored on the surface at one end of the molecule (78, 79,
80,81, 82). It has been demonstrated that steric stabilization depends
on the solvent power of the continuous phase for the stabilizing poly-
mer moiety. Under conditions where the effective exclusion volume
of one molecule for another vanishes (Flory's © condition (83)),
steric stabilization breaks down and the particles aggregate under the
influence of van der Waals attractions (80, 81, 82).

The theory of the steric stabilization process has been treated
explicitly by Meier (84), and discussed in terms of the Flory theory
(83) for non-adsorbed polymers by several authors (79, 80, 85).

These theories predict that the chief contribution to the repulsive
energies generated when the adsorbed layers overlap is due to the
increased free energy of mixing of the adsorbed layers. Both

entropic and enthalpic contributions may be significant (82). The
repulsion is both anticipated theoretically and observed experimentally
to-depend on the amount of stabilizing polymer adsorbed, fairly high
coverages being necessary for stabilization. The general expressions

for the interaction free energy are difficult to assess, however, and
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only the dependency on solvent power predicted by the theories has
been specifically tested. The effect on the van der Waals energy of
an adsorbed layer has been treated by Veold (86) and taken into account
by Ottewill (78), but the predicted decrease in attraction is too small
to account for the observed results.

Polymers, then, may either stabilize or destabilize colloidal
suspensions. Because of the variety and complexity of the systems
studied, it is very difficult to make general statements regarding
these systems. To predict what will occur when a particular poly-
mer, of given molecular weight and composition, is added at some
concentration to a suspension of particles with a specific type of sur-
face, in a medium of fixed ionic strength, is at present not possible
(87). Neither are there analytical theories which can estimate, given
the above information and the state of aggregation of the system, the
energies of attraction or repulsion which result from the interacticn
of the polymer with the surface. There is, then, much work yet tc be

done in these areas.

IIT. Polymer Adsorption to Cells

Very little analytical work has been done on the adsorption of
polymers to biological interfaces. The interactions of proteins with
cell surfaces has been studied in connection with, for instance,

immunological reactions, but these macromolecules can not
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necessarily be expected to behave like polymers in this regard be-
cause of their secondary and tertiary structure. The most thorough
study of a polymer-cell system has been carried out by
A. Katchalsky's group on the adsorption of polylysine to normal
human erythrocytes suspended in an isotonic ionic medium (88, 89).
These workers measured the uptake of polylysine, a strongly posi-
tively charged polymer at neutral pH, to red cells by following the
electrophoretic mobility changes in the cell populaticns exposed to
polymer. They found that the mobility change was a single valued
function of the polymer concentration. By correlating electrophoretic
~changes with cell and polymer concentrations, a parabolic adsorption
isotherm was constructed which appeared to approach a limiting
adsorption corresponding to about six close-packed monoclayers of
polymer. Polylysine aggregated the cells strongly, the concentration
at which aggregation first occurred being a decreasing function of
molecular weight. The onset of aggregation was alsc characterized
by a specific negative zeta potential, the magnitude of which was
larger the higher the molecular weight of the polymer. Aggregation,
then, took place in the face of significant electrestatic repulsion in all
cases. Although charge reversal occurred, in no instance was dis-
aggregation observed at higher polymer concentrations, although the
concentration range was limited to < 0.01% w/v due to hemolysis.

Electron micrographs of the aggregated cells revealed the presence of
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links in the seams which were taken to be the polybase molecules.
The lengths of these links were comparable to the extended lengths of
the polymers used, and varied with the degree of polymerization of
the bridging molecules. Polylysine adscrption to red cells, then,
appears to exhibit the same qualitative characteristics as the adsorp-
tion of polyelectrolytes to inert particles described in the previous
section.

Quantitative studies on the adsorption of neutral polymers to
cells -have also been attempted. Hummel (90, 91) studied the binding
of two molecular weights of C14-labelled polyvinylpyrrelidone to
human erythrocytes from buffered suspensions. The method used was
to incubate equal volumes of packed cells and labelled solution, then
spin the cells down and count the supernatant. He measured the inter-
stitial fluid in the original pellet by weighing a sample, drying it down
and re-weighing, then calculating the interstitial water content by
assuming the ratio of water to solid in the cell was 2.0. No measure-
ment of this ratio was made, however, even though he used concentra-
tions of up to 50. 0% w/v polymer where osmotic effects could affect it.
Since the calculated amount adsorbed will depend critically on the
value for the interstitial volume, the measurement of this ratio is of
some importance. The resulting isotherms were approximately lin-
ear functions of concentration for both the 11, 500 and 25,000 molecular

weight samples, but roughly five times as much of the lower
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molecular weight fraction was found to be-adsorbed than the high. = At
6.35% polymer, Hummel found adsorption corresponding to roughly

8 monolayers of M. Wt. 25, 000 and 40 monolayers of M. Wt. 11, 400.
He also found that the apparent adsorption decreased with increased
centrifugation speeds. These results, particularly the molecular
weight dependence, are at such marked variance with observations and
theoretical examinations on other systems in the literature that some
doubt must be cast on their validity.

Because of its widespread use as a plasma expander (92, 93)
there have been several attempts to measure the adsorption of dex-
tran, a slightly branched a-1,6 polyglucose, to red cells, platelets
and blood vessel walls. Rothman and co-workers (94) measured the
radioactivity associated with red cells and platelets after incubation
in plasma made 1% in C14OOH-dextr’an and six washes in cold
plasma/dextran. They found ~8 x 103 molecules of dextran per cell
associated with both types of blood elements. Bloom's group (95)
also measured the C14 activity of the erythrocytes and blood vessel
walls of a dog which had been infused with a 6% solution of C14OOH—
dextran to a total amount of 1% of body weight. After six washes in
cold dextran-saline, approximately 2.5 x 104 molecules per cell were
found to be associated with the erythrocyte pellet. On the other hand,
Hékansson, Ostling and Zade-Oppen (96) have recently reported that,

by counting the supernatants of saline and plasma suspensions of red
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cells made 0.002 to 0.05 gm 1_l in randomly-labelled Cl4-dextran
and allowing for interstitial fluid, adsorption of dextran to red cells
in their systems was improbable.

Further studies on the interaction of dextran with cell surfaces
have been made by methods which examine the interaction indirectly.
Microscopic estimations of cellular aggregation (97), measurements
of changes in light transmission of concentrated suspensions as a
measure of aggregation/disaggregation (98) and sedimentation rate
(99, 100) have all been used to examine the ability of dextran to aggre-
gateor disaggregate cells. In general, these studies have shown that
dextran induces human erythrocyte aggregation to varying degrees in
saline, depending on the molecular weight. Molecular weights below
about 50, 000 seem to cause little aggregation, and apparently can
reverse to some extent aggregation induced by higher molecular
weight fractions, presumably through competition with the larger
polymer molecules for binding sites on the cell surface. At high con-
centrations of low molecular weight dextran, and in the presence of
partially diluted levels of plasma proteins, the dextran can alsc
apparently compete with the proteins in citrated plasma which cause
rouleaux formation. Experiments in plasma, however, are compli-
cated by the appearance of protein precipitation at high concentrations
of dextran (101, 102). Sedimentation studies indicate that celluylar

aggregation increases in degree with dextran concentration up to at
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least 2.8% w/v dextran, M. Wt. ~82,000 (99, 100).

In so far as they exhibit a tendency to aggregate red cells, then,
neutral polymers, as represented by dextran, appear to interact
with human erythrocytes. Presumably these polymers cause floccu-
lation by the same bridging mechanism observed in inert systems and
polybase-erythrocyte interactions. No detailed examination appears

to have been made of this proposed mechanism, however.

The Effect of Neutral Polymers on the Electrokinetic
Properties of Biological Surfaces

In 1957, Ponder (1) reported that addition of dextran to saline
suspensions of human erythrocytes and platelets resulted in an in-
crease in the cellular zeta potential as measured by electrophoresis.
This is a surprising result since dextran is a neutral polymer and
should not affect the measured charge densities if it adsorbs to the
cells. Since that time, many workers have reported similar results
for dextran both in saline and plasma solutions (103, 104, 105, 106,
107). The zeta potential of arterial walls, determined from streaming
potential measurements, was also shown tc be elevated in the pre-
sence of dextran (108). Similarly ficoll and polyvinylpyrrolidone
increased the zeta potential of erythrocytes in simple ionic media.
Hence, the observation that neutral polymers can increase the zeta

potentials of biological surfaces has been verified by a series of
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workers under a variety of experimental conditions.
Various explanations of the cellular zeta potential increases

have been advanced. Ponder (1) suggested that the dextran adsorbs
to the cell with the hydroxyl dipoles oriented in such a way that re-
moval of a hypothetical charge from the shear plane to infinity would
require more energy than if the dextran were not present. Pollack
and co-workers (104) attempted to explain the increase in terms of
an increase in the dielectric constant of the polymer solutions. They
supported their argument with capacitance measurements of dextran
solutions at 100 kHz which indicated a large positive dielectric incre-
ment for the polymer in solution. The positive dielectric increment
obtained for dextran was at variance with the results of other workers
(109). Finally, Ross and Ebert (103) have suggested that the potential
increase represents a configurational change at the cell surface, pre-
sumably exposing additional charge groups which in turn cause the
increased zeta potential. As will be discussed in the next chapter of
this thesis, however, none of the above suggestions offer a satisfac-

tory general explanation for the phenomenon.

The Rheology of Erythrocyte Suspensions

Rheology is defined as the study of deformation and flow of
matter (110). For erythrocyte suspensions, the rheological property

of interest is the viscosity, N, defined as the ratio of shear stress,
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7 (the force per unit area applied tangentially to some plane of fluid),
to shear rate, ¥ (the velocity gradient in the fluid). If the viscosity
so defined is constant over the range of shear rates tested, the fluid
is said to be Newtonian; if the viscosity varies with shear rate, the
fluid is non-Newtonian. Erythrocyte suspensions show a type of non-
Newtonian behavior known as shear thinning. That is, their viscosi-
ties are monotonically decreasing functions of shear rate.
In general, the viscosity of a fluid is a measure of the rate of
energy dissipation occurring during the flow process. If the fluid is
a suspension of particles, this dissipation originates from any or all
of:
(1) the motion of one lamina of the liquid suspending medium
relative to another (the viscosity of the continucus phase)
(ii) the distortion of laminar stream lines around the suspended
particles (111)
(iii) the viscous drag exerted on a particle which is slowed by
collision or long range interaction with another particle (112)
(iv) the breaking of interparticle bonds (113)
(v) the deformation of individual particles from an equilibrium
configuration
(vi) the distortion under shear of the ionic double layer surround-
ing a charged particle (the primary electroviscous effect)

(114)
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(vii) the "friction" associated with the entanglement of molecular
species on different particles in contact (115)
Although these sources of viscous energy dissipation in suspensions
may be identified, quantitative theoretical treatments describing their
respective contributions to the overall flow behavior are less readily
available. This is particularly true in the case of whole blood or
erythrocytes suspensions where the ease of deformability of the cells
is clearly a major factor in their rheological behavior.
For very low concentrations of non-deformable, non-interacting
spherical particles, the dependence of the apparent viscesity, n,
on the volume concentration of particles H was shown by Einstein

to be (116):
n.= n0(1+ 2. 5H) (1=33)

where no is the viscosity of the continuous phase. For non-
spherical partxicles, the coefficient of H is greater than 2.5 but no
higher order terms in H are required to define 1 (117). For
particle concentrations over 2% v/v, higher order terms in H must
be added, although universally accepted values for the appropriate
coefficients are not available (118). These systems are generally
Newtonian.

The flow regimes around isolated rigid particles, and around

deformable particles (liquid droplets) whose shapes are determined by
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surface tension forces are now fairly well understcod, due mainly to
the work of Mason and his associates (111). Although multiplet inter-
actions have also been characterized, the extension to high particle
concentrations has proven more difficult. The results obtained for
deformable droplets would seem to have little application to erythro-
cyte suspensions at present, however, because of the non-spherical
shape of the cells, and the uncertainty regarding the forces which
operate to produce this shape (119,120,121,122). Without knowledge
of these forces, the energy required to deform red cells in a shear
field cannot be estimated, and the viscosities of their suspensions
cannot be predicted. The theoretical work that has been done on the
viscosity of dilute droplet emulsions (123) apparently does not apply
to erythrocyte suspensions, since this.treatment predicts the pre-
sence of normal forces in the suspensions. Such forces, if present,
are immeasurably small in red cell suspensions (124).

Theoretical treatments of non-Newtonian flow cf suspensions
have been based either on the theory of rate processes applied to the
general relaxation processes believed to cccur during flow (125), or
on various forms of energy dissipation associated with shear-sensitive
particle-particle interactions. These treatments have been conven-
iently summarized (126, 127). In general, none of the treatments pro-
vide a basic description of flow in terms only of system parameters,

but rely on two or more empirical parameters to fit the theoretical
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expressions to M - y data. They do not apply to concentrated sus-
pensions, nor can they be expected to predict the behavior of suspen-
sions of deformable particles such as cells.

The effects of changes in the electrostatic surface potentials of
charged particles on their rheological behavior have been studied to
some extent (114). An apparently satisfactory description of the
viscosity increment due to distortion under shear of the counterion
double layer has been given (128) and tested (129, 130). However,
this effect only applies to very small particles where the double layer
thickness is a significant fraction of the particle radius, and therefore
does not apply to cells. A theory of the effect of surface potential on
the energy dissipated as viscous drag when two particles interact at
finite separations has been given and shown to provide a qualitative
description of the viscosity variation with surface potential in dilute
solutions (112, 131). In this treatment of the secondary electroviscous
effect it is assumed no particle contact occurs. Increasing the elec-
trostatic repulsive force between the particles, either through surface
potential or double layer thickness, increases the minimum separation
of two interacting elements and increases the attendant energy dissi-
pation at a given rate of shear. Hence, increased repulsion causes
an increase in the suspension viscosity which is a function of shear
rate in these systems.

Suspensions of rigid particles in which aggregation occurs have
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also been examined, experimentally and theoretically, for the effect
of changes in particle-particle interaction energies on rheclogical
properties (132, 133). Neither of these treatments predict a change in
viscosity as a function of interaction energy, however. They both
predict that particle-particle interactions affect only the extrapoclated
or true yield stress of the suspensions. That is, the minimum applied
stress necessary to cause flow in the systems is increased as inter-
particle repulsions are decreased, but the viscosity of the system
once flow is established is not affected. It would appear, then, that
in general no theory exists which predicts the rheological behavior of
concentrated suspensions of deformable, charged, interacting, non-
spherical cells as a function of shear rate, concentration and cellular
surface properties.

Although the theoretical study of the rheology of cell suspensions
is in its irlancy, viscometric measurements on erythrocyte suspen-
sions, and in particular on suspensions of erythrocytes in anti-
coagulated blood plasma, have been made by many groups. It is
necessary to distinguish between the rheology of erythrocytes in
saline as opposed to erythrocytes in plasma, since the plasma pro-
teins, particularly fibrinogen, have been shown to have a strong influ-
ence on red cell suspension viscosity (134, 135,136, 137). The de-
pendence of the viscosity on shear rate and cell volume concentration

{hematocrit, H) of human erythrocytes suspended in homclogous
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anticoagulated plasma has been studied in vitro, such systems being

considered models for whole blood. Recent reviews of the results are

available (138, 139, 140). They may be briefly summarized as follows:

(i)

(iii)

At hematocrits greater than about 10% v /v, red cells in
plasma are non-Newtonian and exhibit shear thinning. For
shear rates greater than roughly 100-200 sec_1 the suspen-
sions are essentially Newtonian. At shear rates lower than
100 sec—l, the apparent viscosity increases with decreasing
shear rate, the increase being relatively greater, the higher
the hematocrit. Even at hematocrits above the theoretical
close-packing concentration for biconcave discoids (58%)
flow occurs with essentially these same qualitative charac-
teristics, indicating that the cells are highly deformable.

At any fixed shear rate, the viscosity is a monotonically
increasing function of hematocrit. The viscosity increases
more rapidly with hematocrit the lower the shear rate at
which the data is taken.

Red cells in plasma exhibit a small yield stress at hemato-
crits above about 4 to. 8% v/v. That is, a shear stress
greater than the yield stress must be applied to the suspen-
sion for flow to occur. The yield stress is a rapidly increas-
ing function of hematocrit. In normal suspensions, yield

stress depends on the presence of fibrinogen, afibrinogenemic
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plasma suspensions exhibiting virtually no yield stress. The
yield stress appears to increase as fibrinogen concentration
increases. The absolute value of the yield stress of
erythrocyte-plasma suspensions is a matter of some debate,
the values obtained depending on the method of measurement
used (141, 142, 143, 144), but the presence of a finite yield
in these systems seems well established. The yield stress
shows little temperature dependence in most cases. The
yield stress indicates the presence of some sort of structur-
ing in the suspensions and is believed by some to be of
physiological significance (145).

At least part of the non-Newtonian behavior of erythrocytes
in plasma arises from the presence of aggregates (rouleaux)
in the suspensions, whose size decrease with increasing
shear rate. The presence of rouleaux is associated with the
presence of fibrinogen, larger rouleaux being formed at
higher fibrinogen concentrations. The rouleaux observed at
zero shear rate are probably the structural elements re-
sponsible for the yield stress. As the shear rate is increased,
rouleaux are observed to break down (146, 147) until, in nor-
mal plasma, full disaggregation is seen at y ~ 50-100 sec
Rouleaux formation is reversible; the aggregates reform

rapidly if the shear rate is reduced. This reversibility is
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also mirrored in the shear dependence of the suspension
viscosity, no hysteresis being observed if high and low shear
rate measurements are made alternately.

(v) Between 10° and 37°C, the temperature dependence of the
viscosity of erythrocyte-plasma suspensions is identical to
that of water, at moderate to high shear rates. At low shear
rates there is less temperature dependence.

(vi) There is no evidence for the presence of normal forces in the
suspensions under flow conditions.

Although there are no specific theoretical treatments that apply
to red cell suspensions, the characteristic shear dependent formation
of linear rouleaux has been approximated in Casson's attempt to pre-
dict the flow behavior of linear pigment dispersions (132). Casson's
treatment predicts that for dispersions of the type described the
shear rate-shear stress data should obey:

Y-V

1/2,1/2
v Y

k (1-34)

where Ty is the yield stress, and k is a constant equal to the
apparent viscosity when TY = 0.  Although the assumptions of
Casson's model are not fulfilled by whole bleod, it is found empiri-

142 e
VSY

cally that plots of 7 produce fairly linear graphs at very

=1 -1
low (S 20 sec ) and high (2 100 sec ) shear rates (148, 149). The
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apparent linearity at low shear rates allows an extrapolation to
v.= 0, the intercept on the T axis giving "ry, the yield stress.
Since the yield stress has been one of the principal parameters of
interest in in vitro blood rheology, Casson plots have been widely
utilized.

While the rheology of erythrocyte-plasma suspensions has been
studied quite intensely in the 8 years since the introduction of very
low shear rate viscometers, considerably less attention has been paid
to the characteristics of suspensions of red cells in protein-free
media. Some studies of the effect on the viscosity of shear rate,
hematocrit and the degree of flexibility of the cells have been made
however (2, 150,151,152,153). The results of these studies, and of
similar studies on rigid cells suspended in saline may be summarized
as follows:

(i) Above hematocrits of 20 to 25% v/v, suspensions of human
red cells in saline are strongly non-Newtonian, their vis-
cosities increasing with decreasing shear rates below about
600 sec_l., The low shear rate viscosity increases are
greater the higher the hematocrit. The degree of shear rate
dependence at low <y is less pronounced in saline than when
plasma forms the continuous phase, but the non-Newtonian
behavior extends te higher shear rates. Flow can occur with

these same qualitative characteristics up to hematocrits
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greater than 90% v /v.

(ii) At any fixed shear rate, the viscosity of red cells in saline
is a monotonically increasing function of hematocrit. The
viscosity increases more rapidly with hematocrit the lower
the shear rate.

(ii1) Normal or rigid (aldehyde-fixed) cells in saline exhibit no
measurable yield stress, indicating the lack of three dimen-
sional structuring in these suspensions.

(iv) No rouleaux or aggregates of any kind can be seen in saline
suspensions of fixed or normal erythrocytes.

(v) Fixed rigid erythrocytes suspended in saline are approxi-
mately Newtonian at all volume concentrations at which flow
occurs. Above about H ~ 56% v/v, flow ceases altogether
in such suspensions, due to the close packing of the rigid
particles. The viscosity of a suspension of fixed cells in
saline is higher than that of normal cells in saline at the
same hematocrit, although the difference becomes pro-
gressively smaller the lower the shear rate or hematocrit.

Since the viscosity of plasma is roughly twice that of salins,

comparisons between the rheological behavior of saline and plasma
suspensions cannot be made by directly comparing their apparent
viscosities. Such a comparison would probably reflect the continuous

phase viscosities rather than give any insight into the interactions in
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the system which determine its rheological properties. Comparisons
of relative viscosity, the ratio of the apparent viscosity to the vis-
cosity of the continuous phase, remove the first order effect of the
plasma or saline viscosities, however, allowing more fundamental
properties of the systems to be studied. Examination of the relative
viscosities of saline and plasma suspensions of fixed and normal cells
as a function of hematocrit and shear rate has suggested that some
generalizations can be made regarding these systems:

(i) The Newtonian behavior of rigid cells in saline suggests that
the non-Newtonian character of normal cells results from
their deformability. A distinction must be made between
deformation induced by shear stresses transmitted through
the medium, and deformation induced by collision with other
cells. Since strong shear dependence is only found at rela-
tively high volume concentrations, it seems that the non-
Newtonian behavior of normal erythrocytes in saline is
associated with deformation induced by cell-cell interactions.
On the other hand, the increased cell-cell collisions at high
hematocrit could result in interpenetration and entanglement
of the cell surface molecules of colliding cells, in analogy to
the process believed to occur in concentrated polymer solu-
tions (115), These intercellular associations would not

necessarily lead to a yield stress, but would be broken down



(ii)

(iii)
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at higher shear rates. Both these explanations of the non-
Newtonian properties of erythrocytes in saline are repre-
sented in the literature (2, 151).

At low shear rates (~1 sec—l), the relative viscosities of
plasma suspensions of normal or fixed cells are higher than
the respective equivalent suspensions in saline, at least up
to hematocrits of ~55% normal cells. Both the normal and
fixed cells in plasma are aggregated, while the saline sus-
pensions are monodisperse. Hence, cellular aggregation,
as well as producing a yield stress, causes an increase in
the low shear relative viscosity of the cell suspensions.

At high shear rates (> 200 sec_l), the relative viscosities of
plasma suspensions of normal cells are lower than saline
suspensions at all hematocrits. If the only effect of the
plasma proteins is to aggregate the cells and increase the
relative viscosity, at high shear rates, where the aggre-
gates are totally broken down, the relative viscosities in
plasma and saline ought to be equal (at a given hematocrit).
They are not equal, however, because the continuous phase
viscosities in the two suspensions differ. Cellular deforma-
tion due to the shear stresses transmitted through the medium
is greater in the more viscous plasma. The relative vis-

cosity decreases at high shear rates are assigned to this
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factor. Deformation induced by cell-medium interactions
causes lowered relative viscosities at high shear rates.

This cell-medium deformation is greater the higher the shear

- stress acting on the particle, and increases with either in-

creased shear rate or medium viscosity until no further

deformation of the cell is possible.
It is seen, then, that some useful information regarding the interac-
tions among the elements of cell suspensions undergoing flow has been
obtained through studies on less complicated systems than whecle blood.

Of particular interest with regard to interactions among cells

during flow has been the effect of dextran on the rheology of whole
blood. Dextran fractions have been used as plasma expanders since
the Korean War. The osmotic pressure difference accompanying
dextran infusion draws tissue fluid into the circulation, decreasing the
blood hematocrit and protein concentration. Reviews of the develop-
ment, properties and uses of dextran as a plasma expander are avail-
able (92, 93, 154), In vivo experimental work, which unfortunately has
not always taken into account the hematocrit and plasma protein
changes accompanying dextran infusions, has led to the claims that
such infusions decrease blood viscosity (155) and inhibit red cell
sludging and settling (156). In vitro experimentation under more
stringently controlled conditions has failed to corroborate these

claims, however. The apparent viscosities of anticoagulated bloods
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to which dextrans of various molecular weights have been added have
‘been shown to increase rather than decrease, when the hematocrits
were held constant (157). Although exposure to low molecular weight
dextran (ﬁw ~ 4 x 104) has been claimed to reverse, presumably
by cellular disaggregation, the high sedimentation rates induced by
pathological plasmas or high molecular weight dextrans (99, 100),
these findings have been disputed (158) and their relevance to observ-
able disaggregation questioned (159). The extrapolated yield stress
for red cells suspended in plasma has also been shown to be increased
by all concentrations of all dextran fractions of -I\_/I-W greater than
2 x 104 (157). Thus, most in vitro experimental parameters examined
suggest there are no decreases in cellular interactions due to the
presence of dextran in plasma suspensions of erythrocytes.

For suspensions of red cells in saline to which dextran has been
added, however, there is much less data availahle. It might be ex-
pected that the fundamental effects of dextran on cellular interactions
and on the rheology of cell suspensions might better be explored in
protein-ireemedia, since dextran apparently interacts with some of
the plasma proteins (160, 161, 162). Some rheological studies of the
effects of dextran in simple cell suspensions have been made. Two
laboratories have reported that the relative viscosity of erythrocyte
suspensions in saline plus dextran (ﬁw =4 x 104) is reduced below

that of saline suspensions alone at all shear rates and hematocrits
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(2,163). It was proposed by one group that the decreased relative
viscosity at low shear rates in the presence of dextran was a result
of increased intercellular repulsions caused by the increased surface
potentials associated with the presence of dextran. The mechanism of
the decrease was thought to reside in reduced cell contact and reduced
interpenetration of surface structures caused by the strong electro-
static repulsions induced by the polymer. If the suggestion is in fact
valid, it is the first example of an electrostatic effect on cell suspen-
sion rheology. Other studies of the effects of surface charge on
erythrocytes suspension rheology have been made (164, 165), but the
effects have been sought only at relatively high shear rates. That no
effects were found could easily be due to the shear region studied,
since the largest relative viscosity decreases in the dextran-
erythrocyte system occurred at low shear rates (~1 sec_l). Whether
or not this somewhat unique type of electroviscous effect does in fact
occur in cell suspensions in the presence of dextran has yet to be

firmly established.

Summary and Approach to Problem

This chapter has attempted to provide a background for the prob-
lems to which the body of this thesis is addressed. The principles of
electrokinetic measurements and their application to the study of cell

surfaces have been given. The phenomenology of the cellular zeta
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potential increase in the presence of neutral polymers has been de-
scribed. The characteristics of polymer adsorption have been sum-
marized, as well as the effects of such adsorption on the aggregation/
disaggregation behavior of dispersions to which polymers are
adsorbed. Finally, the rheological characteristics of erythrocyte
suspensions have been outlined, the effect of dextran on the rheology
of cell suspensions in protein-free media described, and one proposed
explanation for the observed effect given.

The remainder of this thesis is concerned with two of the ques-
tions brought out in this Introduction:

(i) What is the mechanism by which the cellular zeta potential

is increased in the presence of neutral polymers?

(ii) What connection, if any, does this increased zeta potential
have with the effect of dextrans on the rheology of
erythrocyte-saline suspensions?

The second chapter considers various models for the zeta poten-
tion increase and develops an approximate theory for one of them.
Chapter 3 describes the measurement of the dielectric constant of
dextran solutions. The results of these measurements eliminate the
most elaborate explanation of the zeta potential increase proposed
previously. In Chapter 4, a description is given of the measurement
of the erythrocyté—dextran adsorption isotherm. Electrokinetic

measurements on a variety of particle-polymer systems are given in
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Chapter 5. The results are interpreted in terms of the theory de-
veloped in Chapter 2, and compared, where possible, with the results
of Chapter 4. The effects of different concentrations and molecular
weights of dextran on the state of aggregation of erythrocyte suspen-
sions are also studied in Chapter 5, and the results interpreted
qualitatively in terms of electrostatic interactions. Finally,
rheological data on erythrocyte-dextran-saline solutions are pre-
sented, and the results discussed in the light of possible electrostatic

interactions in these systems.



CHAPTER 2

PROPOSED MODELS FOR THE ERYTHROCYTE ZETA
POTENTIAL INCREASE IN THE PRESENCE OF
NEUTRAL POLYMERS

Models Based on Free Solution Properties of Neutral Polymers

In 1965, Pollack, Hager, Reckel, Toren and Singher (104)
propesed that the increased zeta potentials they measured by electro

phoresis for erythrocytes suspended in various polymer solutions
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were due to an increase in the dielectric constant of the bulk solution.

The rational behind such a suggestion is that an increase in the
dielectric constant should decrease electrcstatic interactions betwee
counterions and the fixed surface charge on the particle. In the
weaker electric field, the counterions should extend further away
from the surface into solution, thus increasing the thickness of the
double layer. Since the zeta potential is proportional to the double
layer thickness, it should be increased in high dielectric constant
media.

Pollack et al. supported their argument with low frequency
dielectric constant measurements on concentrated solutions of dex-
tran, polyvinylpyrrolidone, ficoll and bovine serum albumin. They
found large dielectric increments for all polymers tested, obtaining

for a 10% aqueous dextran solution of unspecified molecular weight a

n
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dielectric constant of 483. Using their measured dielectric constant
values and electrophoretic data obtained in similar media, they cal-
culated charge densities for red cells. The values thus obtained were
in good agreement with charge densities estimated from mobility
measurements made in simple salt solutions.

Since the dielectric argument involves solution properties only,
it should apply equally to all charged particles. It is shown in Chap-
ter 5, however, that normal red cells, acetaldehyde-fixed red cells,
quartz, bentonite, and TiO.2 particles all show different electrophore-
tic characteristics when suspended in the same dextran-salt solution,
the latter two particles showing decreases in relative zeta potential.
Hence, an increased dielectric constant cannot explain the observed
behavior, nor can any argument based on solution properties alone.
Doubt might therefore be cast on Pollack's dielectric constant meas-
urements. There would seem to be no theoretical basis for dextran
solutions to have a dielectric constant greater than that of water
(positive dielectric increment). Those macromolecules which do show
positive dielectric increments at low frequencies such as proteins
(166) and polyelectrolytes (167) are all highly charged. The high die-
lectric constant is believed due either to the permanent dipole moment
of the molecule (168), or to the polarization of the counterion double
layer around it (169). Neither mechanism should apply to neutral

polymers, however. Furthermore, as shown in Chapter 3, it has
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been impossible to verify experimentally the existence of a positive
dielectric increment for dextran. There is reason to believe that the
results reported by Pollack et al. may have been subject to a large
systematic error.

Models based on the solution properties of neutral polymers
then, and in particular on their dielectric properties, cannot be used
to explain the increased zeta potentials measured for erythrocytes in
such suspensions.

Models Based on the Adsorption of Polymer at the
Erythrocyte-Solution Interface

To explain variations in the relative zeta potentials of different
particles in the same dextran solution, it is clear that properties of
the surface as well as those of the polymer soclution must be consid-
ered. The most obvious interaction that can occur between the two
phases is the adsorption of polymer in the interfacial region. The
remaining models to be considered all assume that such adsorption
occurs.

I. Ponder's Model: A Change of Dielectric Constant in the
Interfacial Region

In Ponder's paper, which first described the relative zeta poten-
tial increase of erythrocytes and platelets in the presence of dextran

(1), a proposal was made to explain the observation. He suggested
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that the dextran adsorbs to the cell with the hydroxyl dipoles of the
glucose monomers oriented in such a way that bringing a hypothetical
charge from infinity toc the plane of charge would require more energy
than if the dextran were not present. That is, the electrostatic poten-
tial due to the charge plane would be increased. Ponder's proposal is
essentially a dielectric argument, since it is the dipole moment of a
molecule that supplies it with its dielectric properties. His descrip-
tion, however, corresponds to a decreased dielectric constant in the
adsorbed layer. Ponder provides no quantitative theoretical discus-
sion of his suggestion, but his model may be analyzed as follows.

There would seem to be three basic possibilities:

(i) The presence of the adsorbed layer has no effect on the loca-
tion of the plane of shear. In this case, the dielectric con-
stant in the double layer would be decreased. If the surface
charge remains constant, it can be seen from equation
(1- 18) that the viscosity-mobility product, MU, would be
decreased, not increased as observed.

(ii) The shear plane is displaced away from the plane of charge
outside the adsorbed layer of low dielectric constant. The
adsorbed layer is assumed rigid to shear and impenetrable

to counterions (Figure 2-1).
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Figure 2-1. The potential distribution adjacent to a charged surface in
the presence of a rigid, impermeable layer.

60



61

Let €, = dielectric constant within adsorbed layer
€, = bulk dielectric constant
= >
e EZ/El 1
d = thickness of adsorbed layer

Under the same assumptions as in Section I, p.7, the potential obeys

2
4%y, ()
> =0 inregionl, 0<x<d (2-1)
dx
7
afu,0
===k Lbéx) in region 2, d < x (2-2)

dx

The potential and its first derivative must obey the following additional

two boundary conditions (170), as well as those given in Section I, p. 9 :

At x=4d
b, (d) = &, (d) (2-3)
d¢1(d_) dy,(d)
Il &= 2 (2-4)

That is, at any uncharged interface, both the potential and the normal
component of the electric displacement must be continuous. The gen-

eral solutions in regions 1 and 2 are:

q,:l(x) a1x+b1 (2-5)

il

Yo (%) a, exp(-kx) (2-6)
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Applying the boundary conditions, and recognizing that in (2-5)

b1 = Lpl(O) and qu(d.) = §{, one obtains:

ald‘+ ¢1(0)= a, exp(-kd)

exp(-«d)

E.a, = =€ Ka

11 2 2

ad=1- b0

Solving for a., a, and L|J1(O), one obtains for the potential:

| [
Lpl(x) = -éeer + §(1+erKd) in region 1, 0<x<d (2-7)
LIJZ(X) = ¢ exp[-K(x-d)] in region 2, d <x (2-8)

As in Section I, p. 11, thecharge density ¢ 1is obtained from:

since there are no counterions in region 1.

2
€5 5.00 d Lpz(x)d =ty quZ(d) 2.9)
o = me—— AT, S mm— -
2
4n 3 dx 4n dx
ay,, (x)
since 2= — 0 as x— %. Differentiating (2-8), substituting

for x=d and solving for § gives

4
e
2




This is the usual expression (1-17) obtained when no adsorbed layer
is present. Therefore, although it may be seen from (2-7) that the
surface potential at the charge plane, L}Jl(O), is increased in the
presence of the adsorbed impenetrable layer [Lpl(O) = §(1+erKd)],
the zeta potential is unaffected. This result holds regardless of the
value of the dielectric constant inside the adsorbed layer.
(iii) The shear plane is displaced away from the plane of charge
to d, the edge of the adsorbed layer, but the adsorbed
layer remains penetrable by counterions (Figure 2-2).

The potential now obeys:
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2
—?——2-— = Klw(x) in region 1, 0 <x <d (2-10)
dx
2
d \Lz(x) >
———— = k_(x) 1in region 2, d < x (2-11)
2 2 -
dx
where
8we n 87re2n
2 - 2 o]
17Tt ®2T —edmT "
1 2

again assuming only l:1 electrolytes present.

The general solutions for the two regions are now:

=
i
Eof
"

1 1

£
o~
&)
i

& 2

a exp(-le) + b1 exp(k x) (2-12)

a, exp(-k,x) (2-13)
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Figure 2-2. The potential distribution adjacent to a charged surface in
the presence of a rigid, permeable layer of low dielectric
constant.
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where the second term of {2-12) must be included, since the boundary
condition that ((x) = 0 as x-— © does notapply, due to the
limits on x in region 1. Counterions are assumed not to penetrate
behind the charge plane. Again applying (2-3) and (2-4) and noting

that q;l(d) = {, the potentials are found to be, after some algebra:

Q(Kl+er2) Qexp[xl(x—d)]
Py (x) = T——exp[-Kl(X-d)] + TR (2-14)
1 1. w2
1+[K -£ K ]
1 r 2
Lk +e k)
2
b, (x) = le e EE = exp[=—KZ(x-d)] (2-15)
1 1 r 2
14 £ K ]
Kl~ >

Equation (2-9) still applies, since its derivation does not depend on
the form of ix):

-4no del(O) - vk
£ T dx L lal 1

L

Substituting and rearranging gives finally:

- -1/2
1 4wo g 1+Er1/2 1_Erl/
=2 = 2
Tes 1 [ > ]eXpKld+[ 5 Jexp Kld
Zz2
(2-16)
 4rmo . A
where § = ahe is the zeta potential in the absence of an adsorbed
22

layer. In virtually all cases with which this thesis is concerned,

Kld >1 so the first term dominates, and
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L2
Z-27 ['____1_ﬁ] exp(-«, d) (2-17)

Even in the limit of very large € s that is, in a situation where the
difference in the dielectric constants is maximal, the relative zeta
potential, Z, cannot be greater than 2/e ~ 0.74. Therefore, none
of the variants of Ponder's model can explain the experimental obser-
vations.

II. Rearrangement of the Interfacial Region to Expose Additional
Charge Groups

It has been suggested by some authors (103) and assumed by
others (106) that the increased cellular zeta potentials measured in
the presence of dextran actually reflect an increase in charge den-
sity at the cell surface. Since dextran is a neutral polymer, Ross
and Ebert (103) have proposed that the charge increase comes about
by a rearrangement of the interfacial region caused by the conjugation
of adsorbed dextran molecules with cell surface proteins. The rear-
rangement could presumably introduce additional charge groups into
that region of the cell-solution interface observable electrokinetically.

There are several difficulties with this interpretation, however.

(i) The apparent charge density as calculated from equation

(1-17) would have to be able to increase by a factor of up to

8, since this value for the relative zeta potential has been
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measured for red cells in 8. 9% w/v dextran 510/saline
(Chapter 5). That is, 8 timmes as many negative charges as
normal must be introduced into the interfacial region. The
existence of this number of negative groups anywhere within
the electrokinetically accessible surface is questionable,
however. If these additional groups were near the shear
plane, it might be expected that electrophoresis at low ionic
strengths would give some indication of their presence. At
low ionic strengths, the electrical double layer extends
farther into the interior of the interfacial region, so groups
buried deeper in the membrane may contribute to the mobil-
ity (23).. The charge densities of erythrocytes calculated
from low ioni\c strength mobilities, however, show no in-
creases over the high ionic strength values (25). Instead,
they decrease with decreasing ionic strength, due apparently
to the presence of positively charged groups inside the mem-
brane (171). Further, if the postulated concentration of
negative charges were buried inside the membrane, it might
be expected that enzymic or chemical degradative procedures
could expose them. With the exception of periodate treat-
ment (172), which presumably creates additional carboxyl
groups through oxidation of surface carbohydrate, no degra-

dative procedure causes an increase in the negative charge
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density of human erythrocytes (173,174), Hence, there would
seem to be no other evidence for an extensive pool of nega-
tive groups in the red cell membrane which could be electro-
kinetically exposed by an adsorbed layer of dextran.

The pKa of the dextran-exposed groups must be the same as
those groups which determine the charge in saline. Figure
5-4 shows that the apparent pKa of an acetaldehyde-fixed
human erythrocyte in 4. 4% dextran 77. 6 is identical to that
of a fixed cell in saline and that the pKa for the normal cell
in dextran must be well below pH 4. 5. Heard and Seaman
(34) have shown that acetaldehyde fixation extends the pH
range over which the cells exhibit electrokinetic stability
(reversibility) and does not affect their electrophoretic
properties in the normally stable region. Making the reason-
able assumption that the apparent pKa is independent of dex-
tran molecular weight then, it is seen that from 2 to 8 times
the normal number of pKaZ. 6 groups must be present in the
membrane if the rearrangement hypothesis is to apply. In
the normal and acetaldehyde-fixed cell these low pKa groups
are the carboxylic acid constituents of N-acetylneuraminic
acid. (33). . The number of these sialic acid moieties in the
membrane may be determined chemically by analysis of the

supernatants of neuraminidase-treated cells (35).. The



69
amount of sialic acid present at the electrokinetic surface may
also be estimated from the electrophoretic charge change
upon neuraminidase treatment. The chemical determination
of the amount of sialic acid released per cell is generally
greater than the electrokinetic estimate by a factor of 2 to
2.5 (35). Since neuraminidase releases virtually all of the
sialic acid in the normal erythrocyte membrane (36), it
would seem that the membrane contains insufficient N-
acetylneuraminic acid to account for the apparent charge
increase seen in the presence of dextran. It cannot be ruled
out that the additional groups of pKa 2.6 presumed to appear
in the presence of dextran are associated with something
other than sialic acid, but the possibility seems remote.

It should be noted that Ross and Ebert (103) have
reported a shift in the iso-potential point of fresh platelets
suspended in dextran/phosphate/saline solutions, relative to
that found in the salt solution alone. The pH at the iso-
potential point was 3. 5 to 4, which is just at the limit of the
pH range over which the platelet is electrokinetically stable
(175). Since Ross and Ebert did not show that their pH-
mobility curves were electrokinetically reversible over this
range, it cannot be said with certainty that the apparent iso-

potential shift they observed in dextran was due to the
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appearance of new charge groups. An equivalent effect
could have been produced by adsorption of leakage products
from the cells exposed to dextran. In this connection,
Robertson (176) has mentioned that dextrans of over 100, 000
molecular weight can cause altérations-in cell membranes
demonstrable by electron microscopy.

(iii) An increased relative zeta potential is found for some rigid
particles suspended in dextran which would not be subject to
interfacial charge rearrangement. Figure 5-3 shows the
relative zeta potentials of suspensions of polystyrene latex
in saline solutions of dextrans of various concentrations and
molecular weights. . The increased zeta potentials are quali-
tatively similar to those found for normal and fixed human
erythrocytes in dextran/salt suspensions, although the mag-
nitude of the increase is not as great. Polystyrene, however,
has a rigid surface, which would not be expected to be altered
by an adsorbed layer of neutral polymer.

It would seem, then, that the relative zeta potential increase
in neutral polymers is not a phenomenon restricted to pa;"ticles which
may contain flexible interfacial regions capable of rearrangement.
While exposure of additional surface charge groups may account for a
portion of the increase found for normal erythrocytes in dextran, it

cannot explain the effect entirely for the red cell, nor can it provide a
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general explanation of the increase found with rigid particles such as

fixed red cells and polystyrene latices.

III. Non-Specific Jon Adsorption to an Adsorbed Polymer Layer

Another possible mechanism for the relative zeta potential in-
crease of cells in neutral polymers is the adsorption of anions to an
adsorbed polymer layer at the electrokinetic surface. The adsorption
would have to occur at non-ionic sites on the adsorbed polymer, pre-
sumably in the case of dextran under the influence of the hydroxyl
dipoles. There seems to be little information available on the feasi-
bility of such ion binding, particularly when one considers binding to
adsorbed polymers as opposed to polymers in solution. However, the
following observations are pertinent to the discussion of the model:

Sieh and Sterling (177) have reported that glycogen, an al, 4,
al, 6 highly branched polyglucose, acquires a negative charge by ion
adsorption when dissolved in a variety of electrolytes. They showed,
using acrylamide gel electrophoresis, that at pH's 6 to 8.5 glycogen
exhibited progressively greater negative mobilities as the anion was

changed, in the order: Cl < Br (1.3) < H,PO “(1.4) < F(1.5)

4
1 (2. 5) < CNS (3. 6), where the values in brackets are the mobilities
relative to that in NaCl, all at 0.05 M salt concentration. Since the

pKa of glucose is greater than 12, their results could not be due to

ionization of the hydroxyls. It is of interest that the above sequence
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is not one of the predicted sequences of anion binding according to
Eisenman's theory of ion selectivity (178).

The behavior of dextran in similar systems has not been exam-
ined. Although there are obviously strong structural analogies be-
tween dextran and glycogen, the glycogen molecule is more highly
branched, more compact, and will therefore have a higher density of
hydroxyl dipoles in free solution. If the anion association is due to
ion-dipole binding, as in the case of cation-polyether (179) or K+-
nonactin binding (180), it might be expected that glycogen would be
more likely to present a suitable environment for anion binding than
dextran. In any case, since the configuration of an adsorbed polymer
appears to differ from that in solution (56), it may be unwise to
extrapolate from solution properties to those of the surface phase.

Experiments on the free boundary electrophoretic behavior of
dextran in salt solutions are conflicting. Ponder and Ponder (181)
have reported a slight negative mobility while Bloom (182) has found
a zero mobility for dextran in a barbital buffer of 0.1 gm-ions /1 ionic
strength. Particle microelectrophoresis has been used to examine
an insoluble bacterial dextral (183). In a phosphate buffer of 0,02
gm-~ions 1_1 ionic strength, the dextran particle had zero mobility.

A convenient particulate dextran system which can be examined
electrophoretically is provided by Sephadex beads: dextran gels

cross-linked with glyceryl bridges. The cross-linking reactions
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require acidic conditions, resulting in the introduction of a few
carboxyl groups into the gel (<30 peq COOH per gm gel) (184).
Sephadex G-100 Superfine (Pharmacia Fine Chemicals Co.,
Piscataway, N.J.) was allowed to equilibrate, and was washed six
time in 0.1 M NaCl. After settling for ~2 hr, the cloudy supernatant
containing the "fines" was removed, spun down, and the pellet resus-
pended in 0.1 M NaCl, pH 6. 1, in a suitable concentration for elec-
trophoresis. The mobility of the resulting suspension of ~10 u to 30
diameter spherical particles was measured using the methods of
Chapter 5. Approximately 20 to 50% of the particles had zero mobil-
ity, while the average mokbility of the remainder of the population was
-0.26 p s lv“ 1cm, which corresponds to a charge density of
~1.5x% 103 esu cm'z using the modified Gouy-Chapman equation
(1-32) with a ~ 0 for the swollen gel. Assuming a water regain of
19 ml grn—]L for G-100, and a uniform volumetric charge density of
35 peq gmwl, the theoretical surface charge density for a 10 1—; thick
shell around a 20 p diameter bead would be ~5.3 x 107 esu cm-Za
It seems safe to say, then, that the slight negative mobility exhibited
by some of the Sephadex G-100 beads does not constitute evidence for
anion binding to dextran. In view of the large fraction of zero mobil-
ity particles, these results are ev'idence for the lack of anion binding.

Similarly, after a survey of the literature up tc 1958, and after

examining the electrophoretic behavior of starch granules, Seaman
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(185) concludes: "Surfaces composed of neutral polysaccharide
molecules evidently do not acquire any charge by the mechanism of
ion adsorption in a non-complexing medium. "

Most of the work referred to thus far with regard to ion binding
has been carried out at ionic strengths of <0.1 gm-ions 1” . To see
if dextran was capable of binding ions at higher salt concentrations,
the solubility of NaCl was measured in concentrated dextran and poly-
ethylene glycel (PEG) solutions. Klotz and Sloniewsky (186) have
previously used this solubility method to measure small molecule
binding to polymers. The PEG was included, because (i) PEG causes
the relative zeta potential of erythrocytes to increase when suspended
in salt solutions of this polymer (Chapter 5), and (ii) Baldwin,
Raridon and Kraus (187) have shown, using the solubility method,
that the ratio of the mean activity coefficient of NaCl in concentrated
PEG solutions to that in water is greater than 1, where the standard
state in each case is taken as that for salt in pure water. That is,
the salt solubility per gm of aqueous PEG solution is lower than ex-
pected on the basis of the amount of water present. The PEG appears
to be "binding" a fraction of the water, making it unavailable to act
as solvent for the ions.

The experiments were carried out as follows: Concentrated
dextran or PEG (Union Carbide Corp., New York) solutions were

made up. Their concentrations were either measured
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20
polarimetrically in the case of dextran, assuming [e] 7 = +199°

D
(188), or calculated from the weight composition of the PEG solutions,
assuming the PEG powder to be dry. Aliquots of water or polymer
solution were stirred with excess NaCl for at least 1 hr at 30° — 50°C,
then equilibrated overnight at 25°C % 0. 2° in a water bath. . Samples
were spun down and duplicate 0. 100 £ 0. 0005 ml supernatant samples
weighed into tubes to each of which was added 5 ml of HZO by weight.
Triplicate chloride determinations were made on each diluted sample
with an Aminco-Cotlove Cl  Titrator, with an accuracy of about
+0.5%. A 0.100 M NaCl solution, stored in polyethylene, was used as
a standard throughout. Upon completion of the experiments, the Cl”
concentration of the standard was measured by AgNO3 titration and
found to be 0.0995 M. The average NaCl concentration at saturation
in HZO at 25° was found to be 5.41 M (5 experiments). This value was
converted to.molal concentration using the apparent specific volume
of the saturated salt solution measured pycnometrically to be
20. 74 cmn3 mole” l, giving an experimental value of 6. 11 moles -NaCl

(Kg HZO) ' at 25°. This is in acceptable agreement with the pub-
lished value of 6. 145 moles (Kg HZO)_1 (189).

The theoretical ratio of NaCl solubility in the polymer solution,
S moles salt/l solvent, to that in water, So’ at 25° was calculated

from the published values for the pycnometrically determined specific

3 =4,
volumes of dextran, 0.611 crm™ gm (188), and PEG,



76

0.837 cm3 gm_l (190).  Assuming that salt dissolution proceeds in
the aqueous fraction of the polymer solution without regard for the
polymer, the theoretical solubility ratio (Sp /So)th is equal to the
volumetric fraction of water in the polymer-water solution. The
experimental value for (Sp/so)exp is just the ratio of the salt con-
centrations measured in the polymer /water and water systems. The
difference between the theoretical and experimental solubility ratios
was expressed as F, the number of moles of salt apparently bound
per gram of dextran, or the number of moles of water apparently
bound per gm of PEG. The results are given in Table 2-1.

Table 2-1. The apparent binding of NaCl or H,O to dextran or PEG
by solubility measurements.

Dextr.an Concentration [EE] [_S_p_] F[moles boundX 104]
Fraction (gm /100 ml) S_'th SO exp gm dextran
Dex 40 30. 17 0.819 0. 875 9.54
30.17 0. 819 0. 876 9.55
30. 17 0.819 0.862 9. 40
20. 1 0. 880 0.922 11.3
10.0 0.940 - 0.968 15.1
Dex 77.6 25.77 0. 843 0. 881 7.98
12. 89 0.921 0. 936 6.30
Dex 510 17.82 0. 893 0.903 6.88
17. 82 0. 893 0.929 g 08
F= 9.24+2.72
moles H_Obound
[ & X 102]
= gm PEG
PEG 6000 30.23 0.747 0.673 1.32
30. 23 0. 747 0.676 133
PEG 20, 000 40.01 0.665 ~0.575 1.28
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These results agree quite well with those of Baldwin et al. for
PEG: for 25% PEG 1000 at 50°C they obtain 1.8 x IO_Z,moles HZO
(gm PEG)MI, and indicate that at this concentration, the binding is
molecular weight independent. This compares with the value of
1.3 x IO_Z.moles HZO (gm PEG)‘l from Table 2-1 for 30% to 40%
PEG 6000 to 20,000, at 25°. The slightly higher values obtained by
Baldwin et al. may either reflect some hydration of the, assumed,
dry PEG in the present work, or the effect of the higher temperature
in the latter experiments. It would seem, then, that PEG in high
concentrations effectively prevents a fraction of the water from acting
as solvent for NaCl, and appears not to remove electrolyte from free
solution. It is of relevance here that Couper and Stepto (191) have
given evidence for the binding of water to PEG from diffusion studies
as well.

The dextran results, on the other hand, indicate that the poly-
mer effectively binds electrolyte to a degree that is roughly independ-
ent of molecular weight and concentration in the range tested (differ-
ences in F between the different molecular weights were
insignificant at the 5% level using the Student t-test). Assuming that
the equilibrium constant for the reaction used in the salt determina-
tions, Ag+ + C1° — AgCl, is much higher than that for
Dextran + Cl- — Dextran-Cl , the results could indicate either Na

or Cl1~ binding. No other halides or alkali metal ions were
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investigated. The dextran results could not be due to salting out of
dextran by the NaCl, since the dextran concentration was measured
and found to be unchanged in the presence of saturation levels of salt.
This is in agreement with the results of Haug and Smidsrdd (192)
who found that even near 0 conditions (83) in an EtOH—HZO solvent,
concentrated NaCl had no effect on dextran solubility. Also, it was
shown pycnometrically that the specific volume of dextran was inde-
pendent of concentration up to 30%. These results are believed to be
the first indication that dissolved dextran can effectively remove Na
and/or Cl ions from solution, although it has been shown previously
that dextran can bind copper (193) and iron (194). The observation of
different elution volumes from Sephadex (195) for various ions need
not necessarily be interpreted in this way (196).

In saturating concentration, then, NaCl appears to bind to
dextran. Of more relevance to the electrokinetic experiments, how-
ever, is the possible binding at physiological ionic strengths or lower.
To see if there were any effects of the apparent salt binding to dextran
in its absorption spectrum, and to examine thé effect of different
ionic strengths, the following experiment was performed. The
absorption spectrum of 12. 89% dextran 77. 6 was examined in H,0,

0. 15 M NaCl, and saturated NaCl, between 430 and 250 mp, on a
Cary 15 spectrophotometer. Silica cuvettes with 1. 0 cm light path

were used, at ambient temperature of 23 £ 1°C. The difference
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spectra among the various solutions were also measured. The re-
sults are shown in Figure 2-3, where the second solution indicated
for each curve is the blank.

The absorption spectrum of dextran in HZO shows a peak at
259 mpu with a shoulder at 275 mpu. - A similar spectrum has been
obtained by Albertsson (197), only apparently without the shoulder
at 275. The difference could be due to the fact that Albertsson's
sample had been reduced with NaBH4 before examination. The
spectrum of dextran in saturated NaCl, however, shows lower ab-
sorption in the peak regions, with the 275 peak reduced more than
the 259 peak. This is more clearly seen in the difference spectrum
of dex/HZO vs dex/sat. NaCl. High salt, then, causes a decrease in
the peak regions of the absorption spectrum of dextran. In 0.15M
NaCl, however, the difference spectrum of dex/0.15 NaCl vs deX/HZO
shows virtually no change at 275 mp, and a small increase in absorp-
tion at 259 mpu. If decreased absorption in the peak region is associ-
ated with the apparent ion binding measured in the solubility studies,
such binding appears to be virtually absent in the 0. 15 M NaCl solu-
tions. One interpretation of the spectral evidence, then, indicates
that whatever ion binding occurs in 5.4 M NaCl may be reduced or
absent at physiological ionic strengths.

The foregoing experiments and observations have largely con-

sidered the possibility of ion-polymer binding in free solution. More



80

‘suonios jes snoonbe ul ueijxep Jo eaijvads 20ULIIFIP pue uUondiosge YT "¢-7 2in81 g
nw yjbusjanom
0}%)7 00% | 06¢ 00¢ 06¢
|

1 1 ——— m—
0°H 'SA 100N W G N\
0%H "SA [DDN W #G ul upiyxaQ

0%H "SA 0%H Ul ubiyxaq

+ 20

pijoadg uoijdiosqy Lc0
| | | | | 01'0-
. T1S00-

02H Ul UDI}X3Q 'SA 19BN W 'S Ul UD4XaQ
- ONI C_ EO\:.XQD ‘SA _UOZ E m_o C_. COx;me lllllllllllllll O

+ G000+
D4}29dg aouaiayQ 1oros

AL1susg  [0311dp



81

germane to the problem at hand are experiments on the electrophoretic

behavior of particles suspended in polymer-salt solutions. None of

the following observations support the anion adsorption hypothesis as

an explanation for the increased zeta potentials of erythrocytes sus-

pended in neutral polymer /salt solutions.

(i)

While the solubility studies indicate that the ion binding
properties of dextran and PEG are directly opposite to each
other, both these polymers produce relative zeta potential
increases of fixed and normal red cells at physiological ionic
strength (Chapter 5). The relative zeta potential, Z, in-
creases with increasing molecular weight in both cases. On
the basis of number of monomer units per molecule, Z is
greater per monomer unit of PEG than per monomer of
dextran. These results directly contradict expectations based
on the ion binding studies.

The mobility of fixed and normal erythrocytes in 4.39%
dextran 77.6 is constant from pH 4.5 to 10 (Figure 5-4).
Particles which acquire their charge by anion adsorption or
cation desorption do not exhibit this type of behavior in gen-
eral. Their mobility is almost always a continuously chang-
ing function of pH, due frequently to competitive OH binding
(7,198). The pH-mobility curves of Figure 5-4 are

typical of surfaces composed of ionogenic groups, not of



(iii)

(iv)

(v)

82
adsorbed anions.
The electrokinetic behavior of normal erythrocytes in
dextran/salt is not a function of the anion present in the
electrolyte solution (Chapter 5). The mobilities of fresh
human red cells suspended in 5% dextran 110 and 0. 145 M Na
salts were indistinguishable if the anion was C1°, I', F or
CNS . Thus, either the mobilities exhibit no anion spectrum,
or the maximum difference is less than 5%. This independ-
ence of Z from the character of the anion also contra-
dicts expectations based on an anion adsorption mechanism,
since apparently all known binding phenomena show a prefer-
ential spectrum of activity as the ion type is changed (178).
Shaw (7) has measured the mobility of dextran-coated oil
droplets in an acetate-veronal buffer at a constant ionic
strength of 0.05 gm-ions 1 1, and found it to be almost zero
between pH 2.4 and 9. 5. The oil droplets themselves with
no dextran present exhibit continuously increasing mobilities
from ~-0,03 to -6.0 n s-lv- 1cm under the same conditions.
Hence, at the oil-water interface, dextran does not acquire a
negative charge by ion adsorption.
Quartz, bentonite and rutile all show values of Z less than
or equal to one when equilibrated with 5% dextran 110 (Chap-

ter 5), All of these particles apparently acquire their
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electrokinetic charge totally or in part through the mechanism
of ion adsorption or desorption, since their charge densities
decrease with decreasing ionic strength (199). That the dex-
tran adsorbs to the particles is inferred from the fact that
the zeta potential changes in dextran. Hence, adsorbed dex-
tran at a solid particle-solution interface produces both a
lower absolute zeta potential than red cells and a relative
zeta potential less than one. One possible explanation of this
effect is that the decrease is due to the adsorbed dextran
displacing adsorbed ions from the surface. That this may
not be an unreasonable suggestion is seen from the meas-
ured binding energy of Cl to quartz (Chapter 5). The net
free energy of binding was found to be ~2. 5 KCal/mole.

This value may be compared with the net free energy of a
hydrogen bond, believed to be of the order of 3 to 5
KCal/mole (200). If hydrogen bonding is involved in the
interaction between dextran and quartz, as seems reasonable
considering their structures, this binding energy difference
may be sufficient to allow the postulated displacement if the
polymer monomer and ion compete for the same site.
Regardless of the mechanism, adsorbed dextran.is associ-
ated with a decrease in the zeta potential of bentonite and

rutile. Any anion adsorption to the adsorbed dextran, if



present, is of insufficient magnitude to explain the red cell-
dextran results.

Virtually all the microelectrophoretic evidence, then, indicate
that adsorbed dextran does not acquire a negative charge through the
mechanism of anion adsorption or cation desorption. A possible
counter argument that could be applied to this conclusion is the pos-
sibility that the erythrocyte interfacial region, being porous and of
unknown structure, could by its nature induce an unusual configura-
tion on the adsorbed dextran. This configuration might encourage
anion adsorption to regions of the polymer. Silberberg's (56)
theoretical treatment has shown, howewver, that the structure of the
adsorbed layer as measured by the amount of polymer adsorbed in
the form of loops is practically independent of the monomer-surface
interaction energy. Thus, the structure of at least the diffuse part
the layer would not be expected to vary markedly from surfbace to
surface. In particular, the bulk of the dextran adsorbed to red cells
should not take on a unique structure.

It seems, then, that ion adsorption phenomena cannot explain
the experimentally observed increase in relative zeta potential of

erythrocytes suspended in dextran.

84
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IV. The Effect on Counterion Chemical Potentials of a
Concentrated Surface Phase of Neutral Polymers

The final model to be considered treats the effect that an
adsorbed layer of neutral polymer could be expected to have on the
chemical potentials of counterions in the double layer. The adsorbed
layer is represented analytically as simply a concentrated solution of
polymer occupying a region of finite thickness adjacent to the infinite,
flat, smeared charge plane of the cell. No interactions of the polymer
with either the charge surface or the bulk solution interface are con-
sidered. Only through the increased concentration of polymer in the
surface phase, and through the presence of an electrostatic potential
in that phase is the influence of the charged surface represented. The
adsorbed polymer is assumed to have no effect on the charge ciensity
at the solid-solution interface. The surface phase consisting of
polymer, ions and solvent is considered to be in equilibrium with a
bulk phase characterized by the free solution values for ion and poly-
mer concentrations. Equating the chemical potentials of the ions in
the two phases leads to a modified Boltzmann equation, which is used
to derive relationships relating the zeta potential measured in the
presence of such a surface phase with that measured in its absence.
The presence of the adsorbed polymer increases the thickness of the
counterion double layer. Under suitable circumstances, the zeta

potential is shown to be increased when an adsorbed layer is present.
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Expressions are derived for the relative zeta potential as a function of
the difference in polymer concentration between the surface and bulk
phases, the thickness of the surface phase, the ionic strength of the
solution, and the location of the shear plane. The necessity for coun-
terion penetration of an adsorbed layer if its presence is to be detected
electrokinetically is pointed out. Finally, the effects of adsorbed poly-
mer surface phases onthemobility-zeta potential relationship and onthe
electrostatic repulsive potentials between charged plates arediscussed.
A. The Boltzmann Equation Modified for the Presence of a
Concentrated Surface Phase of Neutral Polymer

The expression required must relate the concentration of ions in
the surface phase to that in the bulk phase through the electrostatic
potential. To obtain such a relationship, we employ the Flory-Huggins
theory for concentrated polymer sclutions based on the statistical
mechanics of a lattice solution model (83, 201). The Flory-Huggins
theory applied to the present quaternary system assumes that the vol-
umes occupied by a solvent molecule and each of the ionic species are
equal, and that the polymer molecule may be represented by P units,
each of this same volume. These units need not be identified with the
monomeric species making up the polymer, although it is convenient
here to make this correspondence. We take P, then, to be the degree

of polymerization of the polymer which is directly proportional to its
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molecular weight. Assuming that the polymer is homogeneous, the
free energy of mixing, AF, for the polymer/ion solution making up
the surface phase (assuming no specific polymer-surface interactions)

is given by (83):

A - h In® +n In® +3n’ Ind +ZTnlz. + = nd x,
kT o o p . i i TR T i k7jk
i i j <k
=
where (2~18]
n_ = number of solvent (water) molecules present in the phase
np = number of polymer molecules of degree of polymerization
P present in the phase

n’i = number of ions of ith type present in the phase

"o
& - . g =
o volume fraction of solvent in phase n i Piza

o p A
i

n P

@p = volume fraction of polymer in phase = = +in+Zn‘,
g P 1
i

ni'

@i = volume fraction of ith ion in phase = n0+n P n,i

i
el . . . ;
o= KT 18 the electrostatic energy of a unit charge in the sur-
face phase in units of kT where the electrostatic potential
is g

2 n.®

; kxjk: the summaticn is taken over all pairs of unlike species
i<k

in the phase
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X., = ——3% 1 is the interaction energy parameter for the jth

jk kT
and kth species
z = coordination number of lattice
Aw, = change in energy resulting from replacing j-j and k-k

contacts with contacts between the j and k species
(w..tw

)
k
= w, - e .4 , where w,_. is the energy required to
jk 2 ji
break an association between two type j molecules, etc.

P. = degree of polymerization of jth species (= 1 for solvent

and ions, P for polymer)

The first three terms on the right hand side (RHS) represent the
entropy of mixing for the components of the surface phase, the fourth
term is the electrostatic free energy of the ions in the potential due
to the surface charge, and the last term represents the heat of mixing

of the various components. The chemical potential of the ith ionic

species in the surface phase, b is obtained by differentiating
(2-18) with respect to n;_ (at constant n}, temperature and pres-
sure):
o
M L [2AF,
kT kT = dn! 'n!
L O

where M;) is the chemical potential in the standard state. Consider-

ing now only a 1:1 electrolyte, the differentiation gives, after some
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rearrangement:
o
B = 1 1 L n@x. . nex .
Sl oime ve (1p ) ray - SRR _ofo _pipi
P T T T
(1-2.)
tln X . +n X ) =+ & (1-8)X. (2-19)
ool “pTpi N ] j
T
where NT =n_ FH-B + Z‘,n‘i = total volume in phase, and the i, j

A
refer only to the two ionic species. In (2-19), the first three terms

on the RHS come from the entropy of mixing terms, and the last five
from the heat of mixing terms. Multiplying out these last terms,
considering only the interaction terms involving the polymer, and
dropping all second order terms & @ not involving the solvent

k 2

(since @O ~ 1, Tbut @p@i, for instance, will be <« 1) gives:

o
i =1ln & + & (1 p -y 3 ) + z (2-20)
kT i p Xip_ oX op iq" B
where we have used —= = X. , from the definition of x .. We
P ip -p1

now consider that this surface phase is in equilibrium with the bulk
phase far away from the surface, where the potential is zero. The
chemical potential of the ith ion type in the bulk phase, Mo

relative to the same standard state u;) as that for the surface phase

ions, will then be given by:



90

-1
—_— = & -+ (1- - @ 2-21
kT =i io po( £ Xip ooX op) ( )

where the second subscript o refers to the bulk phase values.
Equating these chemical potentials, assuming the volume fractions
occupied by the solvent in the two phases are equal, and rearranging
gives:
&,
In——= -z, - (& -3 )(1-P +x, -3 x ) (2-22)
@ i o
io
The dependence of the ionic concentration on the potential is then

given by:

-1
= e = = = B il
g =& expl z. (Qp on)(l 5 Xip @OXOP)] (2-23)

Expanding the second term in the exponential to include only first
order terms in (¢ -% ) (thatis, assuming
P pe
-1
® -& TP =F -® <« 1), identifyi th 1 f -
[ A po][ Xpi ox op] ) and identifying the volume frac
3
ticn of ions with the number of ions present per cm , n., gives the
modified form of the Boltzmann equation to be used in this investiga-

tion:

zie@(x)

n, =n, [1-B] exp [-

i io kT ] Ol

where the notation of Chapter 1 has been retained and we have defined
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-1
p-=-(2 -2 J1-P "+x. -2 x ) (2-25)
jol po 1p O Op
or
B =(2 -2 )F(x)
p Ppo
where
Sl
F(x)=(1-P "+x. -® X
1 o op

The expansion of exp (-B) is taken only to first order in B be-
cause in the derivation of the electrokinetic equations to follow, only
the linearized form of equation (2-24) is dealt with.

The form of equation (2-24)is similar to the modified Boltzmann
equation first proposed by Bikerman (202), and since used by a num-
ber of authors (203, 204, 205) to account for the effect of ionic size on
counterion double layer distributions. In these treatments, as well
as in Haydon andTaylor's (206) and Haydon's (24) treatment of the
limited solvent volume available to counterions behind a charge plane,
the parameter analogous to P is identified with the volume fraction
of the solution from which the counterions are excluded due to steric
limitations. The polymer adsorption factor B, on the other hand,
is not associated with an excluded volume in this linear treatment,
since exclusion effects in polymer solutions are associated with terms
of second order in @p (83).

The adsorption factor [ is seen to be proportional to the dif-

ference between the volume fractions occupied by polymer in the
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surface and bulk phases. In this simple model, P 1is further seen
to depend on the energy of interaction parameters, ¥, which
describe the ion-polymer and solvent-polymer interactions. Since
for good solvents, X’op <0 (83), it is seen that under conditions
of equal adsorption, f should be larger the better the polymer
solvent. Similarly, the extent of interaction between polymer and
ions can be expected to affect f through Xip’ while the P_1
term indicates there should be virtually no molecular weight depend-
ence for high polymers. The assumptions inherent in the model,
however, limit the quantitative interpretation of equation (2-25). The
statistical mechanical theory of polymer adsorption (56) shows that
the surface phase of adsorbed polymer should not be treated as if the
polymer were simply in solution. KEven within the context of the pre-
sent model, it is clear from work on pelymer adsorption in general
that ép is strongly dependent on P, X‘op’ and in the cell-dextran
system, épo (Chapter 4). Variations as a function of & , P

po

or Xop in an experimentally determined value of f, then,

should be initially considered to reflect changes in @p, not in F(x).
Although equation (2-25) cannot be expected to provide an exact
description of the adsorbed polymer layer, equation (2-24) seems to
be sufficiently general to produce an approximate description of the

counterion distribution adjacent to a charged surface to which a

neutral polymer layer is adsorbed.
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B. The Theory of the Effect on the Zeta Potential of an Adsorbed
Layer of Neutral Polymers

1. Permeable, Free Draining Layers of Finite Thickness and

Constant Density. Following the derivation of the Gouy-Chapman

equation given in Chapter 1, the equation to be solved in order to ob-
tain an expression for the zeta potential in terms of P and the ion

concentrations is the modified Poisson-Boltzmann equation:

—ziqu(x)

Zzien, [I-B(x)] exp [

2
d_y(x) _ -4m
io kT

2
dx 1

] (2-26)

obtained by combining (2-24) with (1-2) as before. We have here
included the x dependence of {3 since we assume the adsorbed

surface phase to be of finite thickness. Again, assuming
zieq,;(x)
kT

[

] <1 so that the exponential may be linearized, applying the
electroneutrality conditicn, and considering only l:1 electrolytes

gives:

L PICTeS) 10 (2-27)

where «k is the reciprocal double layer thickness in the absence of
an adsorbed layer as defined in Chapter 1. To solve (2-27) the de-
pendence of the polymer adsorption factor B on %, the distance

from the charge plane, must be specified. From the definition of B,
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it is apparent that its spatial variation should depend on the x
variation of the polymer segment density in the adsorbed layer.
There is no experimental data available regarding this distribution,
however. Initially then, following Silberberg (56), it will be assumed
that B(x) 1is a step function, having a constant value p(x) =p < 1
for 0<x<d, and Pp{x) =0 for x>d (Figure 2-4). This has
the advantage that (2-23) may be solved in closed form. Additional
functional forms for f(x) will be considered subsequently.

As in Section I, p. 61, the solution must be considered in two
regions: within the adsorbed layer, (region l; 0 < x <d), and
external to it (region 2; x >d). It is assumed that no counterion
penetration behind the charge plane occurs. In the two regions,

(2-27) is written as:

Lp’l’(x) = Kz(lwﬁ)LlJl(X) in region 1 (2-28)
1] 2' s N
qu(x) = K L|JZ(X) in region 2 (2-29)
where
2
[ r— d ( )
(=5
dx
The boundary conditions of p. 6l at x = d are, assuming g =€,
(see Chapter 4):
pp(d) = ¢, (d) (2-30)

Yyld) = g5 (d) (2-31)
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where

The general solutions in regions 1 and 2 are:

q;l(x) =a exp(-KBx) + bl exp(KBx)

where

since

Applying (2-30) and (2-31), and noting that at x = 0, {(0) = a

the coefficients are found to be:

W(0)(1+k, /x) exp (k,d)

. § p )
Sy = Z(SinhKBd-i'(KB/K)COShKBd)
LL(O)(KB/K_l)eXp(nKBd)
L e T T Y R T
sin 8 (‘ﬁ cos KB
Lp(O)(KB/K)eXpKd
r N SinhK‘Bd‘i-(KB/K)COSh Kﬁd

Since € is constant throughout, the surface charge density,

given by:
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(2-32)

(2-33)

+bl,

(2-34)

(2-35)

(2-36)
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ay, (0)
FS = s = (1-16)

Differentiating \IJI(X) and setting x =0 gives:

1 — _ _
10} = Kglby-a ) (2-37)
Substituting for a; and by, recalling the definition of Kﬁ, and
rearranging, gives:
dre .- Lp(owl__[“‘ﬁ sinh (kdN'1-B) + cosh (defl_s)]

Ke sinh (kdN'T-PB) + N'1-B cosh (xdVI-P)
(2-38)

Now, from (1-17) it is seen that the left hand side of (2-38) is just
C,O, the zeta potential of the charged surface in the absence of the
adsorbed polymer layer. If it is assumed, for the present, that the
presence of the adsorbed layer causes no change in location of the
plane of shear, i.e., that the adsorbed layer is free draining, then
b(0) = &, the zeta potential in the presence of the adsorbed layer,

and Z, the relative zeta potential in the presence of the adsorbed

layer, is given by:

.61
Z=T 73l

o}

sinh(kdN1-B) +N1-B coshixdN 1-B) ]

NTI-B sinh(kdNT1-B) + cosh(xkdN1-B) (2.39)

This expression goes to the expected limits:

(i)yP—~=0=2Z—1 as it must.



98
(ii) At high ionic strength where ¢, the electrolyte concentra-
tion, is such that «dVI1-B > 1 the bracketed term goes to
1 and Z -~ 1/NT-B. Therefore, the relative zeta potential
at high ionic strength may be used to calculate a value for
B, which should be directly related to the polymer segment
density.

(iii) At low ionic strength such that «xdN1-f <« 1, sinh () — 0

and cosh () & 1, therefore
g 1 ‘[O+'\/l-[3-l]‘1
N1-B 0+1
Therefore, as the ionic strength is decreased, Z de-

creases towards 1 in this model. This is as expected,
since decreasing ¢ increases the double layer thickness
(1/x). If the double layer extends much farther into solu-
tion than the adsorbed layer, the effect of the layer would
be expected to become less significant, and in the limit as
¢ — 0 should vanish, as (2-39) indicates.
A plot of Z vs ¢ for some representative values of P and
d, the adsorbed layer thickness, is given in Figure 2-5.
Possibly the most debatable assumption employed in the above
treatment is that involving the location of the shear plane. It has

been assumed thus far that the adsorbed layer has caused no shift in
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the shear plane. That is, the adsorbed layer has been assumed to be
free draining at the velocities employed in microelectrophoresis (of
the order of 1 to 10 p/sec).

A more realistic case will now be treated.

2. Partially Permeable, Partially Free Draining Adsorbed

Layers. The adsorbed polymer layer is here assumed to consist of

two parts: an inner, dense layer (@p >> épo; @p ~ 1), of dielectric

constant €1 which is impenetrable to counterions and rigid under
shear (region 1), and an outer, free draining layer permeable to

counterions, of the same dielectric constant as the bulk solution, ¢

2
(region 2). It is assumed that the polymer adsorption factors for the
two parts of the layer are both step functions:
Region 1:  PB(x) ~ 1 e =gy O<xid1
Region 2: P(x) =B e=e, d1<xid2
Region 3: fB(x) =0 e =€, d2<x
The shear plane, then, is assumed to occur at x =d and the zeta

11

potential will be ¢ = y(d,) (Figure 2-6). The differential equations

1

to be solved in the three regions are:

Region 1: Pi(x) = 0 (2-40)

since no counterions penetrate this region,
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: . It =
Region 2: Lpz(x) = Kﬁ\.pz(x) (2-41)
Région 3 Lljé'(X) 5 K¢3(x) (2-42)
where the symbols have their previous meanings.
The boundary conditions are:
at x = dl L]Jl(dl) = ¢Z(dl) (2-43)
1 == 1
where €. = EZ/El.
at x = d2 4.;2(d2) = 413(d2) (2-45)
1 . '
gy(d,) = y(d,) (2-46)
Lp3(x)—' 0 as x—= ™
The general solutions which apply in the three regions are:
Lpl(x) = ax + b1 (2-47)
LlJz(X) =a, exp(—Kﬁx) + b2 exp(pr) (2-48)
¢3(x) = a, exp(-kx) (2-49)
Applying the boundary conditions, some algebra gives:
a, = £-4(0) (2-50)
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b, = y(0) (2-51)
1-

a, =%[1 -E——d—‘J¢(——)] exp(k 8l ) (2-52)
17g

b, :%—[H——LP———] exp(-Kgd ) (2-53)
r 1B
3 d KB

a; = = K/K ,exp(|<+t<‘3)d.2 = KBdl (2-54)
(- degi0

2y = (H;/Kl B exp(K-Kﬁ)dZ + KBdl (2-55)

Eliminating a between (2-54) and (2-55) gives the relation between

3
Y(0) and T;:q,:(dl) to be:

WOy L El
7 = Frl) Erdl 8 | (2-56)
where
(1+K/K )
o= (—-l—:—K-—/K—BT exp[ZKﬁ(dZ_dl)] (2-57)

To express ( 1in terms of the zeta potential in the absence of any
adsorbed layer, éo’ we again apply (1-16):

-e, dy,(0)

o e ax (1-16)

Noting that (2-47) and (2-50) give qJ'l(O) = [Q-qJ(O)]/dl and recalling
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4
that ¢ = =7 ,  we obtain:
o KE

L= [wo/é)-l]

Substituting for qu/?; from (2-56) gives:

K
p g -n sl
o Kk (F+1)
whence, by recalling the definitions of F and KB’ and rearrang-

ing, we find finally for the relative zeta potential Z:

NTTB +1
expl 2xNT-B(d,-d ) ][ m——=]+1
z -5 .1 & = NlzRed (2-58)

We note that Z 1is independent of € the dielectric constant
of the impermeable layer, and is a function only of (dz-dl), not
d alone. In other words, Z depends only on the thickness of that

2

region of the adsorbed layer penetrable by counterions. No estimate

of the total layer thickness, d may therefore be made electro-

27
kinetically.
Equations 2-39 and 2-58, and the results of Section I now allow

us to prove that, under the assumptions given previously, the follow-

ing statement is true:
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The presence of an impermeable, rigid neutral layer external

to a fixed charge system is impossible to detect electrokinetically.

Proof: It has been shown in Section I that if in the region
éxternal to the impenetrable layer B =0, no change in zeta
potential is observed if the shear plane is moved out to the edge of
the layer. To show that in the case where £ #0 the
presence of the impenetrable layer has no effect on the zeta potential,
we must show that the two solutions (2-39) and (2-58) are identical,

i.e., we must prove the identity:

exp 2x[ —I;B—H-]+ i}
sinhx +N 1-P coshx ? o= (2-59)
N'1-B sinhx + coshx ~ N1-B+1 B

exp Zx[,\——r—i_—ﬁ_l]-l

where x = kW 1-Bd, d being the penetrable layer thickness = (d.z—dl).
Multiplying the left hand side (LHS) by (NV1-P sinhx - coshx) top and
bottom, applying the identities sinhzx - coshzx = 1,

2 sinhx coshx = sinh 2x, Zsinhzx =z cosh 2x - 1, recalling the defini-
tion of the hyperbolic functions, and multiplying top and bottom of the
RHS by (NI-P-1), (2-59) becomes:

4NT-B + Bexp 2x - P exp(-2x) ?N1-Pexp2xtexp2x+N1-f-1
4. 2B+Pexp2x+Pexp(-2x) ~ NI-Pexp2x+exp2x-~N1-p+1

(2-60)

To establish (2-60) we now assume its validity, show that this



106

assumption leads to an obvious identity, then show that (2-60) may be
regained from the obvious identity by reversible operations (no

dividing by zero, etc.) (207). So, cross multiplying (2-60):

(NI-B exp 2x+ exp 2x -N1-P+ 1)(4NI1-B + B exp 2x - B expl -2x])

.;.? (NT-Bexp2x+exp2x+~N1-PB-1)(4- 2B+ Pexp 2x+ B exp[-2x]) (2-61)

Multiplying out both sides and cancelling leads to 0 = 0, which is
the obvious identity. To regain (2-60), we can add equally to each
side of 0 =0 the required individual terms which in turn factor to
give (2-61). To regain (2-60), we must be able to divide both sides
by the first factor on the LHS, and the second factor on the RHS,
which requires that neither can be zero for any allowed value of

or x. For these to be zero:

(i) N1-Bexp2xtexp2x-N1-f+1=0
=> 2x = __,_____‘]‘"B_l
SR SE T g
which is impossible, since exp 2x >0 for x>0, vyetthe RHS is

negative, since 0 < P < 1 in a porous layer.

(ii) 4 - 2B+ P exp 2x + P exp(-2x%) = 0

=> exp 2x + exp(-2x) = 2 (BF;Z)

which is again impossible, since LHS >0 for all x, but for
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0<P<1, RHS <O0. Therefore (2-61) may be divided by (i) and
(ii) above, giving (2-60) and completing the proof.

3. Permeable Partially Free Draining Layers. The adsorbed

layer is here assumed to be composed of a penetrable neutral layer
which is partially free draining. That is, the shear plane has here
been assumed to be moved out from the plane of charge to some point
within the adsorbed layer.

(i) Consider first the case where the shear plane coincides with
the outer edge of the adsorbed layer, a distance d from
the plane of charge. The potential distribution.is then as
derived in Section 1, p.96. From (2-33) and (2-36), the
potential at the point d, the zeta potential, will be:

B _ Y(O)N1-pB
&=y = sinhkN 1-Bd+~N1-BcoshxN1-Bd

(2-62)

but

— sinhkN'1-Bd+~N1-BcoshkN1-Bd
WRIISE = Z;o[ N1-BsinhwNI-Pd+coshkNI-Bd

] from (2-38)

__t 1
< “go"V143MnhKV1_pd+coshKVTTBd o)

Clearly Z <1 here, since coshx >1 and
NT-Bsinhx >0 for x >0, as we have. If no free draining
occurs in the adsorbed layer, then, the relative zeta poten-

tial will be less than or equal to one, at all electrolyte
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concentrations.
Let the shear plane occur at some distance dS <d out
from the plane of charge, and let dF-E- (d—ds) be the
thickness of the free draining region of the layer (Figure
2-7). The zeta potential will now be given by § = y(d ).

S

From (2-32), (2-34), and (2-35):

¢ = yld )= LT B)expx fd-d )+ (VIB- 1exp(-x gld-d D]

s B
where o= 64
D= (sinh kN 1-Bd +N1-BcoshwknN1-Bd)
Simplifying the terms in brackets:
y(0)D
F
et y—— | 2=
4 D (2-65)
where
DF-E-(sinh KN l-ﬁdF +~1-B cosh kN l-ﬁdF)
Again applying (2-38) gives finally:
¢ 4 sinhK'\)l-ﬁdF+\]1_Bcoshw\/I-5dF
R - 2=
z éo '\/1-[3['\/l-ﬁsinhk'\/l-ﬁd.+coshK'\fl-Bd ] t2-hal

This expression goes to the appropriate limits:

dp = 0 =>2Z — (2-63)

= 0=>Z— (2-38
dn Z—={ )
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Figure 2-7. The potential distribution adjacent to a charged surface in
the presence of a permeable, partially free draining
adsorbed layer.
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We have seen that if the entire permeable part of the adsorbed
layer is free draining, Z > 1 (Figure 2-5), and that if none of the
permeable layer is free draining, Z < 1 (2-63). The solution for
the intermediate case, (2-66), must connect these two extremes.
That is, there must be some value of dF for which Z =1. That
this is in fact so may be seen from Figures 2-8 and 2-9 where Z(c),
according to (2-66), is plotted for some representative values of J3,
d and dF.

At high enough ionic strengths the double layer will be largely
confined to that part of the adsorbed layer behind the shear plane, so
the potential at the shear plane will be much lower than at the charge
surface, and the relative zeta potential will be less than one. At
very low electrolyte concentrations on the other hand, the double
layer will extend so far out beyond the adsorbed layer that its effect
will be negligible, and Z will approach 1. A.t intermediate ionic
strengths, the double layer will occupy a significant fraction of the
free draining part of the adsorbed layer so the potential will still be
elevated at the shear plane and the relative zeta potential will be
greater than one. The curves of Z(c), then, will all exhibit an
absolute maximum when the permeable adsorbed layer is partially
free draining. If the permeable portion of the layer is totally free
draining, no maximum appears, and Z(c) is a monotonically

increasing function of «c¢.
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Figure 2-9. Relative zeta potential vs, ionic strength for a partially
free draining adsorbed layer. p =0.9
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Since we are here interested in the effects of an adsorbed layer
on the electrokinetic behavior of cells, we shall explore the use of
equation (2-66) no further. The use of Z(c) curves to examine the
properties of neutral layers adsorbed to fixed charge systems is dis-
cussed in Appendix I.

4. Adsorbed Layers of Non-Constant Density. Up to this

point, it has been assumed that the spatial distribution of the polymer
adsorption factor, P(x), has been given by one or a combination of
step functions. That is, the effective density of the adsorbed layer
has been constant throughout its depth. It would be useful, however,
to know the theoretical dependence of Z on ¢ for other functional
forms of P(x). Some functions of interest might include:

(i) B(x) = [30 exp(-x/d) since an isolated adsorbed (2-67)
polymer molecule apparently exhibits this kind of density
distribution (55).

(ii) B(x) = BO[1+ (X/d)m]—l in analogy to many relaxation (2-68)
phenomena.

(iii) B(x) = 50(1-x/d) a linear decrease from [30 to 0 at (2-69)
x = d.
The difficulty in employing such forms of p(x) comes in solving
the differential equation (2-27) which results from their substitution.

Only one case of non-constant density will be treated here, the sim-

plest of the above cases, (iii). Let PB(x) =1 - wfd, I..e, ﬁo = 1,
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The effective polymer segment density in this case would decrease
linearly from one, to the bulk value at a distance d from the sur-
face of charge. The differential equation to be solved then becomes,

from (2-27):

P(x) = == (x) (2-70)

This equation has a series solution (Appendix II) which, under the
appropriate boundary conditions, gives for the relative zeta potential

in the presence of such a layer:

Fl(d)+«F,(d)
e o e - (2-71)

where

0
KZlnd21rn-1
! st
Fl(d) Z 2°3°5-6...(3m-1)
m:

1
o0
o 2m 2m-1
F,(d)=4d+ Z R 174
2 3-4-67...3m(3m+1)
m=1

.. 3m

b
i)
&
f
L
+
%Mg
w
Lol
oA
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A plot of Z(c,d) vs ¢ for d =100 .l;s is included in Figure 2-5.
For equal values of Z at high ionic strength, we see that the solu-
tion for a linearly decreasing B(x) drops off more quickly than that
for a step function factor of equal d, as would be expected. How-
ever, both models predict increased relative zeta potentials in the
presence of neutral adsorbed layers, as experimentally observed.

The Effect of Neutral Adsorbed Layers on the
Mobility- Zeta: Potential Relationship

The foregoing calculations have outlined the consequences of
the presence of a neutral, partially free draining layer on the zeta
potential. The experimental observation of this effect is made
electrophoretically in the systems under discussion. The question
now to be examined is whether or not the presence of the adsorbed
layer has any effect on the relationship between the electrophoretic
mobility and the zeta potential of the particle.

It was shown in SectionI, p. 5 that if the dielectric constant, ¢,
is not a function of distance away from the plane of charge, x, that
the relation between the particle mobility, U, and its zeta poten-

tial, &, is given by:

g
_ £ d(x)
Lokt = S‘ n(x) b=



If the medium viscosity is not a function of x,

Helmholtz-Smoluchowski equation.

Ils
this gives the usual

In the presence of a free draining

adsorbed layer, however, it is to be expected that the viscosity in

the free draining layer, T|F,
‘bulk medium, T]O,

included in the integral (1-4),

Two cases will be treated.

(i) Free draining adsorbed layer of thickness d

This dependence of

will be effectively higher than in the

N on X must then be

is sufficiently

diffuse to have no effect on the counterion distribution, but

h i it
as a viscosity T]F

forming (1-4) to an integral over x,

integration limits:

:r’r‘l
o]

where r > 1. Then, trans-

and converting the

g 0
47U . 5‘ dys(x) o jﬂ 1 ddﬂ(x) dx
© T Jy e T, e Tax
1 S dis(x) 1 0 dy(x)
:—y—‘kidx+ f P dx (2-72)

n dx rn dx

o o d
For B~ 0, and under the usual assumptions, the potential

distribution is given by:

U(x) = U(0) exp(-kx)

(1-12)

and the integrations of (2-72) give:
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40 - 20 1y L exp(ona)]

[ T]O

Therefore the apparent zeta potential gapp = 417110U/e is:

1 1
éapp = ¢(0)[;+[1 -;]exp(-"d)] (2-73)

where the true zeta potential { is assumed equal to {(0).
That is, gapp underestimates { by a factor of between
1/r (for large «d) and 1 (for small «d).

(ii) Free draining adsorbed layer of thickness d, constant

polymer adsorption factor P, having a viscosity m_ = rn

F

r > 1.

The potential distribution is now given, from (2-33) and (2-36),

by
b NT-Bexp[-«(x-d)]
(x) = = (2-74)
v sinhkNT-Bd +~VI-BcoshwNI1-Bd
inside the adsorbed layer. Since ({(x)—= 0 as x — ©, and since
the potential is continuous at d, the integrations of (2-72) give:
g, _ 41r"10U i g[-1-+ (1-1/r)NT_B ]
app € r sinhkNI-Bd+~NTI-BcoshkNI-Bd
(2-75}

where again we take § = QJO to be the true zeta potential. As in the

previous case, the apparent zeta potential estimated from the
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mobility underestimates the true zeta potential by a factor that varies
between 1/r (for large «N1-fd) and 1 (for small «~N1-Bd).

- An increased viscosity in the double layer region, then, results in
an underestimate of the zeta potential which is most severe for high
ionic strengths and thick, diffuse layers. At low ionic strengths
and /or for thin, dense adsorbed layers, the apparent zeta potential
is less affected by the viscosity variation near the surface.

If the variation of M with x were known, that functional
dependence could be included in the integration of (1-4), and more
precise results obtained. Unfortunately, however, there appears at
present to be no way to even estimate the value of r 1in this simple
model, let alone study its spatial variation. We have to acknowledge
that the assumption r =1 to be made in Chapter 5 probably leads
to an underestimate of Z, and therefore of pB, but there seems
to be no other recourse open. Estimates of the thickness of the
adsorbed layer, obtained by fitting (2-39) to experimental Z(c)
curves, are probably less affected by this assumption.

The Effect of Neutral Adsorbed Layers on the Electrostatic
Potential Energy of Repulsion Between Two Flat Plates

In Section II, p. 12 the derivation of an expression for the electro-
static potential energy of repulsion between two flat plates bearing a

surface charge was given. We shall now extend this derivation to
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include the effects of neutral adsorbed layers on the surfaces of the

plates.
The "disjoining pressure," P, midway between two plates,

one situated at the origin, separated by a distance 2s is given by:

¢(s)
P = _y pdo (1-25)
0
The charge density, p(x), in the presence of two identical adsorbed
layers of thickness d, each characterized by a polymer adsorption
factor f(x), is given, from the sum of terms like (2-24) for a 1:1
electrolyte, by:
pi(x) = -Zeno[l—@(x)] sinh %%i)- (2-76)

where ¢(x) is the total electrical potential at some point x < 2s.
Substituting this expression into (1-25) and integrating gives for the
repulsive force per unit area:

P(s) = Znok’r[l-p(zs)][cosh[%ﬂ]_1] (2277

The repulsive potential energy, V can be obtained from P by

RS

applying
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s s
V_(2s) = “\S‘ P(s)d(2s) = - ZS‘ P(s)ds (Y. 29]

but to evaluate the integral, the dependence of ¢(s) on s must be
known, and the spatial dependence of P(x) taken into account.

We now limit the discussion to plate separations 2s > 2d,
i. e., no overlap of adsorbed layers is considered, sincethe repulsive
energy must include terms derived from the decrease in configura-
tional entropy of the adsorbed layers if overlap is to be allowed (79,
80, 208).. It does not yet seem to be clear just what form these terms
should take (80).. Since 2s > 2d, p(2s) = 0, and applying the
approximation coshx - 1 ~ XZ/Zs good to 4th order in x, (2-77)

becomes:

$ (s) (2-78)

If we consider the case of an adsorbed layer of constant adsorption
factor f, and assume that the plates are far enough apart that the
total potential midway between them is just the sum of the potentials

due to the individual plates:

ols) = 2¢(s) = 2UDVIP expl-w(od)] (2-79)

where

D = sinh(kN'1-Bd) + N1-Bcosh(kN1-Bd)
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as before, and Y(s) 1is given by (2-74). Substituting (2-78) and
(2-79) in (1-29) and integrating gives for the repulsive potential be-

tween two plates a distance 2s apart:

4noe2§2(1=[3)e>sp[— 2k (s5-d)]

V_(2s) = {2-80)
2
L kkTD
where VR is expressed in units of (kT) per unit area. To ex-
press VR in terms of the zeta potential, we have assumed for

simplicity that the entire layer is free draining so §{ = y(0). For
cases of partial free draining, the appropriate expression for
é(\p[O]) may be used and substituted into (2-79).

To obtain an expression for the relative change in repulsive
potential caused by the presence of the adsorbed layer, the expres-
sion for V in the absence of adsorption, V_ , obtained using

R Ro

basically the same approximate form for the potential is used:

2 2
4e noéo
VRo = “‘-Eﬁu—exp(c.?;ws) (1-31)

The relative repulsive energy in the presence of the adsorbed layer

is then:

exp 2kd (2-81)
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We have seen previously that at high ionic strengths,

Z
L 1
L= .- (2-82)
2 I
¢ p
o
so we may write approximately under these conditions:
VR = exp 2rd (2-83)
5 i
Vas  [einbik Bl & N ToB aoshic i T-Ba)]
Plots of V and V_ vs s, the half plate separation are given

Ro R

in Figures 2-10 and 2-11 for some representative values of p and
d. The ionic strength used is that of saline, the zeta potential in the
absence of polymer is taken to be that of the human erythrocyte, and
the zeta potential in the presence of polymer is assumed to be given
by (2-82). As expected, the increased zeta potential due to the ad-
sorbed layer causes an increase in the repulsive potential as well.

For large «d, (2-83) may be expressed approximately as:

VR 2 explaxd(1-~T1B)]
VRo  (1TB)°

(2-84)

It is clear from this expression that for thick, dense adsorbed layers,
the increase in repulsive potential can be enormous.
The absolute value of V is more difficult to evaluate, how-

R

ever, particularly for cells. The difficulties arise because the
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approximations used in the derivation of (2-81) are such that VR is
underestimated, due both to the use of the assumption that sinhx ~ x
in deriving (2-74), and the use of coshx - 1 ~ XZ/Z in obtaining
(2-78). Further uncertainties are introduced when the geometries
of the interacting bodies are considered. Treating two erythrocytes
as if they were flat plates of appropriate areas is obviously only an
approximation to the true case. The interaction energy for curved
surfaces such as the cells would be expected to be lower than esti-
mated here. Thirdly, the difficulty in estimating the true value of the
zeta potential due to the adsorbed layer viscosity as discussed in the
previous section will lead to an underestimation of p, which will
lead to an underestimation of VR (2-80). Within the context of the
model under consideration, however, the conclusion seems inescap-
able that the presence of neutral polymer layers will result in in-

creased repulsive energies between fixed charge surfaces to which

they are adsorbed.
Summary

Various models for the zeta potential increase in the presence
of neutral polymers are proposed. Free solution properties such as
the bulk dielectric constant are shown not to explain even qualitatively
the experimental facts. Four models based on the adsorption of

polymer to the charged surface are discussed. Ponder's original
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dielectric argument is shown to predict a decreased, not increased,
zeta potential. Charge rearrangement in the peripheral region is
considered, but seems not to apply to rigid particles for which the
effect is seen, and hence cannot be a general explanation of the
phenomenon. Non-specific ion adsorption to the adsorbed polymer is
ruled out for the dextran experiments by a variety of experimental
observations on the properties of dissolved and adsorbed dextran.
The final model considered is based on the effect a surface phase of
adsorbed polymer will have on the chemical potential of counterions
to the surface charge. The effect is analyzed assuming Flory-
Huggins theory applies to the adsorbed surface phase. The analysis
produces a Boltzmann equation modified by a polymer adsorption
factor. This equation is used to derive several expressions for the
relative zeta potential as a function of the polymer adsorption factor,
the depth of the adsorbed layer, and the ionic strength, which apply
under various, defined conditions. Providing the adsorbed layer is
to some extent free draining, the zeta potential in the presence of the
adsorbed layer is shown to be increased at some ionic strengths, the
range of ionic strength over which the increase occurs being greater,
the more extensive the free draining. For totally free draining
layers, the zeta potential is predicted to be increased in the presence
of the adsorbed layer at all ionic strengths, the increase being greater

the greater the volume fraction occupied by the adsorbed layer. The
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variation of the relative zeta potential with ionic strength can be used
to measure the depth of a neutral polymer layer adsorbed to a fixed
charge system.

The effect of an adsorbed layer on the mobility-zeta potential
relationship is also discussed. It is concluded that in the presence of
a partially or totally free draining polymer layer the relative zeta
potential measured electrophoretically will probably be underestimated
due to the assumption that the viscosities in the bulk solution and in
the adsorbed layer are identical.

Lastly, the adsorption model is applied to the calculation of the
repulsive electrostatic potential energy of two flat charged plates to
which are adsorbed neutral polymer layers. Providing no overlap
of the adsorbed layers occurs, the repulsive potential is markedly

increased in the presence of the adsorbed layers.
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CHAPTER 3
DIELECTRIC PROPERTIES OF AQUEOUS
DEXTRAN SOLUTIONS

"The most detailed explanation given to date for the zeta potential
increase observed for erythrocytes suspended in dextran-salt solutions
is due to Pollack et al. (104). These workers suggested that dextran
solutions have a much larger dielectric constant than water, and that
this increased dielectric constant was responsible for the electro-
phoretic effects seen. It seems highly improbable that a pure solu-
tion property could be responsible for the zeta potential changes
measured for a variety of particles in a given solution, as discussed
in Section 2-I. Further, Allgén and Roswall (109),‘ using a method
which was not subject to some of the errors common to the capaci-
tance measurements employed by Pollack et al., reported that up to
0. 5% dextran had no effect on the dielectric constant of water.
According to Pollack, on the other hand, an 0.5% dextran solution
should have a dielectric constant 20 units larger than water. In view
of this discrepancy, the dielectric constant measurements described
below were undertaken.

_The easiest and most accurate way to measure the dielectric
constant of a solution is to measure the electrical capacitance of two

electrodes immersed in the solution. The ratio of this capacitance to
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that of the electrodes in air is the dielectric constant of the solution
(209). As employed in the electrokinetic equations of Chapters 1 and
2, €& refers to the dielectric constant measured at zero applied fre-
quency, since only electrostatic effects are considered in these
equations. In practice, dielectric measurements are made in an
alternating field, since d.c. conditions introduce enormous errors
due to the appearance of electrode polarization impedances in the cir-
cuit (210). Providing the applied frequency is low enough that no
additional dispersion can occur, the low frequency dielectric constant
is equal to the d.c. value.

Low frequency capacitance measurements in aqueous salt solu-
tions are complicated by the presence of electrode polarization (210).
At frequencies, v, of less than roughly 100 kHz, polarization
impedance can cause overestimates in the measured capacitances of
several orders of magnitude (211). These impedances depend on the
electrode material used and on the concentration of salt in the solu-
tion. For a.c. measurements, platinum is the material of choice;
since it may be coated with a porous layer of platinum black which
reduces the polarization impedance of the electrodes by up to four
orders of magnitude. Reduction in polarization impedance may also
be obtained by reducing the ionic concentration of the solutions to as

low a value as possible.
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Methods and Materials

Dielectric constant measurements were made on solutions of
two dextran fractions obtained from Pharmacia Fine Chemicals,
Piscataway, N.J.: Dextran T40, Batch 8687 (K/[mW = 39, 500,

M_ = 24,000, [n]=0.196) and Dextran 250, Batch 893

(M_ = 236,000, M_ = 109,000, [n]=0.42). The fractions were dis-
solved in, then dialyzed against, 8 changes of twice pyrex-distilled
water deionized through a Barnstead standard mixed bed deionizing
cartridge. The fractions were then lyophilized, made up in twice
distilled deionized water to concentrations of 10% w/v, and used at
this and diluted concentrations for the dielectric constant measure-
ments. The specific conductivities of these solutions never exceeded
2 x 10_5~mho-cm_1. The dielectric cell used was a two terminal cell
of 13.0 ml volume employing two fixed concentric cylindrical platinum
electrodes, constructed by the Research Instrument Service of the
University of Oregon Medical School. The electrodes were each
platinized from a solution containing 1.0 gm chloroplatinic acid,

0.01 gm PbClZ and 33.3 ml HZO at a current density of 10 ma crm_2
for 1 hour to give a deposition of approximately 35 coulombs cm
(211). The electrodes were stored short-circuited for 48 hr in dis-
tilled water before use. The platinized cell had a stable air capaci-

tance at 10 kHz of 0.4198 pF at 25.0°C. A transformer ratio arm
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Type 1615-A capacitance bridge in conjunction with a Type 1310-A
audio oscillator and a Type 1232-A tuned amplifier and null detector,
all supplied by General Radio Co., West Concord, Mass., were used
for the capacitance measurements. The circuit is shown in Figure
3-1. This bridge will measure capacitances from 1 x 10_17 to
1.11110 7::'10_6 Farad and conductances of between T R 16" vofio
in the frequency range of 100 Hz and 10 kHz, and is useful with re-
duced accuracy to 100 kHz. The limits of accuracy quoted by the

manufacturer at 10 kHz are %[(0.01% + 0. 00003 pF) + (£3 x 10—5%

iy . 2
+2x10 3% CpF +3 x10 7pF) x (v )”] in capacitance, C, and

kHz
£[(1% of measured value + 1 x 10_5 pmho + 6 x 10_21} C
kHz uF
x (1+v +5 @ )pmho] in conductance, G. To balance the

kHz '~ 'kHz pF

bridge with the more conductive solutions, a shielded external con-
ductance standard of 0.9977 pmho (1 meg resistor) was used in
conjunction with a General Radio Type 874-X insertion unit. The
capacitance associated with the external conductance standard, Cx’
was measured on the bridge to be 7. 90 % . 04 pF independent of fre-
quency between 1 kHz and 100 kHz. Since multiples of Cx were

-added to the bridge capacitance, C to determine the sample

b’

capacitance, C whenever the external standard was required for

s’
balance, the uncertainty in the value of Cx limited the accuracy of

determination of C .

Individual capacitance determinations were carried out as



External
_! Standard
Type I615-A
Capacitance @ AN
Bridge
|
| O« 495»
| internal
‘ Standard
O<— Conductance
| O« 1
| Internal
Standard
| 0 Capacitance
I
! =0
Type |
ISIO.-A Type 1232-A
Oscil- [
lator bl
| Detector
| =
|
|
I
I
- S
Q @)
T
4 o l
Dielectric |
Constant | —— Pt Electrodes
Cell | .
l —— Solution
B amen e o
Figure 3-1. Circuit diagram of the capacitance measurement
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follows: 13.0 ml of sample was pipetted into the cell, the cell was
immersed in a water bath thermostatted to (25.0 £ 0. 2)°C, the
shielded leads from the bridge aitached to the cell, and system
allowed to equilibrate for 1 hr. The geometry of the leads, cell and
measuring system was kept constant from run to run to avoid changes
in the stray capacitances associated with two terminal measurements
such as these. The bridge was sufficiently far from the cell that the
hand motion associated with balancing the bridge had no effect on the
measured capacitance.

The air capacitance of the cell, Co, and the stray capaci-
tances Cst were calculated by measuring the capacitance of the cell
containing, air, twice distilled deionized water, reagent grade ben-
zene and anhydrous methanol at 10 kHz and 100 kHz. The accepted
values for the dielectric constants of these standards (212) were used,
except in the cases of benzene and methanol, where the values were
corrected for the presence of the 0.05% H,0 and 0. 1% H,O respec-
tively present in these samples (as indicated by their purity limits).
The data were fitted to equation (3-1) below using a standard linear
regression program on a Hewlett-Packard 9100B calculator. The
capacitances of the dextran solutions were also measured at 10 kHz
and 100 kHz, the stray capacitance subtracted from the total capaci-

tance (C, + Cx)’ and the dielectric constant ¢ calculated from

b
y/C

& 5 {Cy+ 0, =T o at each frequency.

st
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Results and Discussion

Provided the stray capacitance does not change from determina-
tion to determination, the total two terminal capacitance, C,

which the bridge sees at balance is given by

C=egC +C (3-1)
o) st

where ¢ 1is the dielectric constant of the material in the cell. If a
series of standards are measured for which ¢ 1is known, the (C,¢)
data may be fitted to equation (3-1), and CO and CSt determined
from the slope and C-intercept of the resulting straight line. Table
3-1 gives the results of the standard measurements made at each fre-
quency, the measured total capacitance in air at the beginning and end
of the experiments, the linear regression coefficients, and the result-
ing values of Co and Cst' The values are seen to differ slightly
at the two frequencies, but the agreement is satisfactory since the
accuracy of the bridge is somewhat reduced at 100 kHz (213).

The dielectric constants of a series of dextran solutions
measured at 10 kHz and 100 kHz, as well as the values predicted
from Pollack's results, are given in Table 3-2. The precision limits
following each value represent the uncertainty in calculated ¢ due to

the £ 0. 04 pF uncertainty in the capacitance of the external standard

conductance.  The values of CO -and Cst are not affected by this
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error since the conductivities of the calibrating fluids were low enough
that no external conductance standard was necessary to balance the

bridge during their measurement.

Table 3-2. The dielectric constants of aqueous salt-free dextran

solutions (T = 25.0°C, €HZO = 78. 54).
Dextran .
Concentration i . from
(w/v) 10 kH=z 100 kHz Pollack et al.

Dextran 40 2.5% 76.9+ 4.5 84.7x 4.8 179 7
5.0% 79.6 + 9.1 86.3 £ 9.5 280. 8
Dextran 250 2.5% 77.3x 5.4 83.2x 5.7 179.7
5.0% 79.2+ 9.1 85.8x 9.5 280.8
10.09% 78.9 10 109.0 £ 11 483.0

It is seen from Table 3-2 that in all but one case in the frequency
region of reduced bridge accuracy, the uncertainties in the dielectric
constants of the dextran solutions are such that the measured dielec-
tric constants overlap with that of water. Hence, the dielectric con-
stants of dextran solutions of up to 10% w/v concentration are
indistinguishable from that of water, in agreement with Allgén and
Roswall (109). It is clear from examination of the last column in the
table that in no instance could the uncertainties in these measurements
allow agreement with Pollack's data.

It would seem from these and Allgén’s results that Pollack's

results are in error. The most likely source of his apparently high
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dielectric increments lies in electrode polarization. The salt concen-
tration in his polymer solutions was significant, since they were all
adjusted to pH 7.45 with 0. 01 N NaOH, yet he did not employ platinized
platinum electrodes. Further, many of his measurements were made
at between 1 kHz and 50 kHz (214), where electrode polarization will
be appreciable in such systems. His value for the dielectric incre-
ment of bovine serum albumin (b.s.a.), for instance, is roughly six
times that which may be deduced from Grant's results (215) obtained
in the absence of salts. Takashima's experiments (167) have shown
that the pH differences in Grant's and Pollack's work should have no
appreciable effect on the dielectric constants measured for b.s.a.
solutions.

An explanation for the apparent internal consistency of the

dielectric measurements as a function of concentration of Pollack

et al. may lie in their method of correcting for electrode polarization.
They state that the dielectric increment of any given polymer solution
was obtained by subtracting from the capacitance of the polymer solu-
tion the capacitance measured for an aqueous NaCl solution of exactly
the same conductivity, then dividing by the air capacitance of their
cell. As evidenced by the currents measured during electrophoretic
mobility determinations, however, the conductivities of dextran-salt
solutions are lower than the conductivities of aqueous solutions at the

same salt concentration but with dextran absent. Therefore, the
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apparent conductivities of dextran solutions indicate falsely low salt
concentrations. Salt solutions of conductivities equivalent to the poly-
mer solutions, then, will contain lower ionic concentration. Hence,
the polymer solutions will contain more salt than their controls and
progressively more electrode polarization will be present in these
solutions the higher the polymer concentration. The measured
capacitance difference between a polymer solution and its salt solution
control will therefore appear to increase in a regular way as the poly-
mer concentration is increased. If at the salt concentrations relevant
here the polarization impedance is a linear function of salt concentra-
tion, and the polymer causes a conductivity decrease which depends
linearly on polymer concentration, a roughly constant apparent dielec-
tric increment per gram of polymer would be measured, as Pollack
observed. Neglect of the dependence of solution conductivity on the
presence of polymer, then, would appear to be one source of syste-
matic error in Pollack's results which could account for his apparently

erroneous dielectric increments for dextran solutions.
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CHAPTER 4
THE DEXTRAN-ERYTHROCYTE ADSORPTION ISOTHERM

All the models for cellular zeta potential increases in the pre-
sence of neutral polymers discussed in Chapter 2 assume that dextran
adsorbs to the peripheral region of erythrocytes. Although adsorption
to red cells from plasma solutions of dextran has been qualitatively
demonstrated, dextran adsorption has not been shown to occur in the
absence of plasma proteins. As discussed in Chapter 1, it is not clear
from the plasma results whether the adsorbing species is dextran
alone, or a dextran-protein complex. In any case, the concentration
dependence of the adsorption process has not been studied. This
chapter describes a direct measurement of the adsorption isotherm
of a neutral polymer to cells.

The usual method of measuring adsorption from solution is to
measure the concentration decrease of the adsorbent remaining in
solution after equilibration with a surface. Providing it can be shown
that there is no penetration of the surface by the adsorbing species
(by phagocytosis, diffusion or active transport in the case of cells),
the disappearance of adsorbent from solution is equated with the
amount adsorbed. Knowledge of the surface area available for adsorp-
tion allows the calculation of the amount of material adsorbed per unit

area. This subtraction method cannot be expected to work for the
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case of dextran adsorbing to erythrocytes, however, since even in the
presence of plasma proteins the uptake corresponds to less thana 1%
change in the solution concentration of dextran [1% w/v (?4)].
Adsorption under these conditions would be expected if anything to be
higher than in the absence of plasma, since plasma proteins are known
to both interact with dextran ‘(7162) and adsorb strongly to erythrocytes
(216). The degree of resolution necessary to measure accurately
changes of this magnitude was unlikely to be attained by normal
analytical procedures. A direct measure of uptake therefore seemed
to be required.

The most common method of measuring the uptake of a molecu-
lar species is by using radioactively-labelled molecules and detecting
the radiation associated with their presence in the location of interest.
Radioactive dextran is available, as are methods for counting labelled
dextran originally associated with hemoglobin-containing cells. The
primary difficulty in directly counting the labelled dextran associated
with the cell involves distinguishing between the adsorbed label and
label still in solution in the interstitial fluid surrounding the cell.
Erythrocyte pellets, spun even at the high speeds employed in micro-
hematocrit determineations (15, 000 xg), contain approximately 1-2%
trapped fluid (217). This amount of solution will contain more label
than would be expected to be associated with the cells, on the basis of

the dextran/plasma experiments. The problem, then, is to either
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determine accurately the amount of interstitial fluid present in a cell
pellet, or to reduce the amount of fluid to a negligible level.

The best way to estimate the volume of trapped fluid in a cell
pellet is to introduce an indifferent, labelled solute to the pellet, and
measure its dilution in the solvent volume available to it (218). So
long as the cells do not take up this solute, the dilution factor will
give an estimate of the fluid present in the pellet. The accuracy of
this method, however, is very low, as may be seen from the following.
Assume first that the labelled solute (sucrose, inulin, sorbitol, etc.)

is added only to a concentrated pellet from which the supernatant has

been removed. The volume of trapped fluid, Vt’ is given by:
A
= 5 z
Vt—Vﬂ[A 1] (4-1)
d
where
Vg = volume in which the labelled solute is introduced at a
specific activity AO.
Ad = specific activity of label after dilution with trapped fluid.

There will be an unavoidable error of a few percent in determining
(AO /Ad). Since the pellet is assumed compact, the dilution will be
small, and (Ao/Ad) will be not too different from 1. Hence,
(AO /Ad -1) will be much less than 1, and the error due to the

uncertainty in (AO /Ad) will be a significant fraction of
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(AO /Ad - 1) (= £20% at best). If on the other hand a loose pellet is
used to increase (AO /Ad) and reduce the error in Vt’ the
amount of trapped solvent will be so great that when the pellet is
counted for dextran, the counts due to the dissolved label will be over-
whelmingly greater than those due to adsorbed label. The counts due
to the adsorbed label will therefore be the small difference between
the total measured counts and the calculated counts due to Vt.
Even small uncertainties in these two large numbers make uncertainty
in their difference relatively large. Estimation of trapped fluid vol-
umes, then, severely limits the accuracy of direct adsorption meas-
urements made in the presence of interstitial fluid. Attempts to
measure dextran uptake using the method described above were totally
unsuccessful.

The other approach to dealing with the trapped fluid is to try to
reduce the amount of fluid in the cell pellet to a negligible level. The
normal way to accomplish such a reduction is to wash the pellet
several times in an unlabelled medium. Washing in saline, however,
might be expected to markedly reduce the degree of dextran adsorp-
tion, since the zeta potgntial increase observed in the presence of
dextran in saline can be almost totally removed with one washing of
normal erythrocytes. This is apparently also the case for polylysine

adsorption to red cells, since Katchalsky's group showed that the

electrophoretic mobility change in the presence of polylysine was a
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single valued function of external polylysine concentration (88).
Dextran in plasma, on the other hand, apparently binds to red cells
much more strongly, since six plasma washes do not remove it (94).
Washing with aqueous solutions in which dextran is insoluble (satu-
rated KCl, for example) might be a possibility were it not for the
observations, made in many systems, that decreased solvent power
leads to greater adsorption of polymer (38).

Washing with an organic phase was attempted unsuccessfully.
Washing with an organic phase (a mixture of benzyl benzoate and
cottonseed oil; see below) whose density was greater than the aqueous
dextran solution but less than the cells was also unsuccessful. Appar-
ently contact of the aqueous cell suspension with the organic phase
encapsulates a sufficient (variable) quantity of label-containing
aqueous solution around the cell to overwhelm the counts from the
adsorbed label alone. Attempts were made to separate the cells from
the aqueous suspending medium by spinning them down through the
organic phase of intermediate density. Again, a sufficient quantity of
aqueous solution remained associated with the cells to mask the
adsorbed dextran. A method was developed, however, that gave con-
sistent and reproducible results for the adsorption of dextran to human

erythrocytes from saline solutions.
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Materials

To avoid any possible complications arising from the presence
of negative charges on the labelled dextran molecules, it was decided
not to use the Cl4-carboxy1ated dextran employed in the previous
plasma /dextran adsorption studies. Instead, a 2. 0 gm sample of dex-
tran 77.6 (Fraction FDR 403, -I\_/IW = 77,600, ﬁn = 65, 500; kindly
provided by Dr. K. Granath, Pharmacia AB, Uppsala, Sweden) was
tritiated by Amersham-Searle Corp., Arlington Heights, Ill. using
end group reduction with sodium borohydride-T (TRK .45 Batch 16).
The dextran was received dissolved in 25 ml of HZO and contained
24.2 mC of H3 activity according to the supplier's specifications. It
was dialyzed against 5 changes of distilled deionized water. The fifth
wash contained negligible H3 activity. The dialyzed H3 dextran solu-
tion was lyophilized to yield 0. 7007 gm of powder. This powder was
taken up in 25.02 gm of twice distilled water (2X HZO) made O.‘OZ%
in sodium azide to prevent bacterial growth and stored at 4°C until
used.

The H3—dextran was checked to see if fragmentation had
occurred during tritiation as follows. A (2.50 x 100) cm column was
packed with Sephadex G-150 Fine to a bed volume of 458 ml and
equilibrated with 0.05 M NaCl at room temperature. The column void

volume was measured with a 13 ml sample of 0. 15% blue dextran
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(MW ~ 2x 106, Pharmacia) and found to be 128. 8 ml. - All elutions
were performed at room temperature. A 15 ml sample of 2. 9% w/v
dextran 77.6 in 0. 05 M NaCl was run through the column under
gravity flow of 14. 9 ml/hr. The elution profile was followed by per-
forming Carb?hydrate analyses on aliquots of each of the 5 ml samples
collected, using the standard phenol-sulfuric acid technique (219).
After eluting roughly 1 bed volume of 0.05 M NaCl, 12 ml of the H3~
dextran stock was applied to the column and the elution profile again
followed with carbohydrate determinations. Both peaks eluted with a
partition coefficient Kav (220) of 0.17. The profiles were essen-
tially indistinguishable for the H3 and cold dextran samples in the
peak region (when normalized for total applied weight). The H3~
dextran sample exhibited some tailing beyond the cold dextran peak,
but the CHO analyses indicated that 97. 7% of the eluted material was
present under the peak. The fractions under the peak were pooled
and dialyzed against 5 changes of 2X HZO; 192. 14 mg of HB—d.extran
from the dried down peak was dissolved in 24.8898 gm of 2X HZO

0.02% w/v in NaN_, and stored at 4°C. The specific activity of this

3
solution (measured by the method described below) was
-1
5.07 x 108 dpm ml , implying the specific activity of the dextran was
10 -1 -1
6.58 x 10 " dpmgm = 29.6 mC gm on July 13, 1970.

3
H -toluene used as an internal standard to determine counting

efficiencies was supplied by New England Nuclear, Boston, Mass. and
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had a specific activity of 2. 26 x 106 +3.1% dpm ml_l on-Dee. 6, 1967
(NES-004, Lot #282-222). The cottonseed oil used was once refined
according to the supplier, Matheson Coleman and Bell, Norward,
Ohio. The unlabelled dextran used was dextran 77.6, the parent
fraction of the H3-dextran. It was made up in 2X HZO 0.02% w/v in
NaN3 as a concentrated solution (25.78% w/v as measured polari-
metrically) and stored at 4°C. All other chemicals used were reagent
grade.

Erythrocytes were obtained as in date A. C. D. -anticoagulated
blood from the Red Cross Blood Bank. Cells were washed three
times in standard saline (0.145 M NaCl brought up to pH 7.2 £ 0.2
with 0.5 M NaHCO.) before used in the adsorption studies. Cells

3

were not selected as to blood group.
Methods

A typical adsorption experiment was carried out as follows.
Dry NaCl was added to an aliquot of the H3-dextran stock solution to
bring its ionic concentration up to 0.145 M. Cold dextran was diluted
with 2X HZO and concentrated salt solutions to bring the final solution
to the desired dextran concentration. The hot and cold dextran/salt
solutions were mixed by weight to give solutions of the required total
dextran concentrations and specific activities. A Mettler Model

P160N top loading balance which could be read to £0.5 mg was used



146

for all but the internal standard weighings. The final salt concentra-
tion of the labelled dextran solutions was either 0.145 NaCl, brought

topH 7.0+ 0.4 with 0.5 M NaHCOB, or that resulting from a mixture
of 20% by volume 0.145 M NaCl and 80% phosphate buffer [20 parts by

oy | =1
volume 19.27 gm 1 NaHZPO plus 80 parts 17.92 gm 1 NaZHPO

4 4’
287 mOsm, pH 7.2 £ 0.1 (221) ]. The presence of the phosphate, or
the phosphate/Cl  ratio did not appear to affect the adsorption, pro-
+

vided the cation was Na . At total dextran concentrations above about

-4 -1 - - : :
4 x10  gm ml the specific activity of the solutions was typically

i -1 -4 -1 :
3x10 dpm ml ~. Below 4 x 10 =~ gm ml ~, either no cold dextran
was used, or a mixture of cold and hot polymer was used interchange-
able without influencing the results.

A mixture of roughly 2. 6 parts by weight of benzyl benzoate and
1 part cottonseed oil was made up. The density of this mixture was
intermediate between that of the erythrocytes and the dextran solution.
That this was in fact so was always checked by shaking gently a com-
bination of the organic phase, cells, and a sample of the most con-
centrated dextran solution to be used. This mixture was then spun
down briefly and checked to see that the organic phase lay in between
the cells and the aqueous phase. In the case of the most concentrated
dextran solutions, the amount of benzyl benzoate had to be increased

somewhat to increase the density of the mixture. This organic mix-

ture has been shown to be compatible with erythrocytes, combinations
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of its two components having been used to estimate erythrocyte
specific gravity (222).

Approximately 3 gm of packed washed erythrocytes and 3 gm of
an appropriate dextran solution were weighed into each of eight poly-
allomer ultracentrifuge tubes (5/8" diam. x 3", Beckman Instruments,
Palo Alto, Cal.). The suspensions were mixed gently with a vortex
mixer, and allowed to equilibrate for at least one hour at room tem-
perature. Increasing the incubation time to up to four hours had no
effect on the results. In those experiments where the pellets were to
be washed, a total of 8 to 10 gm of the 50% cell /dextran suspension
was equilibrated in 15 ml tubes, then ~6 gm of the mixture weighed
into the ultracentrifuge tubes. After incubation, the tubes were spun
for 15 min at 1000 xg and most of the supernatant removed from
each. Samples of two or three of the supernatants were kept for
trapped volume determinations and the rest discarded. Each of the
tubes was then partially filled with the organic phase, fitted with tube
caps and the filling then completed with organic phase. The tubes
were spun for 30 min at a maximum of 3. 68 x 105 xg (6.5 % 104r.p.m.)
in the Type 65 fixed-angle rotor of a Beckman Model L2-65 ultra-
centrifuge, T = 25°C. Doubling the ultracentrifugation time had no
effect on the results. All samples were then frozen overnight at
= =28 NG,

In those experiments in which part of the incubation suspension
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was washed, the 2 to 4 gm of cell/dextran suspension remaining after
the ultracentrifuge samples were removed was weighed, then washed
3 to 5 times in standard saline at a washing ratio of 1:10 to 14
(cells:saline). The cells were exposed to each washing solution for
approximately 6 to 10 minutes. After the final wash the supernatants
were removed and the washed pellets stored at 4°C until assayed. In
one experiment the supernatants from 5 successive washes were
assayed for H3 activity to determine the number of washes necessary
to effectively dilute out from the pellet the counts from the original
labelled incubation supernatant.

For each set of eight adsorption measurements, one of the
original dextran/H3—dextran/sa1t solutions was assayed in sextuplet
for its specific activity, from which value the activities of the other
solutions could be calculated from their weight compositions. The
trapped volumes of unlabelled solution associated with the washed cell
pellets were measured by assaying the specific activity in triplicate
of at least two different incubation supernatants. The average trapped
volume per gram of pellet was then calculated and this value used to
calculate the corrected dextran concentrations of the incubation solu-
tions.

The frozen cell pellets from the ultracentrifuged samples were



149

3 Car > e 1
assayed for H activity as follows. ™ Dry K]\/InO4 was used to oxidize
the tritiated carbon on the dextran molecules to produce tritiated
water. . The tritiated water was recovered by vacuum distillation in
Thunberg tubes, then counted. The specific activity of the THO was
directly proportional to the specific activity of the pellet. The effi-
ciency of the distillation-oxidation (distox) procedure (equal to the
proportionality constant) was found from a series of calibration distox

: 5

runs employing known amounts of cells and H -dextran.

The bottom of each of the polyallomer tubes was cut off slightly
below the pellet-organic phase interface. The cut-off frozen pellets
(~2 gm) were placed in Thunberg tubes (22 x 150 mm; Lab Glass Inc.,
Vineland, N.J., Catalogue No. LG10810) and allowed to thaw at room
temperature. Once the pellets were thawed, the Thunberg tubes were

cooled on ice, and ~2 gm of KMnO, powder added to each tube in turn.

4
Immediately after adding the permanganate, and while still surrounded
by ice, a pyrex glass wool pad was inserted near the top of the tube
barrel, the hollow bulb top placed on the tube, and the tube evacuated
through the side arm and sealed. Each tube was then mixed violently
with a vortex mixer, to thoroughly mix the viscous lysed pellet with

the dry permanganate. The oxidation reaction was allowed to proceed

spontaneously at room temperature for ~30 min befcre distillation.

=3
The author would like to thank Dr. J.H. Fellman for suggesting
this method of assay.
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The eight Thunberg tubes were then distilled in a steam bath with the
bulbs on ice for 20 min, the distilled liquid was tipped back into the
body of the tube to ensure that the THO concentration was uniform
throughout the tube, and the mixture redistilled for a further 20-30
min. The clear distillate (0.5 to 1 gm total) was then assayed for I--I3
activity. The specific activity of the pellet was calculated from the
THO activity and the measured efficiency of the distox procedure.
The number of dextran molecules present per gram of pellet was then
calculated from the original specific activity and dextran concentra-
tion of the incubation mixture. The number of cells per gram of pellet
was determined in a series of pilot runs by diluting a known weight of
the recovered (unfrozen) ultracentrifuge pellet and counting the dis-
persed cells in a. Model F Coulter Counter (Coulter Electronics Inc.,
Hialeah, Florida). The number of dextran molecules per cell was
then calculated. A schematic diagram of the adsorption measurement
procedure is given in Figure 4-1.

Between distox runs, the Thunberg tubes and bulbs were soaked
overnight in a solution of 35 ml aqueous saturated sodium dichromate
in 1 liter of conc. sulfuric acid, rinsed thoroughly with tap and dis-
tilled water then washed in detergent. Control distox runs on un-
labelled cells and H3 assays of their distillates showed that there was
no carry-over of radioactivity from run to run due to glassware con-

tamination.
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To assay the specific activity of the washed pellets, the cells
were weighed into Thunberg tubes using a peristaltic pump and
1/16" i.d. tygon tubing to transfer the cells. The tube from which
the pellet was taken was repeatedly washed with small amounts of
saline (less than 1.5 gm total) until all cells had been transferred.
The cell suspension was then put through the distox procedure outlined
above and the distillate assayed for H3 activity. From the composi-
tion and trapped volume in the incubated suspension, and the weight of
that part of the suspension subjected to the washing, the number of
grams of cells present in the distox assay were calculated, since a
negligible number of cells were lost in the washing and transferal
process. Hence the specific activity of the distox distillate could be
related to the weight of cells from which the activity originated, and
the number of dextran molecules per cell calculated as before.

Tritium activity was assayed by liquid scintillation counting at
ambient temperature on a Beckman CPM-100 Liquid Scintillation
System. The scintillation medium used contained 4.0 gm PPO
(2, 5-diphenyloxazole, Nuclear Enterprises, Inc., San Carlos, Cal.),
350 ml absolute ethanol and 650 ml toluene per liter. This medium
dissolved at least 0.025 gm of aqueous solution per ml of cocktail at
room temperature. All samples were counted at least twice to a total
count each run, with a few exceptions, of not less than 40, 000 cts.

The efficiency of the counting procedure was measured for each
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sample by weighing to 5 significant figures on a Mettler H20T balance
~0.1 ml of H3—toluene of known activity and recounting the sample at
least twice. The disintegration rate was then calculated from the
counting rate and efficiency for each sample.

The aqueous dextran solutions were assayed for H3 activity by
weighing 0.2 to 0.4 gm of the solution into scintillation vials, to
which was added 0.1 ml of conc. HCl. The vials were then sealed,
the contents hydrolyzed for 1 hr at 105°C, approximately 19 ml of
scintillation fluid added and the samples counted. Increasing the acid
concentration or hydrolysis time was found not to increase the specific
activity measured in this way. Also, subjecting H3-dextran samples
in the absence of cells to the distox procedure gave identical results
to the acid hydrolysis technique. The distillates were counted directly
by weighing duplicate 0.25-0. 5 ml aliquots from each Thunberg bulb
into scintillation vials and adding ~19 ml of scintillation medium. A
loose white precipitate formed when the oxidized pellet distillates
contacted the medium. The precipitate dissolved upon heating in a
water bath or standing overnight at room temperature. All activity
determinations were made on samples in which the precipitate was
dissolved.

The expressions used to calculate the volume of unlabelled
solution trapped in the cell pellet, the dextran concentration of the

incubation mixture corrected for trapped fluid in the pellet, and the
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number of molecules of dextran adsorbed per cell, are:

W A
o o
= —_ 1 4.2
Vtr p W [A ] ( )
o ¢ 5
where
Vtr = volume of trapped fluid per gram of pellet, ml gm
WO = wt. of labelled solution added to pellet (wt. WC), gim
= density of labelled dextran solution added to pellet,
-1
gm ml
AO = specific activity of labelled dextran solution added to
pellet, dpm (gm of solution}—l
‘As = specific activity of equilibrated supernatant,
-1
dpm (gm of super.)
[Dex]iow'o
_ i
[Dexl; = %, {%=%]
10 tr 1ic
where

-1
[Dex]i = final dextran concentration (gm ml ~) of ith supernatant
in equilibrium with Wic gm of cell pellet
[Dex]io = dextran concentration of ith solution before exposure to
-1
pellet, gm ml

W,10 = weight of ith labelled solution added to pellet, gm
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D
. - A, 2ist P Na o
i,Dx E._, A . p.n M _
distox io io ¢ n
where
Ni Dx _ 2verage no. molecules of dextran adsorbed per cell for
ith ultracentrifuged pellet
A,l dist specific activity of ith distillate dpm (gm distillate)
23 =1
NA = Avogadro's number, 6.02 x 10 mole
et = efficiency of distox procedure; equal to specific activity
of distillate + specific activity of sample oxidized
Aio = specific activity of ith solution prior to exposure to
pellet, dpm (gm sol'n)
o, © density of ith solution prior to exposure to pellet,
-1
gm ml
B = avErage number of erythrocytes per gram of ultracen-
trifuge pellet
_I\—/[n = number average molecular weight of dextran
- A aiat Pl gNa Wi 4L
i,Dx E_. A p.n MW, )
distox 1o io cw n ic
where
N:VDX = no. molecules dextran adsorbed per cell for ith washed
pellet
W = weight of cells plus saline put through distox procedure

i, T
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Wic = weight of cell pellet in ith sample put through distox
procedure
- = no. erythrocytes per gram of original pellet
= b= Vtr)nc

The above expressions assume that the density of trapped saline is

1. 00 to three significant figures. The densities of the dextran solu-
tions were calculated from the concentrations and specific volume of
dextran, 0.611 ml g-l. The decrease in specific activity and dextran
concentration due to adsorption to cells is assumed to cause no signifi-
cant change in these parameters within the limits of accuracy with

which they may be determined.

Results and Discussion

Upon completion of ultracentrifugation, the organic phase was
situated between the cell pellet at the bottom of the tube, and a small
amount of H3—dextran solution floating at the top of the tube as
anticipated. The pellet was observed to be compact and highly trans-
lucent, looking more like a clear hemoglobin gel than a cell pellet.
There appeared to be no light scattering centers present in the pellet,
as judged by eye. This transformation, of an opaque erythrocyte
pellet compressing into a translucent, gel-like material in high

centripetal fields, is known as Koeppe's criterion, according to
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Ponder (223). It is supposed to indicate complete packing, the lack
of light scattering being due to the loss of cell-fluid interfaces. How-
ever, Ponder claims that up to 5% of the pellet could be fluid while
still meeting Koeppe"s criterion. He also states that the appearance
of translucency corresponds to greater packing, the greater the diam-
eter of tubes in which the cells are spun. Under the experimental
conditions applied here, even if all the counts associated with the cell
pellets were due to trapped fluid, the packing must have been at least
99. 4% complete.

In a pilot ultracentrifuge run, the erythrocyte pellet was
recovered by decanting the aqueous and organic phases. The trans-
lucent pellet was somewhat elastic, but flowed down from the side of
the tube over a period of approximately 30 minutes. When a small
piece of the pellet was scraped off the tube wall and examined under a
light microscope, the closely apposed cell-cell interfaces were
clearly visible. No regions were ever seen where adjacent mem-
branes were not in total contact over their entire visible surfaces.

No indication of the presence of interstitial fluid was ever observed.
When bits of pellet were suspended in saline and sheared gently,
however, the cells were easily dispersed into normal-appearing flex-
ible biconcave discoids. Little or no hemolysis accompanied the
ultracentrifugation procedure. These observations are in agreement

with those of Parpart and Ballantine (224).



158

The efficiency of the distox procedure was measured by adding
varying amounts and concentrations of H3—dextran of known activity to
erythrocyte pellets, putting them through the distox procedure and
assaying the distillates for I—I3. Up to the maximum cell:solution ratio
‘measured (2:1), any systematic variation in efficiency due to compo-
sition variation was found to be smaller than the statistical variation
measured from run to run. From duplicate H3 assays of 24 efficiency
determinations, the efficiency of the distox procedure was found to be
0.788 = 0. 139, where the confidence limits represent + the standard
deviation. As an absolute measurement, then, the statistical error
in the distox efficiency limits the accuracy of the adsorption isotherm
to at least £14%. Further errors are introduced into the calculation
of NDx through the measurement of the distillate and H3-dextran
solution activities, and the number of cells per gram of pellet.
Hydrolyzed samples were counted at rates of 2-5 x 104 cpm, at an
efficiency of ~15%, while the distillate counts were generally
> 104 cpm, and never less than 2X background. The efficiency for
distillate counting was ~20%. Under these conditions the measured
activities were reproducible to #3%. The number of cells per gram of
pellet was measured repeatably to £2%. In spite of the large relative
error in determining the trapped volume in the pellet, the correction
for trapping when applied to the dextran concentration produced only a

+ 2% uncertainty in the equilibrium supernatant dextran concentration.
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The errors in calculating solution compositions, dilution factors, etc.
were negligible compared to the other errors, since all manipulations
were done by weight to at least an estimated fourth significant figure.
The value of -I:/[_n for the low concentrations must be very close to
that of the parent fraction, judging by the elution behavior of the H3-
dextran, and the fact that varying the ratic of cold to hot dextran pro-
duced no inconsistencies in the results. The molecular weight distri-
bution is therefore essentially that of the reasonably homogeneous
‘parent dextran 77. 6 (ﬁw/l\_/l.n = 1.18), for any of the labelled solutions
used. As an absolute measurement, then, assuming only a homo-
geneous polymer population, the accuracy of NDX can be expected
to be about +23%, with more than half the uncertainty due to the stand-
ard deviation of the distox efficiency determination. As a relative
‘measurement of adsorption as a function of dextran concentration,
however, the experimental data should be internally consistent to
approximately £ 8%, due to the uﬁcertainties in Ai,dist’ Aio and
[DeX]io of equation (4-4).

The dextran 77. 6-erythrocyte adsorption isotherm determined
by the above procedure is given in Figure 4-2. The isotherm is lin-
ear on a log-log plot for dextran concentrations between
6.8 x 10—6 gm Sl T and approximately 7 x 192 gm ml_l, at which
point the adsorption increases somewhat. Linear regression analysis

of the data in log form gives the equation of the line of best fit to be:
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The dextran 77.6-erythrocyte adsorption isotherm.
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=1.01 + 6.92
log NDx 013 log[Dex] + 6.9

= -1 - -1
r=0.998, 6.75x 10 6grnrnl S_[Dex]i?.,léxlo ngml

In linear form, the regression equation for the same concentration

range is:

8.34 x 1o6 [Dex] - 4. 64 x 10°

Z
1

0.993

]
il

The NDX-intercept of the NDX-[Dex] regression line is not signifi-
cantly different from zero, so for [Dex] < 7% w/v, the adsorption
of dextran 77. 6 from saline to human erythrocytes is directly porpor-
tional to the dextran concentration. Above 7%, adsorption increases,
again apparently linearly, although too few points were taken above 7%
to adequately define the concentration dependence.

The linearity of the measured points immediately suggests that
the results represent a small constant fraction (~0. 6%) of trapped
fluid per gram of pellet rather than adsorption of label to the cells.
That the linearity of the results do not represent only trapped fluid
can be seen from the results of the washing experiments, also shown
in Figure 4-2. It is clear that washing the pellets either 3 or 4 times
in saline leaves an amount of dextran adsorbed per cell which again
varies linearly with dextran concentration. The log-log regression

lines for each of the 3X and 4X washed cells have slopes of 1.0 £ 0.1.
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These results cannot be due to the presence of a small amount of the
original solution still being present in the cells, since the cumulative
dilution factor after washing is too great to account for the results.
That this is in fact true may be seen from Figure 4-3, where the total
supernatant activity for each of five washes of a pellet equilibrated
with 5. 8% dextran is given as a semi-log plot. If each washing results
in dilution by a factor F, after n washes the activity A(n) of
the supernatant, in terms of the original supernatant activity A(o),

will be:

A(n) = F A(o)

nlog F + log A(o) (4-6)

log A(n)

Therefore a plot of log A(n) vs n should be linear for simple dilu-
tion. Such linearity is seen in Figure 4-3 for the first two washes.
By the third wash, however, the slope of the line has changed sharply,
and the n = 3,4 and 5 points fall on a distinct, much less rapidly
changing line. If these latter points were produced by dilution, they
should clearly be orders of magnitude lower. It is probable instead
that they represent slow desorption of polymer from the cell mem-
brane. Hence, the counts associated with 3X and 4X washed pellets
must be due to adsorption of dextran.

A further indication that the linearity of the isotherm is not due

to fluid trapping is given by the behavior above 7% dextran. The sharp
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Figure 4-3. Total supernatant activity vs. number of washes for
erythrocytes exposed to H3_dextran 77. 6.
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apparent increase in adsorption would not be expected to appear if the
data were a measure of the trapped solution. Were this the case, a
featureless straight line would be seen for all dextran concentrations.
The rationale behind the adsorption increase will be discussed in
Chapter 5.

Since the adsorption appears to be linear over an extended con-
centration range, there is a possibility that only a portion of the
counts associated with each pellet are due to adsorption, the remain-
der being due to label trapped in the pellet. There are two pieces of
evidence, however, which suggest that at least 859% of the counts are
due to adsorption.

(i) The anticipated concentration at which an adsorption increase

would be observed, on the basis of independent evidence, is
[Dex] >6.9% (see Chapter 5). The line extrapolated from
data at the three highest concentrations cuts the 6. 9% division
approximately 15% below the lower concentration regression
line (see Figure 5-15). Hence, the true adsorption would
appear to contribute at least 85% of the counts measured in
the pellets.

(ii) The number of counts lost in the first three washes of the

pellet of Figure 4-3 may be estimated by extrapolating the
desorption part of the plot back to 0 washes. The sum of the

counts given by this extrapolation through 2, 1 and 0 washes
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is a measure of the total activity lost by the pellet in the
washing, assuming that the desorption proceeds exponentially
at the higher surface concentrations. If the total counts lost
are added to the counts measured for the pellet after three
washes, the result is only 13% lower than indicated by the
regression line atthat concentration. Again, then, it appears
that the adsorption isotherm lies within 15% of the regression
line. Since the absclute location of this line is only known to
within * 23%, it is concluded that the regression line for the
measured data points represents the true adsorption isotherm
of dextran in this systern within the limits of experimental
error of the method.

It is noteworthy that the adsorption isotherm shows no indication
of saturation even at very high polymer concentrations. This is in
marked contrast to almost all other polymer adsorption isotherms in
the literature (38), where generally the adsorption is found to be
roughly independent of polymer concentration over an extended range.
The experiments on which this generalization is based, however, have
virtually all been performed on solid, non-biological surfaces. As
far as the author is aware, the only accurate studies on polymer
adsorption to cells have been made on polylysine adsorption to
erythrocytes (88). In the polylysine work the isotherm for polymer

of molecular weight ~ 4640 (D. P. ~36) was found to saturate in an
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amount equivalent to about 6 to 10 monolayers of close packed polymer,
) =h =1 | -1
at a concentration of 5 to 10 x 10 gm ml . Evenat 10 gmml ,
however, the dextran adsorption corresponds to about 1.3 monolayers
22
of polymer [assuming an area per glucose monomer of 46 A, an
2
area per red cell of 163 u (225) and a degree of polymerization of
) =15 -1
404]. At concentrations of 10 ~ gm ml  of polymer, roughly
4
8 x 10" times as many monomer units of polylysine adsorb as dextran.
Hence the adsorption of the positively charged polymer to red cells
is vastly stronger than dextran, as would be expected for the nega-
tively charged cell surface, Weaker adsorption is apparently
accompanied by much stronger concentration dependence.
Qualitatively, this concentration dependence is not unexpected
theoretically. The simplest treatment of adsorption in general, the
Langmuir isotherm, predicts that the lower the adsorption energy,
the greater the concentration range over which adsorption is concen-
tration dependent. If A is the amount adsorbed at a concentration
C, o is an association constant, and Yy is a constant proportional

to the number of binding sites on the surface, the Langmuir expres-

sion is (226):

- a_\(C 5
= 1+aC k=T

If aC <« 1, A=ayC and the amount adsorbed is strongly concen-

tration dependent. The lower the association constant a, the
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greater the range of C over which aC <« 1, and the more exten-
sive the region of concentration dependence. Similarly, Silberberg's
statistical mechanical treatment of polymer adsorption indicates that
the lower the net free energy change per monomer associated with a
monomer-surface site interaction, the greater the concentration
dependence of adsorption from good solvents. The observed concen-
tration dependence for dextran-erythrocyte adsorption, however,
greatly exceeds that predicted for a solid, uniform surface.

Finally, it should be noted that the literature contains some
indirect evidence that adsorption of dextran to erythrocytes is an in-
creasing function of dextran concentration at high concentrations, and
does not show saturation behavior in this region. Thorsén and Hint
(100) showed that the sedimentation rate of an approximately 30% (v /v)
suspension of washed erythrocytes in a solution of dextran (viscosity-
average mol. wt. ~82,000) increased linearly with dextran concentra-
tion between 1.5% and 2. 8% w/v. Their results were not corrected
for the increasing viscosity and density of the suspending media as
the dextran concentration was increased. There is no detailed theory
of erythrocyte sedimentation rate in aggregating media; it is an
enormously complicated problem. Qualitatively, however, it seems
that the increased aggregation, as reflected in the sedimentation rate,
was caused by increasing amounts of dextran adsorbing to the cells,

causing progressively larger flocs to form as the dextran
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concentration was raised. If the amount of dextran adsorbed were
constant over this concentration range, it is difficult to see how
aggregation, and therefore the sedimentation rate, would increase the
higher the polymer concentration. Since Thorsén and Hint's data was
not corrected for viscosity and density changes, the corrected sedi-
mentation rate should increase even more rapidly with dextran con-
centration than they indicate.

Hardwicke and Squire (227) performed a series of sedimentation
experiments in which corrections for the suspending medium viscosity
and density were applied. Using suspensions of 30% v /v red cells in
a medium 35% v/v serum and 65% v /v dextran/saline they showed that
three dextran fractions of molecular weights 1.5, 3.0 and 8.0 x 10
increased the corrected sedimentation rate as a function of concentra-
tion. They found that between 0. 1% and 1.4% w/v the corrected sedi-
mentation velocity increased as the 2. 15th power of the dextran con-
centration, independent of molecular weight.

These sedimentation results, then, argue strongly that dextran
adsorption to erythrocytes is an increasing function of concentration
at the relatively high concentrations examined, in agreement with the

measured isotherm.
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CHAPTER 5

ELECTROKINETIC STUDIES OF CELL AND PARTICLE
SUSPENSIONS IN NEUTRAL POLYMER SOLUTIONS

As has been discussed previously, several workers have shown
that the cellular zeta potential is increased When'the electrophoretic
mobility of cells is measured in the presence of neutral polymers.
In this chapter, the effect is delineated for a variety of particle-
polymer systems. The dependence of the relative zeta potential of
human erythrocytes on concentration and molecular weight of a series
of dextran fractions is given. The effect of pH, ionic strength, and
monovalent ion type is examined. The variation of relative zeta
potential with ionic strength is interpreted in terms of the model
developed in Chapter 2. Values for the polymer adsorption factor B,
and the adsorbed layer thickness d are estimated from this
electrokinetic data, and their variation with dextran molecular weight
given. The effect of the zeta potential on the state of aggregation of
red cells in the presence of various dextrans is noted. The increased
adsorption of dextran 77. 6 above ~7 % concentration described in
Chapter 4 is interpreted in terms of a change in the state of aggrega-
tion at this concentration. The results of the adsorption and electro-
phoretic measurements are compared, and the polymer adsorption

model discussed critically in the light of this comparison. Finally,
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the drainage properties of neutral adsorbed layers are considered in

the context of the present results.

Methods and Materials

All chemicals were of reagent grade unless noted. All aqueous
solutions were made up with twice pyrex-distilled water. Sharply cut
dextran fractions were generously supplied by Dr. K. Granath of
Pharmacia AB, Uppsala, Sweden. The fractions used and their
specifications were as given in Table 5-1. Polyethylene glycol (PEG)
or polyethylene oxide was obtained from Union Carbide Corp., New
York as three fractions: PEG 6 (Carbowax 6000), PEG 20 (PEG
compound 20-M) and Polyox 100 (Polyox WSR N-10), where the desig-
nation in brackets is the commercial specification. All dextran and
PEG samples are hereinafter referred to by chemical species, and by
their nominal molecular weight, given by 103 times the number indi-
cated for each fraction. Methyl cellulose was obtained from Dow
Chemical Co., Midland, Mich. as Methocel MC, 25 cps Premium
Grade (viscosity of 2% aqueous solution ~ 25 cps at 20°C). Poly-
acrylamide was supplied by American Cyanamid, Wayne, N.J. as
Magnifloc 990-N, mol. wt. ~4 x 106. Block co-polymers of poly-
propylene oxide and polyethylene oxide were generously donated by
Wyandotte Chemicals Corp., Wyandotte, Mich. as Pluronic F-68

(mol. wt. 8750; 20%w /w polypropylene oxide, 80% w/w polyethylene
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oxide) and Pluronic F-108 (mol. wt. 16, 250; 20% w/w polypropylene

oxide, 80% w/w polyethylene oxide).

Table 5-1. Characteristics of dextran fractions.

Dextrfa,n Pha'rrna(‘na M M M /ﬁ
Fraction Designation w n W on
Dextran 26.5 RMT 726 26,500 19,700 1.35
Dextran 41 FDR 858 41, 000 26,000 1.58
Dextran 50.5 RMT 829 50, 500 37, 500 1.35
Dextran 77. 6 DR 776 77, 500 50, 800 1. 53
FDR 403 77, 600 65, 500 1.18
Dextran 110 IIT A 1 110, 000 83, 000 1.33
‘Dextran 147 ITA 1 147,000 114, 000 1.29
Dextran 510 4376 510, 000 185, 000 2.76

Human erythrocytes were obtained either from unexpired blood
bank whole blood originally taken into ACD, or by drawing blood from
healthy, fasting volunteers into 1/10 volume of 3.8% w/v Na, citrate.
The blood was spundown, the buffy coat removed, and the red cell
pellet washed three times (3X) in 0. 145 M NaCl adjusted to pH

7.0 £ 0.2 with 0.5 M NaHCOQO, (standard saline) then once in the

3
appropriate suspending medium. Human platelets were obtained by
spinning fresh citrated blood at room temperature for 12 min at

60 xg, taking off the platelet-rich plasma and washing the platelets
from this plasma 3X with standard saline. Human peripheral lympho-

cytes were obtained from whole blood, made ~1% w/v with gelatin,

which was allowed to sediment for 45 min at 37°C. The resulting
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supernatant was diluted 1:4 with standard saline, spun for 15 min at
~700 xg, and the pellet washed twice with 0.156 M NH4C1 (10 min
incubation at room temp.; 10 min spin at 110 xg), then once with
standard saline. One half of each of the washed platelet and lympho-
cyte pellets was washed once in the polymer solution before electro-
phoresis.

Acetaldehyde-fixed cells were prepared from unexpired blood
bank ACD blood using the method of Heard and Seaman (34). Cells
were used after fixation periods of between two months and three
years. Glutaraldehyde-fixed cells were prepared by suspending one
volume of washed human erythrocytes in at least ten volumes of a
solution of 2% w/v glutaraldehyde (Polysciences Inc., Warrington,
Pa., supplied as 8% aqueous solution, pH 7.0, sealed under NZ) in
standard saline for 60 min at room temperature. The cells were
then spun down, the supernatants replaced with fresh fixing solution,
and the cells stored at 4°C. Before use all fixed cells were washed
3X in standard saline.

Two samples of polystyrene latex particles (PSL) were obtained
from the Dow Chemical Corp. that had a mean diameter of 1.099 p
(both Lot 1.S-1028-E). They were either washed 3X in standard
saline, or 3X in phosphate-buffered saline (PBS), pH 7.3, composed
of 100 volumes 0.145 M NaCl, 5 volumes 0.067 M phosphate buffer (8

then once in the

parts 0.067 M NaZHPO 2 parts 0.067 M KHZPO

4’ 4)7
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appropriate dextran solution. TiO2 (rutile; Titanox RA 42) obtained
from Titanium Pigment Corp., bentonite obtained from American
Colloid Co. Skokie, Ill. as Volclay BC-USP, and quartz powder were
all washed 3X in standard saline and once in the dextran sclution be-
fore use.

For all but the dextran solutions the polymers were made up as
concentrated aqueous salt-free stock solutions whose concentrations
were taken to be that indicated by the weight of (presumed) dry powder
used. The dextran fractions were also made up, initially with heating,
in 2X distilled water as concentrated (15 to 20% w/v) salt-free stocks.
The concentrations were determined polarimetrically as described by
Albertsson (197). All solutions were stoered at 4°C until used. In
some cases where the stocks were initially cloudy the solutions were
filtered under negative pressure through 0.49 p Millipore filters
before storage. The viscosities of the dextran stock solutions did not
vary over the period of storage, indicating negligible depolymeriza-
tion due to bacterial contamination. The polymer-salt solutions used
throughout these experiments were all made up by weight from stock
polymer and concentrated salt solutions to £ 0. 0005 gm on a Mettler
P160N top-loading balance whose pan was shielded from air currents
with an inverted 2 1. beaker. The densities used to convert the solu-
tion weights to volumes were calculated from the specific volumes of

dextran (0.611 gm cm"?’), and the known densities of the aqueous salt
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solutions. All dextran-salt solutions were made 5 x 10"4 M Na,HCO3
to bring the pH up to pH 7.4 + 0. 4. The contribution of this concen-
tration of bicarbonate was included in all ionic strength determina-
tions.

In those experiments where the mobility was measured as a func-
tion of pH at constant ionic strength and dextran concentration, the
pH was varied by adding either a 4.39% w/v dextran, 0. 134 M NacCl,
0.011 M HCI1 solution, pH 1.2, or a 4.39% w/v dextran, 0.134 M NacCl,
0.011 M NaOH solution, pH 11.6, to a 4.39% w/v dextran 0. 145 M
NaCl solution. The pH of each mixture was measured on an aliquot
of the cell suspension to be examined electrophoretically after the
cells had been added. The pH meter used was a Radicmeter Model 28
standardized before each experiment with pH 4 and pH 10 standard
buffers (Matheson Coleman & Bell). Mobility measurements were
made immediately after pH adjustment, so the mobilities measured
represented the behavior of cells exposed to acid or base for about 15
or 20 minutes. Electrokinetic reversibility was established by meas-
uring the mobility of a cell suspension at a given pH, adding sufficient
acidic or basic dextran solution to the remaining suspensiocn to bring
the pH back to pH 7.0 £ 0.5, then repeating the mobility measurement.
If the resulting mobility was within £ 5% of the usual mobility at pH 7,
the mobility at the original pH value was considered to be electro-

kinetically reversible. The amount of water formed from the acid
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and base mixtures was insufficient to affect the ionic strength signifi-
cantly. The mixtures of the acidic, basic, and neutral dextran solu-
tions used all had the same viscosity, and the viscosity of the acidic
solution did not change over the course of the experiment, indicating
negligible depolymerization due to hydrolysis during this period.

For the experiments involving the measurement of mobilities
at low ionic strengths in the presence of constant concentrations of
polymer, the suspending solutions were made up from aqueous solu-
tions of salt and polymer, both at twice the final concentration re-
quired. Equal volumes of each were then weighed out to give the final
mixtures. The salt solutions of the same final ionic strength,
required for the control mobility determinations (in the absence of
polymer), were made up from the same stock salt soclutions, but with
distilled water replacing the polymer stocks. In this way it was
ensured that the mobilities in both the presence and absence of poly-
mer, used to calculate the relative zeta potentials, were measured at
the same ionic strength. When the mobilities of unfixed cells were
measured in the presence of dextran as a function of ionic strength,
the cells were washed one additional time in saline, pH 7.4 £ 0.1,
just before exposure to the low ionic strength media to remove any
trace of hemoglobin which could adsorb to the cell surface. The low
ionic strength solutions to which unfixed cells were exposed were all

made approximately isotonic with sorbitel as described by Heard and
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Seaman (23). The pH of all normal cell suspensions of low ionic
strength was never less than 7. 2.

Cell electrophoresis was performed using the apparatus and
techniques described by Seaman (228), and Seaman and Heard (229).
The apparatus used employes a cylindrical chamber of approximately
1 ml volume, and a Ag/AgCl electrode system. All measurements at
ionic strengths <0.145 gm ions 1«.1 were made with 50 volts applied
across the electrodes (corresponding to a field strength of approxi-
mately 5vcm l)., At higher ionic strengths, 30 volts were applied to
reduce heating and convection in the chamber (230). The effective
field strength and equipment factor were calculated from the currents
measured with KC1 solutions in the chamber, as described by Seaman
and Heard (229). All measurements were made at 25.0 £ 0. 2°C.
Except for those measurements of relative zeta potential as a function
of polymer concentration at constant ionic strength (Figure 5-1 and
5-3), the results of mobility measurements are based on a minimum
of two separate mobility determinations, each of which consisted of
measuring the velocity of ten cells, alternating the direction of the
applied field after each timing. Some of the points of Figure 5-1 and
5-3 are based on single mobility determinations (10 cells). Before
each set of electrophoretic measurements, the mobility of normal
washed human erythrocytes suspended in standard saline was meas-

ured as a check on the apparatus and equipment factor. Only if this



1 B
checkpoint mobility determination gave -1.08 = 0. 03 p g 1v_ 1crn (23)
was the equipment considered satisfactory. At ionic strengths
<0.0145 gm-ions 1‘1 the equipment factor was observed to decrease
slightly, presumably due to leakage of KCl from the electrode cham-
bers in the vicinity of the sintered glass discs. It was not necessary
to correct for this effect, however, since all the low ionic strength
results are expressed as zeta potentials in polymer solutions relative
to salt controls. Since the factor decrease was not significantly dif-
ferent in the presence of polymer (allowing for viscosity differences),
the relative zeta potentials quoted are independent of the absolute
values of the mobilities calculated using a constant equipment factor.

Virtually all the electrokinetic results, then, are expressed in terms

of Z, the relative zeta potential defined as (for constant applied
voltage):
nt
nu o
= = — 5-1
ST nt -4
o o o
where

U = mobility of particle in salt-polymer solution in

=]y =il
MSs v cm

- 1.7
U = mobility of particle in salt solution alone in p s v cm
M = viscosity of salt-polymer solution, in centipoise (cp)

N = viscosity of salt solution alone, in cp

t = average migration time over fixed distance for particle
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suspended in salt-polymer solution

t , ~ average migration time over same fixed distance for

particle suspended in salt solution only

Viscosity measurements were made at 25.0 £ 0. 1°C with an
Ostwald capillary viscometer of 5 ml volume and a flow time for
water of 8475 sec. At least for dextran, the polymer solutions used
have been shown to be Newtoniag (231), so the viscosities measured
at the relativel?r high shear rates found in this viscometer (>100 sec—l)
may be assumed to apply at the lower (of the order of lvgec-l) shear
rates operative in cell electrophoresis. The flow time for water was
determined before and after each set of viscosity measurements, to
be sure that all the polymer solution had been rinsed out after each

run. Viscosities were calculated from the expression:

t _p
S e 5-2
S T (
wow
where
M = viscosity in centipoise of solution measured
Ny - viscosity of water at temperature used (nw = 0.8937 cp
at 25°)
t = flow time for solution
t = flow time for water
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= density of solution at temperature used

©
|

©
H

density of water at temperature used (pW = 0.9970 gmcm

at 25°%)

The degrees of aggregation of the erythrocyte-dextran suspen-
sions were estimated by observation with light microscopy. Approxi-
mately 30% v/v cell suspensions in dextran were mixed well, a drop
of suspension placed on a new glass slide, covered with a plastic
coverslip, allowed to stand 10 minutes, then examined at X 300 mag-
nification. The degree of aggregation in the center of slide was
estimated on a scale of 0 = ++++, with the appearance of a 30% v/v
saline suspension of erythrocytes graded as 0.

All calculations were made on a Hewlett-Packard 9100-B cal-
culator equipped with a Model 9120-A printer. Theoretical curve
fitting was carried out by programming the appropriate function on the
9100-B and having a series of the appropriate parameters surveyed.

Curve fitting to data points was then carried out by eye.

Results and Discussion

I. The Presence and Reversibility of Electrokinetic Effects
in Particle-Neutral Polymer Systems

The relative zeta potentials of fresh washed human erythrocytes

suspended in neutral solutions of various dextran fractions, PEG, and
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Pluronic F-68, all 0. 145 M with respect to NaCl, are given as a func-
tion of polymer concentration in Figure 5-1. The dependence of Z
on number average molecular weight for the dextran fractions is given
in Figure 5-2. It is seen that the relative zeta potential is a smooth
function of molecular weight, levelling off at high molecular weight as
might be expected for a polymer adsorption-related phenomenon. The
points for dextran 510, -1\_/1n = 185,000 do not fall on the curves
defined by the lower molecular weight, more sharply defined fractions,
probably because of the polydispersity of this fraction. (M-W/ﬁn: 2.8).
The relative zeta potentials of glutaraldehyde-fixed human erythro-
cytes and PBS-washed PSL in 0. 145 M NaCl plus various molecular
weights and concentrations of dextran are given in Fiéure 5_3" Table
5.2 lists the results of relative zeta potential determinations on a
variety of other particle-neutral polymer systems, all of which are
0.145 M in NaCl. It is seen that all the neutral polymers tested
produce a relative zeta potential greater than one for normal and
fixed human red cells. Not all particles exhibit the same relative
zeta potentials in the same solutions, however. After extended incu-
bation in 5% dextran 110, for instance, normal erythrocytes exhibit a
relative zeta potential greater than one, quartz a Z of approxi-
mately one, and bentonite and rutile a Z ‘of less than one. Further-

more, not all samples of the same type of surface exhibit the same

behavior in virtually identical solutions. Figure 5-3 shows that the
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Table 5-2. Electrokinetic results for various particle-neutral poly-
mer systems (ionic concentration = 0. 145 M NacCl).

Control
Mobility Treatment or
Particle (L s™ v "cm) Suspending Medium Z
Normal platelet -0. 88 5% dextran 77.6 2.00
Normal lymphocyte = 9% 5% dextran 77. 6 1.59
Normal RBC -1.08 0.045% polyacrylamide 1. 37
Normal RBC -1.08 0. 18% methyl cellulose 1.43
Normal RBC -1.08 0.45% polyethylene oxide 1;38
Normal RBC -1.08 4.0% pluronic F108 1.75
Bentonite -2.83 5% dextran 110 0.49
3X saline washed
post dextran 110 0.83
Rutile -0.73 5% dextran 110 <0.6
3X saline washed
post dextran 110 0.38
Quartz -1.67 5% dextran 110
(i) 5 min incubation 1,63
(i1} 30 min incubation 1. 35
(iii) overnight incubation 1.04

2X saline washed
post dextran 110 0.67

4% galine washed
post dextran 110 0. 84
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relative zeta potential of a PSL sample washed three times in standard
saline instead of PBS, gave Z = 0.26 in a 6. 6% dextran 77. 6-saline
solution. The control mobilities in the two cases differed only by
10%, indicating that no gross changes in surface charge properties
were caused by the two washing procedures. It seems possible that
organic contaminants or surface active molecules remaining from the
polymerization of the PSL could have been responsible for some
change in surface properties. Polystyrene latices are notoriously
difficult to get, and keep, electrokinetically clean (232).

The relative zeta potential of some particles in neutral polymers
is time dependent. Table 5-1 shows that quartz particles exhibit a
relative zeta potential that decreases slowly with time when the par-
ticles are suspended in 5% dextran 110 in saline. Fresh erythrocytes,
on the other hand, exhibit little or no measurable time dependence of
their electrokinetic properties when suspended in dextran-saline solu-
tions, as is seen from the following experiment. The mobilities of
fresh washed erythrocytes after a one hour incubation in the appropri-
ate solution, were measured in 5% and 2. 5% dextran 77. 6-saline solu-
tions to be -0.82 p s’ lv_ ¢ cm and -1.02 p s_lv- 1crn, respectively.
The suspension of RBC's in 5% dextran/saline was then diluted 1:1
with a suspension of RBC's in saline, mixed thoroughly, and an aliquot
used for a mobility determination immediately after mixing (completed

within 7 min). The resulting erythrocyte mobility was
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-1.02 p s lv_lcm, indicating that any time effects in these systems
were too rapid to be seen electrokinetically.

The experimental results described above effectively eliminate
two of the possible models for the erythrocyte zeta potential increase
in the presence of neutral polymers, as discussed in Chapter 2. The
strong dependence of Z on the type and state of particle surface
indicates that no pure solution property can be responsible for the
observed electrokinetic behavior. Such a dependence on surface
properties might be expected, however, if the zeta potential were
related to fairly weak polymer adsorption, as the model
requires. The time dependence of Z for the quartz /dextran system
is also consistent with this model, since polymer adsorption often
takes several hours to come to equilibrium (38). That Z decreases
with time for quartz and that both bentonite and rutile show Z <1 in
dextran argues strongly against the anion adsorption model of zeta
potential increase. If the zeta potential increases were due to anion
adsorption to an adsorbed dextran layer, neither Z < 1 nor Z
decreasing ought to have been observed.

There are at least two explanations for these results, however.
The first involves the location of the shear plane in the viciynity of an
adsorbed dextran layer. That Z 7 1 for these three systems
strongly suggests that such an adsorbed layer is present. It was

shown in Chapter 2 that values of Z < 1 occur when the shear plane
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is displaced away from the effective plane of charge by a dense
adsorbed layer. The decreasing value of Z for quartz could be an
indication that the adsorbed layer becomes less free draining as it
equilibrates. One might expect that a dense layer would be more
likely to occur, the more strongly the polymer adsorbed. That the
binding of dextran to quartz, bentonite and rutileis stronger than to
erythrocytes is demonstrated by the washing experiments also sum-
marized in Table 5-2. Even after three or four washes, the zeta
potential has not returned to the control value for these particles,
while at most two washes are required to make Z =1 for fresh
erythrocytes (see below). Hence, polymer adsorption to erythrocytes
is apparently less tenacious than to the rigid particles.

The second explanation for the low or decreasing Z values is
based on the apparently low adsorption energy of anions to quartz. The
variation in surface charge as a function of ionic strength may be used
to estimate the net free energy of binding of potential-determining
ions to a. surface if a suitable expression for the adsorption isotherm
is available. The Stern equation (233) supplies such an estimate, and
was applied as follows. The electrophoretic mobility of quartz was
‘measured at pH 7.0 £ 0. 2 (in the absence of polymer) in 0. 145 M and
0.0145 M NaCl, and the corresponding charge densities, o(c), cal-
culated using the Gouy equation(1-17). The Stern equation relates

-1 .
g esu cm to the monovalent ion concentration ¢ M:
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| I | +l | S
o(c) en cen exp(-G/kT)

(5-3)

where
e = electronic charge in esu
n = no.adsorption sites per cm
G = net free energy of adsorption of one ion
k = Boltzmann constant

T = absolute temperature

A plot of 1/o(c)vs 1/c allows the determination of G from the
slope and intercept, which may be estimated from just two pairs of
(¢, ¢). The mobilities and calculated charge densities in 0. 145 M and

wl =1
0.0145 M NaCl were respectively U =-1.67ps v cm, corres-

ponding to ¢ = 5.87 x 103 esu cm_z, and U= -2.95u s_lv_ 1c:rn,
corresponding to ¢ = 3.43 x 103 esu cm_z. Substituting these values
in equation (5-3) gave for the free energy of adsorption of a potential
determining ion G ~ -4.4 kT, corresponding to

G ~ -2.5 K Cal mole’ 1. This is a typical value for such adsorption
processes (233), and indicates that the ion binding is relatively weak.
This binding energy may be compared to that of a hydrogen bond,
which is generally found to be of the order of 3 to 5 K Cal 1'nole_1
(200), somewhat higher than the ion value.

It seems possible, considering the hydrophilic nature of the

silicate surface of quartz and the abundance of hydroxyl groups in
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dextran, that hydrogen bonding could be an important factor in dextran
adsorption to quartz. Such bonding would be consistent with the re-
sults of Griot and Kitchener (70) who give evidence for the binding of
polyacrylamide to quartz through H-bonding. It seems not unreason-
able, then, to expect that dextran could compete favorably with anions
for dipolar or charged sites on the quartz surface capable of both
hydrogen bonding and ion binding. Such competition, as the polymer
adsorption approaches equilibrium, could result in a gradual decrease
in surface charge due to displacement of anions by polymer segments,
accounting for the decreasing Z observed in these systems. Some
support for this explanation is provided by the values of Z found
after washing the quartz. After two saline washes, the relative zeta
potential was lower than when the dextran was present in solution. If
the decreasing Z values in dextran were due only to the changing
location of the shear plane, it is difficult to see why washing the sur-
face should increase this effect. It seems more reasonable to expect
that the observed behavior was due to a combination of the effect of
the adsorbed polymer on the counter ion activity, causing the initially
observed Z > 1, and anion desorption, resulting in the decreasing
7 values with time. The low, but increasing values of Z upon
washing would then reflect the desorption of polymer and the slow
replacement of depleted potential-determining anions.

Washing experiments on fresh erythrocytes, as mentioned above,
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indicate that dextran adsorption is more readily reversible in these
systems. Washed fresh erythrocytes were incubated one hour in 10%
dextran 77. 6-saline, spun down and the supernatant removed.
Approximately 0.05 ml of the pellet was added to 40 ml of standard
saline, the contents mixed, and two mobility measurements made
immediately (completed within 15 min). The cells were then spun
down, the viscosity of the supernatant measured, and the relative
zeta potential calculated to be Z = 1.05. After a second wash in
standard saline, the value of Z was 1.00. A similar experiment
performed on cells exposed to 5% dextran 110 gave Z =1.00 after
one wash. Fresh erythrocytes, then, exhibit almost complete
reversibility of the electrokinetic effects of exposure to dextran after
one washing. Erythrocytes which have been stored in vitro for some
time, however, maintain part of the zeta potential increase associated
with neutral polymers through several washes, as is seen from the
following experiment.

Washed human erythrocytes were prepared from blood bank ACD
whole blood which had been stored at 4°C for 48 days. One volume of
these washed stored cells, and one volume of washed fresh cells were
incubated in 10 volumes of 4% PEG 6 for one hour at room tempera-
ture, spun down, each washed three times in standard saline, and
their mobilities measured along with control mobilities for the two

populations which were not exposed to the PEG. The control
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mobilities of both the fresh and stored cells, as well as the mobility
of the fresh cells which had been exposed to PEG, then washed, were
all -1.07 p s_lvhlcm. The stored cells which had been incubated in
PEG, however, had a mobility of -1.18 p s~ ' 1crn after three
washes. Stored erythrocytes, then, apparently retain the electro-
kinetic effects associated with neutral polymers to a greater extent
than fresh cells. These observations are consistent with the concept
of an association between polymer adsorption and the zeta potential
increases seen, so long as the polymer adsorption is not directly con-
trolled by charge groups responsible for the electrophoretic mobility
of the cells. The equality of the mobilities of fresh and stored cells
suggest, as in the case of PSL, that subtle differences in surface
properties may strongly influence the adsorption of polymers in these
systems.

Oneinconsistency inthe polymer adsorptionmodel which merits
somediscussion appears whenthe results of the H3—dextran uptakemeas -
urements of Chapter 4 are considered. It is apparent from Figure
4_2 that after exposure to high concentrations of dextran 77. 6 and
three saline washes, there should be enough dextran left adsorbed to
the cell to cau:se alarger Z value than was observed. This dis-
crepancy could be due to a variety of factors:

(i) The~H3-associated with the washed cells could have repre-

3
sented H~ which had penetrated the cell membrane, either
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still associated with dextran molecules, or with a hydrolysis
product of dextran liberated by an erythrocyte or bacterial
enzyme. This explanation seems unlikely for a variety of
reasons, however. There was no other evidence of bacterial
contamination present in the suspensions. There appears to
be no suggestion in the literature that human erythrocytes
are capable of hydrolyzing, a-1,6 glycosidic linkages, al-
though they do degrade glucose via anaerobic glycolysis (234).
Dextranase (E.C. 3.2.1.11) is reported to occur in humans
only in the intestinal mucosa (235). Furthermore, apparently
the largest a-1, 6 polyglucose capable of penetrating the red
cell is isomaltose (236), so the enzyme would have to hydro-
lyze either the a-1, 6 linkage of the terminal glucopyranosyl-
a-1, 6-H3-sorbitol group, producing H3-sorbitol, or the next
linkage up the chain. Sorbitol, as opposed to glucose,
apparently does not penetrate the membrane significantly
(237), while glucopyranosyl-a-1, 6-sorbitol has not been
tested. Penetration of the membrane by a I—I3—1abelled mole-
cule, then, seems unlikely to occur in this system.

The erythrocytes used in the electrophoresis and H3-dextran
adsorption studies, while having been stored for roughly the
same period of time (7 and 8 days respectively), were of

different blood type, the former being A(+) and the latter
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B(+). It is conceivable that the blood group antigens, being
pari:ially carbohydrate (238) could affect the adsorption of
dextran. No experimental examination of this possibility
was carried out, however.
The dextran associated with the red cell could be adsorbed
inside the membrane as well as on its surface, rendering a
portion of it less susceptible to removal by washing, yet
invisible to electrophoretic examination. Precedent for this
idea is found in the studies on polylysine adsorption to human
erythrocytes made by Nevo et al. (88). These authors made
the suggestion that intramembrane polymer adsorption
occurred, based on their findings that the equivalent of six
monolayers of polylysine adsorbed per cell, and that the num-
ber of charge groups adsorbed was almost two orders of
magnitude greater than was observed electrophoretically.
At the very low concentrations of polybase used, however,
(<40 pg ml- 1) the electrokinetic changes, on which were
based their uptake measurements, were completely reversed
by saline washing. In a later paper, on the other hand,
Katchalsky et al. (89) found that red cell agglutination caused
by intercellular polybase bridging was not reversed by wash-
ing, in spite of the fact that the mobility of the aggregates

returned to the control value. The observations suggest that
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polymer molecules, which had to be present to cause the
agglutination, were located either within the membrane, or
only between the cells in such a way that they could not be
detected electrophoretically. Intramembrane polymer
adsorption, which is not easily reversed by washing, would
therefore seem to be a possible explanation for the dextran
washing results.

Dextran may bind more strongly to regions of the membrane
which bear no charge groups. The electrophoretic mobility
would then be virtually unaffected by the presence of polymer
in these neutral regions, unless the polymer were located
within roughly 1 double layer thickness (~ 8 .Ai in saline) of
the charge groups. Since even assuming a uniform charge
distribution the erythrocyte surface charges are an average
of 28 to 36 z:.\ apart (33), there would seem to be room for
such electrokinetically invisible adsorption. Furthermore,
there is some evidence that the (presumably charged) sites
of polylysine adsorption to adjacent cells are rather localized
spatially, since Katchalsky et al. observed with the electron
microscope isolated "islands of adsorbed polybase” linking
the surfaces of agglutinated cells, If adsorption in regions
some distance from charged groups resisted desorption upon

washing, the observed results would be obtained.
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Some support for the idea that adsorption to neutral regions is
stronger than to charged regions is found in the following. In a single
experiment, the adsorption of H3—dextran 77.6 was measured, using
the methods in Chapter 4, to fresh red cells which had been treated
with neuraminidase. Washed human erythrocytes were treated with

neuraminidase (Behringwerke, from Vibrio cholerae) as described

by Seaman and Uhlenbruck (174), washed twice in standard saline,
then the adsorption of dextran 77.6 from a 2% solution measured using
the ultracentrifugation-distox procedure. The adsorption to an un-
treated washed control suspension from the same fresh blood sample
was measured using an identical dextran concentration. Adsorption to
the control suspension differed from the regression line of Figure 4-2
by only 5%, while the neuraminidase-treated cells, in spite of incom-

plete reaction as judged by their mobility (-0.61 ps” lv_1

cm)
adsorbed roughly 20% more dextran than the control. Hence, partial
removal of sialic acid from the cells, and a 40% reduction in surface
charge, caused significantly greater dextran adsorption to occur.
The neutral regions created by neuraminidase treatment, then,

probably bind dextran more strongly than do the charged sialic acid

moieties, lending some credence to the above explanation.
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II. pH-Mobility Studies on Normal and Fixed

Erythroc

ytes in Dextran

Figure 5-4 gives the variation of the viscosity-mobility product

(nU) with pH for normal and acetaldehyde-fixed human erythrocytes

suspended in solutions of 4.39% dextran 77. 6 at a constant ionic

strength

features.

(i)

-1
of 0.145 gm-ions 1 ~. The curves have several noteworthy

Over the pH range for which the normal red cell in saline is
electrokinetically stable, pH 4.5 to 9.0 (23), the three
curves are all parallel and level. That is, there is no pH
dependence of mobility between pH 4.5 and 9.0 for any of the
systems. Hence, rigid control of pH is seen to be unneces-
sary for the examination of electrokinetic properties in these
polymer solutions.

The presence of adsorbed dextran has a strong stabilizing
effect on normal red cells exposed to basic solutions. The
range of electrokinetic stability, defined to be that range of
conditions over which the mobility may be altered reversibly,
is extended from pH 9.0 for red cells in saline, to pH 11.5
for red cells in dextran/saline. Stability in acid solutions,
however, is not affected by dextran, since the decrease in
mobility of normal cells in dextran at pH 4.1 could not be

reversed by bringing the suspending medium pH back to
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neutrality. It is not clear why the presence of dextran
should stabilize the membrane in this way. The stabilization
extends well beyond the region of metastability delineated by
Heard and Seaman (23). One possible explanation of this
effect is that dextran protects surface or membrane struc-
tures normally labile in the presence of significant concen-
trations of OH™ ions, or the absence of protons. A second
possibility might be that the adsorbed dextran layer renders
the membrane less permeable of OH™ ions, which normally
penetrate freely. Apparently hemoglobin leakage and lysis,
believed to be responsible for electrokinetic irreversibility
(34), depend on the accumulation by the cell of OH ions at
basic pH's, since lysis proceeds with the same time course
after 5 min exposure to base whether or not the cells are
washed or left in the high pH medium (239). Were the dextran
layer to slow the entry of OH ions into the cell, it is pos-
sible that the internal OH concentration necessary for lysis
might not be reached within the time needed to complete a
mobility determination and return the pH to neutrality (less
than 15 min).

The zeta potential (proportional to MU) of normal cells in
dextran is 2.1 times that for normal cells in saline, while for

acetaldehyde-fixed cells, the zeta potential in dextran/saline
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is 1.8 times that in saline. That the relative zeta potential
of normal cells is higher than that of fixed cells when they
are suspended in identical neutral polymer solutions is an
observation that has been found to hold for all polymer solu-
tions tested. There seem to be at least two reasonable
explanations for this. One possibility is that polymer adsorp-
tion is more extensive to normal cells than to fixed cells,

and that the difference in Z is due to a more extended
double layer caused by the adsorbed polymer surface phase
associated with normal cells. No adsorption measurements
on fixed cells were made to examine this suggestion. A sec-
ond explanation for the difference could be that polymer
adsorption to unfixed cells causes a rearrangement of surface
groups to electrophoretically expose some additional negative
charges at the shear plane. Strong arguments have been pre-
sented in Chapter 2 against the interpretation that all of the
zeta potential increase seen in neutral polymer solutions is
due to charge rearrangement at the cell surface. However,
it is not inconceivable that some rearrangement could occur
in normal cells that would not occur in the rigid fixed cells,
causing the differences in Z observed. The results of
Cook, Heard and Seaman (35) indicate that there are a suf-

ficient number of sialic acid moieties in the cell membrane to
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account for the zeta potential differences between fixed and
normal erythrocytes.

The pH-MU curves for both normal and fixed cells in dextran
indicate the presence of a group at the shear plane with a
pKa >11. Since there are no detectable basic groups present
on the surface of normal or fixed cells suspended in saline
(33 ), these groups are presumably associated with the ad-
sorbed dextran layer. The mobility increase at high pH
could not be due to exposure of primary amines from deeper
in the membrane because reaction with acetaldehyde would
block such groups. It seems reasonable to assume that the
increase is associated with the deprotonation of glucose
monomers of dextran, since the pKa of glucose is 12.4 (240).
Support for this suggestion is found in Sieh and Sterling's
measurements of the mobility of glycogen in polyacrylamide
gels (177). These authors observed a roughly 10 fold increase
in glycogen mobility above pH 12 which they also assigned to
the ionization of glucose hydroxyls.

The pH-MU curve for fixed cells in dextran in acid solutions
indicates the presence of an ionizable group near the shear
plane with a PK of 2.6, identical to that of the fixed cell in
saline alone. The curves for fixed cells in the presence and

absence of dextran are indistinguishable except for a
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multiplying factor. They suggest strongly that the charge
group responsible for the mobility of fixed cells in
dextran/saline below pH 11 is identical to that which domi-
nates the electrokinetic characteristics of fixed cells in the
absence of dextran: sialic acid (35). There is absolutely
no evidence from these curves for the presence of potential-
determining ion adsorption to an adsorbed dextran layer.
That the mobility was zero at both pH 1.2 and 1.5 argues
strongly that ionogenic groups are responsible for the sur-
face charge, not adsorbed anions or desorbed cations.

The results of these pH-NMU studies are in complete agreement
with the predictions of the model developed in Chapter 2 for zeta
potential increases in the presence of neutral polymers.

That model predicts that, providing the neutral polymer adsorp-
tion is unaffected by pH, the relative zeta potential of cells in polymer
solutions should not be affected by the acidity of the medium, as
observed.

III. The Effect of Monovalent Anion and Cation Variation on
the Zeta Potential of Erythrocytes in Dextran

The relative zeta potentials at neutral pH of fresh washed human
erythrocytes suspended in 5% dextran 110 made 0. 145 M with respect

to NaF, NaCl, Nal or NaCNS are given in Table 5-3. It is seen that
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there are no significant differences among the values of 2 for the
various monovalent anions used. These results agree with those of
studies on normal erythrocytes in the absence of polymer, where no
mobility dependence on monovalent anion type was found (23). They
are taken to imply the absence of a significant degree of anion binding
at the electrokinetic shear plane, since apparently all ion binding
phenomena thus far observed show some sensitivity to monovalent
ion type (178). They provide further evidence against the involvement
of anion binding to an adsorbed polymer layer in the zeta potential in-
creases seen in neutral polymer solutions.

In Table 5-4 are given the results of relative zeta potential
measurements on acetaldehyde-fixed red cells in 5% dextran 77. 6
solutions made 0.0145 M in NaCl, LiCl, (CH3)4NC1 (TMACI1) and

(C,H,)

-4
3H NBr (TPABr), and 5x 10 M in NaHCO3. These studies

4
were made at low ionic strength, where the mobility is more sensitive
to ionic strength effects. The anion effects were sought at high ionic
strength, since these conditions should maximize any anion binding
present. The results of Table 5-4 are noteworthy in two respects.
First, the control zeta potentials (proportional to nU) of the fixed red
cells at low ionic strength seem to depend to some extent on the mono-
valent cation counterion present. In fact, they are seen to increase

in the same order as the radii estimated from conductivity data and

molecular models of the hydrated cations present (241). Variations
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Table 5-3. Relative zeta potential of normal human

erythrocytes in 5% dextran 110 and various
monovalent anions (ionic strength = 0. 145
gm-ions 1-1, pH 7.2 £ 0.4).

Salt Relative Zeta Potential
NacCl 3.08
NaF 3.04
Nal 3.04
NaCNS 3.12
Table 5-4. Relative zeta potential of acetaldehyde-fixed
human erythrocytes in 5% dextran 77. 6 and
various monovalent cations (ionic strength =
0.015 gm-ions 1-!, pH = 8.0 % 0.4).
Hydrated
Salt Radius (A) Control MU 5% Dex nU Z
NaCl 3.3 =Z:01 ~5. 32 1.65
LiCl 3.7 ~ 2o L& -3.58 L. B9
(CH3)4NC1 3.5 -2.05 -3.74 1.82
(CLH-) . NB¥f 4.5 -2, 24 -4.15 1.85

3774
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in the amount of water associated with the dry salt, and therefore in
the ionic strength of the stock salt solutions, could conceivably have
caused the observed differences. Some mobility dependence on the
cation at low ionic strength is not unexpected, however, when the
permeability of the membrane to counterions is considered. Within
the context of Haydon's model (24), if smaller counterions have
access to more space in the membrane than do larger ions, the
greater exclusion of the larger counterions will result in a bigger a
factor (equation 1-32) for these ions. The cellular mobility might
then be expected to be greater the greater the hydrated radius of the
counterion, as observed,

The second noteworthy feature of the results in Table 5-4 is
the dependence of the relative zeta potential of fixed cells in dextran
on the cation present. Again, the largest cation, TPA+, is associated
with a greater 'Z than are the smaller alkali metal cations. The
difference is statistically significant, the Student t value being 7. 27
for d.f. =7, implying p < 0.001. The difference between TMA+
and Na+ is only marginally significant due to the large standard devia-
tion (£7%) of the mobilities in TMA : t = 2.78, d.f. = 8, implying
0.05 < p <0.01. This dependence of the relative zeta potential on
counterion size is also expected in the context of the model developed
in Chapter 2. Different counterions can be associated with different

B factors, either through the ion-polymer interaction term Xip of
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equation (2-25) or through exclusion terms occurring in higher order
expansions of equation (2-23). In the latter case, larger counterions
exhibiting greater exclusion would correspond to higher p's, which
would in turn be seen experimentally as increased relative zeta
potentials for the particle in the presence of the larger counterions.
In these experiments the variation in Z with ion type cannot be
explained by possible decreased ionic strengths in solutions of the
more hygroscopic salts. Although the concentrated salt stock solu-
tions could be at a lower ionic strength than the weight of salt used
would indicate, there would be no difference in the ionic strengths of
the dextran and control solutions, since these were both made up from
equivalent dilutions of this same stock. The differences in control
mobilities are consistent with expectation only if the ionic strengths
of the stocks were lower the greater the hydrated radius of the cation,
assuming the explanation based on ionic size is not be be accepted.
However, as shall be demonstrated in the next section, if the ionic
strength of the TPA+ /dextran solution were lower than that of the
Na+ /dextran solution, the Z wvalue for.-".[’PA+ should if anything be
lower than the Z for Na+, not significantly higher as observed.
Hence, the relative zeta potential of fixed red cells in dextran is
significantly greater when a large counterion, 'I'PA+, is present than
when smaller cations such as Na+ and L‘1+ act as counterions to the

negative surface charge.
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The dependence of the relative zeta potential of cells in dextran
on the type of cation and anion present in the medium is as might be
expected from the polymer adsorption model. Since the cell surface
is negatively charged, the dependence of Z on the species of
ions present in the cellular suspending media should be
limited to cations, the dominant species in the double layer, as is
observed experimentally. Qualitatively, then, the expectations of the
polymer adsorption model appear to be fulfilled by these anion/cation

dependency experiments.

IV. The Dependence of the Relative Zeta Potential on
Ionic Strength

The relative zeta potential of fresh, washed human erythrocytes
suspended in 2. 5% w/v and 7. 5% w/v dextran 77.6 as a function of
ionic strength is given in Figure 5-5. Similar data for acetaldehyde-
fixed cells in 2. 5% dextran 77. 6, with and without sorbitol present, is
given in the same figure. The points represent experimental data,
while the solid lines are plots of equation 2-39 using the values of P
and d indicated to the right of the curves. Similar data and curves
for acetaldehyde-fixed cells in various dextran fractions and PEG 6
are given in Figures 5-6, 5-7, 5-8 and 5-9. The upper solid curve
in Figure 5-8 is a plot of equation 2-66)for the parameter values

indicated, while the dotted curve is a comparative plot of equation
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Figure 5-9. Relative zeta potential vs. ionic strength for acetaldehyde-
fixed erythrocytes in 5% and 10% polyethylene glycol.
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2-39 using the same parameters. The parameters quoted for each
curve represent the values which produced the best fit to the experi-
mental data, as judged by eye. It is seen that the equations based on
the polymer adsorption model, with appropriate choice of parameters,
fit the data quite nicely.

The uncertainties in the data points in these figures are quite
high for the highest ionic strength points measured (0.5 M NaCl). The
necessity of using low voltages to measure these points, plus the high
viscosities of some of the polymer solutions resulted in very low
velocities, with a large scatter in timings. Hence, the uncertainties
in Z (equal to the sum of the standard deviations of the control and
polymer mobility determinations) at 0.5 M NaCl were as high as +25%
for the high polymer concentrations and high molecular weight. The
0.5 M points for the lower polymer concentrations were generally
good to #15%, the improvement being due to the lower viscosity of the
solutions. At salt concentrations ¢ = 0.145M, high voltages were
used in the mobility measurements, with a consequent increase in
accuracy. For c =0.145M, the uncertainty in the high polymer
concentration points was less than 10%, and was less than 8% for the
low polymer concentrations. . At lower ionic strengths, the uncertain-
ties in all points were less than 7%.

It is conceivable, considering the errors discussed above, that

the decreasein Z at c=0.5M for 7.5% dextran 147 relative to
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the 0. 145 M point (Figure 5-8) is due only to statistical variation in
the data. The difference was consistently found in a series of separate
measurements, however. Testing the data, the difference was found
to be statistically significant (t = 4.39, d.f. = 78, implying
p < 0.001). Hence, the decrease was considered to be a true property
of the system. It was interpreted as evidence for the presence of a
partially free-draining layer of adsorbed polymer, justifying the use
of equation @-66)to fit the data. Some support for this interpretation
is seen in the dextran 147 curve in Figure 5-3. The relative zeta
potential of PSL, measured in the same series of experiments and
from the same stock suspension as the other curves in the figure, was
less than one at a salt concentration of 0.145 M. One interpretation
of this observation is that the high molecular weight dextran adsorbs
more strongly to the PSL than the lower molecular weight fractions,
and the resulting adsorbed layer is effectively less free draining.
Hence, at the relatively high ibnic strength of saline, the relative
zeta potential is less than one, as predicted by equation (2-63) or (2-66).
No measurements of Z as a function of salt concentration were
made to further examine this possibility, however.

Interpreting Figure 5-1 and the Z(c¢) data interms of equa-
tions (2-39)and @2-66) provides values for the depth and polymer adsorp-
tion factor of the adsorbed layer in each of the systems studied.

These parameters show some regularity in their dependence on the
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concentration and molecular weight of the polymer fractions used.
They are summarized in Table 5-5 along with the values of VR /VO
for each suspension, calculated from equation (2-83). Figure 5-10
gives the dependence of {3, the polymer adsorption factor, on poly-
mer concentration for the dextran fractions used. The values of 3
plotted were calculated from the data of Figure 5-1 using the expres-
sion B=1-2Z ", derived from the high ionic strength approxima-
tion of equation(2-39). It is seen that B, which should be propor-
tional to the difference between the densities of segments in the
adsorbed layer and bulk phase, increases rapidly with increasing
dextran concentration below about 3% w/v, then levels off to a limiting
value at high concentration which is a function of the molecular weight
of the fraction. The plateau is more pronounced for the higher
molecular weight fractions. The dependence of  on the number-
average molecular weight of the dextran fractions is given in Figure
5-11. A strong dependence of  on molecular weight is seen at low
molecular weights which is rapidly attenuated at high molecular
weights, regardless of the polymer concentration. In fact, P is
virtually independent of molecular weight at the extreme end of the
high concentration curve. The behavior of P with respect to its
independence from molecular weight and concentration dependence at

large values of these parameters is qualitatively similar to polymer

adsorption in general.
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Table 5-5. Summary of model parameters of best fit to Z(c) data
(acetaldehyde-fixed cells unless noted).

Conc. 3
d(A v /v
Polymer Tow /v P (&) R/ o
Dextran 41 2e 5% 23 20 —~ 70 4.5 (avg)
7.05% 0. 67 45 195
Dextran 50.5  2.5% 0.43 30 8.2
7. 5% 0.75 40 267
Dextran 77. 6 2.5% Fixed RBC: 0.54 35 2.3:-8
™M = 50, 800 2.5% Normal RBC: 0.65 35 56.7
R 7.5% Normal RBC: 0. 90 55 1.2 % 10°
Dextran 147 2. 59 0.65 90 1.56 % 104
7.5% 0.91 85 1.13 x 107
d_ = 83
F
PEG 6 5. 0% 0.58 15 5.7
10. 0% 0.74 15 12.2

The total depth of the adsorbed layer, d, as estimated from
the decrease in Z at low ionic strengths also varies with molecular
weight in a regular way. The dependence of d on concentration is
more difficult to assess, however, because at low polymer concentra-
tion the absolute value of the decrease of Z atlow c¢ 1is quite
small. The range of values of d for which equation (2-39) fits the
data is consequently large, so the uncertainty in this parameter, and
therefore in the concentration dependence of d, is quite large.
Some of this uncertainty would have been removed if mobility meas-
urements could have been made at lower ionic strengths. For such

measurements, the electrophoresis apparatus should be equipped with
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platinum or palladium electrodes. to avoid contamination of the sam-
ple with ions leaking from the electrode chambers. No such suitable
apparatus was available for these studies. The uncertainty in d at

(o]

the higher concentrations is 10 A, as estimated by the fit to the data
of curves computed for (d =+ 10);&. It would appear from the data in
Table 5-5, however, that there was little concentration dependence
of the absorbed layer thickness in the systems studied.

The adsorbed layer thickness has been shown in a variety of
systems to depend linearly on the square root of the polymer molecu-
lar weight (39).. This type of dependence has also been predicted by
at least two of the theoretical treatments of polymer adsorption (56,
242). A plot of the electrokinetically determined d vs I\an /2 for
7.5% dextran data is given in Figure 5.12. The data for dextran 77.6
and normal cells was included with the fixed cell data, since the value
for d at 2.5%dextran 77. 6 was identical for the fixed and normal
erythrocytes. It is seen that the fit to a straight line is satisfactory,
the regression coefficient being 0. 97 over the range of molecular
weight studied. The use of equations (2-39) and (2-66) to analyze the

data, then, seems to produce reasonable values for the thickness of

the absorbed layer,
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V. The Effect of Zeta Potential on the State of Aggregation of
Normal Human Erythrocytes in Dextran Suspensions

In the suspensions of normal washed erythrocytes in dextran-
saline studied, if the number average molecular weight of the dextran
was over roughly 30, 000 it was found that the presence of the polymer
above a certain (low) concentration but below a particular, well-
defined high concentration, caused the cells to aggregate. The poly-
mer concentrations which defined the region of aggregation, and the
degree of microscopic aggregation within each region, were found to
be a function of the molecular weight of the dextran fraction used.

The zeta potential of the red cells in these solutions was also a func-
tion of concentration and molecular weight of the polymer fraction
used as shown in Figure 5-1. Hence, the concentration of dextran at
which disaggregation occurred for a given molecular weight corres-
ponded to a critical zeta potential for each system. Above this criti-
cal cellular zeta potential, the cells would not aggregate, and the
suspensions were observed under the light microscope to be monodis-
perse. Below this critical zeta potential, as long as there was a suf-
ficient concentration of cells present, the cells were found to be
aggregated. The aggregation was more severe, the higher the molecu-
lar weight of the dextran. In dextran 110, for instance, the aggrega-
tion was extremely heavy between 1% and 6% dextran. There were no

single cells seen after 10 minutes exposure to the polymer. The cell
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aggregates were very large, bulky, roughly symmetrical globs in
which individual cells were frequently seen to be grossly distorted
by packing. The forces responsible for the severe (++++) aggregation
were clearly stronger than those responsible for maintaining the
biconcave shape of the cell, since disturbances in the solution caused
by pressing the cover slip were frequently seen to partially separate
aggregates at the expense of extensive elongation and distortion of
cells in the region of the separation. At lower molecular weights,
however, the aggregates were more regular, linear, and rouleaux-
like, and the individual cells were seen to be less distorted by the
forces causing aggregation. Individual aggregates could often be dis-
persed by shear in the suspensions.

The concentration ranges over which 30% v/v cell suspensions
were aggregated for various dextran fractions aregivenin Figure 5-13,
along with the state of aggregation of the cells and their relative zeta
potential. The region whichis cross-hatchedisthatinwhichaggrega-
tion of some degree could be established by microscopic observation.
It is seen that for the two lowest molecular weight dextran fractions
examined, no aggregation was found at any concentration. The same
data is plotted in Figure 5-14 with the relative cellular zeta potential
as the abscissa, emphasizing the critical zeta potential variation with
molecular weight.

It seems clear from work on a variety of particle-polymer
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o Dex 110

s o Dex 50.5

My x 107
i
4
o4,

30 +
—0—0 o oDex 410

0-0=0=v—ee-q Dex 26,5

Human Erythrocyte Suspensions of ~30 %
10 - Cell Concentration were Aggregated
o —=++++ Aggregation graded Microscopically

4 )|

I 2 3 4 5
Relative Zeta Potential

Figure 5-14. Degree of aggregation of normal erythrocytes induced
by dextran fractions as a function of cellular zeta
potential.
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systems that the aggregation frequently observed in such systems,
which is not present in the absence of polymer, 1is due to simultaneous
adsorption of the same polymer molecules to two adjacent particles
(Chapter 1). The multiple links thus formed between the particles
tend to bind them together. Any attempts to disaggregate such sys-
tems must be carried out in the face of this strong tendency towards
flocculation induced by the polymer molecules. In the red cell-
dextran systems, the adsorption of dextran and the attendent aggrega-
tion (above dextran 41) is also accompanied by an increase in zeta
potential. It was shown in Chapter 2 that the polymer adsorption
model for these increased zeta potentials predicts very large increases
in the forces of repulsion acting between cells in these circumstances.
Regardless of the model for the increased zeta potential, however,
the repulsive potential energy will be increased by at least a factor of
ZZ, as may be seen from equation 1-31. It seems reasonable, then,
to assume that the disaggregation observed at high dextran concentra-
tions is due to the increased electrostatic repulsions between the
cells caused by the elevated zeta potentials. That the disaggregation
is not a direct result of some form of steric stabilization resulting
from the close apposition of polymers adsorbed to separate cells
(82) is indicated by the results of the following preliminary experi-
ment (243). The electrokinetic surfaces of glutaraldehyde-fixed cells

were chemically modified by SOCIZ—MeOH treatment and their
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electrophoretic characteristics measured in saline and in saline made
10% w/v in dextran 110, The relative zeta potential of the cells under
these conditions was much less than one, indicating the presence of a
tightly bound layer of dextran. Microscopic observation showed the
cells to be monodisperse in saline, but heavily aggregated in 10%
dextran 110. Hence, in the presence of tightly bound layers of neutral
polymer which would be expected to maximize any steric stabiliza-
tion, but in the absence of electrostatic stabilization, the cells were
totally aggregated. Steric stabilization, then, would not seem to be
of major importance in these systems.

The critical zeta potential necessary to disaggregate the cells
is an increasing function of molecular weight, implying that larger
repulsive energies are required to disperse systems flocculated by
higher molecular weight polymers. This dependence accords well
with measures of the degree of aggregation which show that the higher
molecular weight dextrans increase the degree of aggregation, esti-
mated subjectively from the size and shape of the aggregates and the
amount of distortion seen in the individual cells they contain. Appar-
ently the repulsive potential present in the dextran 26.5 and 41 sus-
pensions is sufficiently large to keep the cells far enough apart to
prevent individual molecules from linking cells. The low molecular
weights ot these two fractions would both limit the separations over

which they could link cells, and limit the number of binding sites per
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molecule with which the dextran ir:teracts with the cell surfaces.
Either or both of these effects apparently reduces the potential energy
responsible for flocculating the cells below the level of the repulsive
potential energy at all concentrations of dextran 26.5 and 41.

If more were known about the molecular mechanism of this
polymer-mediated flocculation process, it might be possible to esti-
mate the magnitude of the force responsible for linking the cells
together. Without an indication of the distances over which such links
can be established, the relationship between these distances and poly-
mer molecular weight, and the number of binding sites per molecule
necessary to establish such a link, it is not possible at present to
estimate these forces. Progress in the theory of these two particle
adsorption processes is now being made, however (244).

Some support for the concept of electrostatic repulsions causing
the disaggregation in these systems is found in a recent report by
Chien and co-workers (245). These workers found that the intercellu-
lar separation distances of cells flocculated by dextran increased as
the molecular weight of the dextran was increased, in spite of increas-
ing degrees of aggregation as estimated by the aggregate sizes. These
observations are consistent with the above discussion, since higher
molecular weights produce higher zeta potentials at equal polymer
concentrations. Hence, intercellular repulsions at a given cell

separation will be larger when higher molecular weight dextrans are
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present, causing the cell separation to increase as observed. In-
creasing the dextran concentration can be expected to increase cell
separation also, until the concentration reaches the level correspond-
ing to the critical zeta potential for that molecular weight. At this
point the cell separation should just exceed the maximum length of the
polymeric links which are still strong enough to hold the cells together.
It is to be expected that this distance will more nearly equal the end-
to-end chain length of the molecule, the stronger the binding energy
between the monomeric segments and the particle surface. Hence,
the separations observed by Katchalsky et al. (89) for polylysine-
linked cells were only slightly less than the extended lengths of the
polylysine fractions used. It is to be expected, however, that much
smaller separations relative to chain length would be found for the
dextrans, since the binding energies are evidently so much lower.
The observation that red cells are aggregated in dextran 77.6
up to a concentration of about 6.8% w/v of the polymer, but are dis-
aggregated above this concentration suggests an explanation for the
abrupt change in slope in the H3~dextran adsorption curve (Figure 4-2).
The adsorption data at high concentrations is replotted on a linear
scale in Figure 5-15. It is seen that the change in slope occurs very
close to the concentration at which disaggregation is first seen. The
increase in adsorption rate above 7% dextran can be explained if it is

assumed that disaggregation frees some binding sites on each cell



(Npy X 1073) Molecuies per Cell

ey

S

™o

S

disaggregation ¢~

Figure 5-15.

4 6 8 10 12 14
Dextran Concentration % Wi

The dextran 77. 6-erythrocyte adsorption isotherm on a
linear coordinate system.

o
P



227

which were previously occupied by molecules adsorbed to two cells
at once. Occupation of these free sites by polymer molecules from
solution increases the total number of molecules bound per cell,
causing the increase seen in Figure 5.15, Were adsorption uniform
between all cells and the dextran fraction completely monodisperse,
a precipitous jump in adsorption would occur upon disaggregation.
The level of adsorption immediately after aggregate dispersal would
be just twice that before dispersal, and the adsorption would then pro-
ceed at twice the previous rate (assuming no other change occurs in
the adsorption process). That the increase at 7% is not steeper can
be attributed to the non-uniformity of the adsorption process and the
materials used. It is to be expected that, had adsorption been meas-
ured at higher dextran concentrations, the isotherm would have de-
creased in slope again and eventually continued with twice the initial
slope. The concentrations necessary to extend the measurements to
this range were prohibitively high however. The fact that the change
in slope occurs at very nearly the dextran concentration correspond-
ing to the critical zeta potential for disaggregation infers that the
adsorption isotherm measurement is essentially correct, as discussed
in Chapter 4.

It is of interest that the increased adsorption upon disaggrega-
tion was seen in spite of the very high packing forces operative in

3
packing the cell pellets before assaying them for H -dextran. If the
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correct interpretation of these results is that the cells remained
separated in the face of the ultracentrifugal compression forces, the
repulsive energies required would be enormous, many orders of
magnitude larger than those predicted by equation 2-76. On the other
hand the packing of the cells, the possible replacement of interstitial
fluid by organic phase, the kinetics of dextran desorption or re-
adsorption, and the effect of the organic phase on the adsorption
itself are all factors which complicate interpretation of the results.
Estimating repulsion energies from these packing experiments would
therefore appear to be unwise.

If in fact the change in slope of the adsorption isotherm is due
to disaggregation, and not to some intrinsic property of the adsorption
process, it would appear that the number of molecules adsorbed to a
single, isolated cell should be larger than is implied by the isotherm.
Under the conditions of the adsorption measurements, the cells were
aggregated at dextran 77. 6 concentrations below 6. 8%. Hence, the
bulk of the isotherm refers to the number of molecules adsorbed per
two cells, not one. Assuming that the sites freed upon disaggregation
can all bind one molecule, the number of molecules bound per isolated
cell would be ZNDX. The factor multiplying NDX will be smaller
if the freed sites bind fewer molecules than were released. That the
value of N at 15% dextran is nearly twice the value expected

Dx

from extrapolating the low concentration data suggests that this
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factor may be not much less than two, however.

VI. A Comparison Between the Adsorption and Electrokinetic
Measurements

A test of the model developed in Chapter 2 is provided by 2
comparison between the number of molecules adsorbed per unit area
determined by H3—dextran uptake and the electrokinetic measurements
Using the notation defined in Chapter 2, the number of molecules

adsorbed per unit area of cell Na, will be given by:

®d
" _4
Na v (5-2)
P
where V  is the molecular volume of one polymer molecule. Sub-

stituting (5-4) into the definition of P (2-25) and rearranging gives:

_ pd
Fix) = ———————Navp_@pcd (5-5)

Since all the parameters on the RHS have been determined experi-
mentally, a comparison between the electrokinetic and‘H3-dextran
adsorption measurements is provided by calculating the value of
F(x) as a function of épo’ the bulk polymer concentration. If the
resulting value for F(x) is constant, as equation (2-.25) predicts,

some support for the proposed model may be inferred.
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The values of P and d for 2.5% and 7.5% dextran 77. 6 with
normal cells are taken from Table 5-5. Since for the very low cell
concentrations used in electrophoresis (~0.05% v/v) the cells were
monodisperse, to compare the electrokinetic estimates of adsorption
with the H3-dextran measurements the adsorption values found by the
latter method will be doubled, as discussed above. The number of

molecules adsorbed per unit area of cell will then be:

2N
N, = (5-6)
RBC
where N is the number of molecules adsorbed per cell as meas-

Dx

%
ured in Chapter 4, and A = 163p is the area of a human red

RBC

=2 3
cell. Taking Vp =6.75x 10 ¢ cm , estimated from the molecular

3
weight and specific volume of the H -dextran, and
3. =1 -3 : )
§po = 0.611 cm gm ~ x[Dex] gm em =, where the first term is the
specific volume of dextran and [Dex] is the bulk phase concentra-

tion, the values calculated for F(x) at 2.5% and 7.5% dextran are:

2.5%: F(x)=20.2

1

-The close agreement is probably fortuitous, since there is consider-
able uncertainty in some of the terms of equation (5-5). The con-

stancy of F(x), however, lends some further support to the form
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of the treatment applied in Chapter 2.

The feature of the above calculation which does not support
equation (2-25), however, is the magnitude of F(x). According to
its definition F(x) should be of the order of one. That it is an
order of magnitude greater than this figure may be attributed to a
variety of causes, the most compelling being the original assumption
that Flory-Huggins theory can be applied directly to an adsorbed sur-
face phase. Accepting this assumption, however, there are several
other sources of uncertainty which could lead to an overestimate of
F(x). The value for d 1is probably not grossly wrong, since its
estimate is subject to fewer errors than is f, as mentioned earlier.
Also, NDX in (5-6) is probably a reasonably good number, as dis-
cussed in Chapter 4. It is possible that Na could be somewhat
underestimated if adsorption to the cell were non-uniform in the
region of the discrete charge groups. In order to decrease F(x),
adsorption would have to be concentrated in the region of the sialic
acid moieties, effectively reducing the value of ARBC in (5-6).

The fact that neuraminidase treatment apparently causes an increase
in Hs—dextran adsorption, however, argues against this suggestion,
although even stronger adsorption to groups exposed by neuraminidase
cannot be entirely ruled out.

It seems most likely that the chief source of uncertainty in

(5-5) lies in the assumption that the only mechanism operative in
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producing relative zeta potentials greater than one is that on which the
model is based. For normal cells, charge rearrangement due to
adsorbed polymer could produce an increase in Z by up to a factor
of about 2. Furthermore, if there is counterion penetration behind
the apparent charge plane, as the low ionic strength electrokinetic
studies on cells would imply (171), and if adsorbed polymer can
occupy regions behind the charge plane as well, then the activity of
counterions in this region will be affected by the polymer according
to equation (2-20). This effect could produce an additive contribution
to ‘Z of up to one additional unit. However, neither of these
mechanisms can provide general explanations for the increased . Z
for PSL or quartz, nor for the very high values of Z found for
normal cells at high concentrations of high molecular weight polymers.

An additional source of overestimation of B could be found in
ionic self-exclusion effects (203). VThese effects could be of consider-
able importance in the region near the charge plane under conditions

of high Z, since the apparent counterion concentration adjacent to
el 7

the surface is proportional to exp[ ]. The first order treatment

kT
of ionic self-exclusion results in a modified Boltzmann equation
identical in form to equation (2-24) (246). Hence, any effects of
counterion self-exclusion would be included in the experimentally

determined values of P, resulting in an overestimate of F(x).

The remaining assumptions inherent in the development of
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equation (5-5) would all tend to produce a larger value for F(x) than
estimated above. Thus, the linearization of equation (2-23), the
assumption that the adsorbed layer has an effective viscosity equal to
the bulk solution, and the presumed lack of dependence of dielectric
constant and viscosity on the electric field in the double layer all are
factors which might tend to increase F(x). However, there would
seem to be no obvious way to circumvent these difficulties at the pre-

sent time.

VII. Drainage Properties of Adsorbed Neutral Polymers

A feature of the polymer adsorption model which warrants discus-
sionis the necessity for flow to occur withinthe region of the adsorbed
layer if an elevated zeta potential is to be observed. This is of par-
ticular interest, considering that the usual ways of measuring the
thickness of an adsorbed layer assume the exclusion or at least
retardation of flow in the adsorbed layer. The methods typically
measure apparent increases in size of suspended particles, or de-
creases in effective diameter of capillary pores, as observed by
changes in flow properties of the appropriate suspension or fluid. An
increase in the relative viscosity of a particle/polymer suspension,
for instance, is interpreted in terms of the increased volume fraction
occupied by particles to which polymer has adsorbed. Such increased

volumes demand that flow be either excluded completely from the
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layer, or that the viscosity in the layer be sufficiently high, relative
to the surrounding solution, to cause a measurable increment in
energy dissipation. In the polymer adseorption model, on the other
hand, if flow were completely excluded from the adsorbed layer, only
values of Z less than one would be observed. If flow were re-
tarded in the adsorbed layer, but not excluded, values of Z > 1
would be measured but underestimated. It has had to be assumed in
the interpretation of the electrokinetic data that the viscosity in the
layer is equal to that in free solution, as discussed in Chapter 2.

This assumption may not be too severe, however, since the differ-
ences in viscosity between the adsorbed layer and polymer solution
may not be a large fraction of the latter, considering its elevated
values. Also, B 1is less sensitive to changes in Z for high values
of the relative zeta potential, so its estimate may not be greatly
affected.

| One explanation of this apparent paradox could involve the shear
rates at which the two types of measurement are made. In order to
accurately measure the changes in relative viscosity related to par-
ticle volume increases, high rates of shear are generally employed

2 3 -1
(10 =10 sec ). Conversely, the maximum shear rate -at the surface

8|
of a cell moving at electrophoretic velocities (~4 p sec )isonly about

1

1 sec” [y = 3v/2r where vy = maximum surface shear rate

max max

at particle velocity v, radius r (247)]. Hence, if the
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hydrodynamic thickness as measured by the suspension viscosity is
shear dependent, the electrokinetic and viscometric results may not
be at variance. That this may not be an unreasonable explanation is
suggested by some results in the literature. Based on measurements
of the hydrodynamically-effective thicknesses of a series of strongly
adsorbed polymers, Eirich (39) has stated that the adsorbed layer
thickness appears to increase more rapidly with concentration than
does the amount of polymer adsorbed. These thickness estimates,
made at high shear rates, are therefore apparently sensitive to less
than saturated coatings. On the other hand, using the sedimentation
rate in an ultracentrifuge as a basis for measuring the hydrodynamic
radius, Ottewill and Walker (79) have given adsorption and layer
thickness data for an agqueous system in which roughly 30% of neutral
polymer adsorption is complete before any effective particle volume
change is evident. Under the conditions of their layer thickness
measurement, however, the particle velocities would have been of the
same order of magnitude as electrophoretic velocities, 3-4 p sec_l,
and the maximum surface shear rate less than 100 sec—l. They
obtained thicknesses of 50 4& for adsorption to latices 500 .Z. in diam-
eter, of the same order of magnitude as those found in the
dextran/erythrocyte system. The configuration of the adsorbate was
probably different in the former experiments, however. In this sys-

tem, then, (n-dodecyl hexaoxyethylene monoether on polystyrene
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latices) it appears that the adsorbed layer was free draining at signifi-
cant surface coverages.

Other work from Ottewill's group also may be interpreted as
indicating that adsorbed layers, if not too dense, can be free draining
at electrophoretic velocities. Mathai and Ottewill (78) have reported
that the adsorption of alkyl polyoxyethylene glycol polymers to silver
iodide particles proceeds to approximately 40% of maximum before
large shifts in the location of the shear plane are observed. The
shift in location of the shear plane was seen as a sudden decrease in
particle mobility at an adsorbate concentration where sudden adsorp-
tion increases were observed. That no increased zeta potential was
observed in these systems could have been due to the low molecular
weights of the molecules used (<650), The interpretation of the above
results in terms of free draining of the adsorbed layers is in contrast
with the authors' interpretation that the adsorbed molecules lay flat
at the surface up to a critical concentration. No thickness estimates
were made on this system, which could distinguish between these
possibilities.

Considering the above results, then, it may not seem too un-
reasonable to expect diffuse adsorbed layers to exhibit some degree
of free draining behavior at low shear rates. In fact, considering
the analysis of the ion exclusion model, it would appear that some free

draining must occur under these conditions, since polymers are known



237
to adsorb at interfaces in systems where increased zeta potentials are
measured. That the adsorbed layers in the systems used in the pre-
sent work were in fact diffuse may be seen by comparing the amount
of polymer adsorbed with the thickness estimates of the adsorbed
layer. The amount of H3—dextran adsorbed at 2. 5% w/v dextran 77. 6
corresponds to about 0.5 monolayers of polymer (assuming an area
per glucose molecule, estimated from molecular models, of 46 ;;,2),
while the depth of the layer is equal to about 7 monolayers.

Although the quantitative interpretation of some of the derived
parameters may be questioned (for instance the high p values and
the impossibly low value of dF in Figure 5-8) this analysis

strongly suggests that some free draining occurs in adsorbed polymer

layers, in apparent contrast to the situation in free solution 248).

_§ ummeary

The variation of the relative zeta potential of a variety of cell
and particle systems suspended in neutral polymers is given as a
function of the concentration and molecular weight of several poly-
meric species. All neutral polymers tested produced an increase in
the zeta potential of human erythrocytes. The effect of pH, ionic
strength and monovalent ion type of the relative zeta potential of
erythrocytes suspended in dextran is examined and the results found

to be consistent with the model developed in Chapter 2. The variation
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with polymer concentration and molecular weight of the experimentally
determined parameters defined by the adsorption model is found to be
in good agreement with the properties of polymer adsorption in gen-
eral. The aggregation/disaggregation behavior of erythrocytes in
dextran is interpreted in terms of a balance between the tendencies
for polymers to adsorb to adjacent cell surfaces, causing their
aggregation, and the elevated electrostatic repulsions resulting from
such adsorption tending to cause their disaggregation. Critical zeta
potentials for red cell disaggregation are defined for the dextrans
studied. The increased adsorption of dextran 77.6 above ~7% con-
centration is interpreted in terms of the disaggregation which occurs
at this concentration. The results of the H3-dextran uptake and
electrokinetic experiments are compared, and the concentration
dependence of f, the polymer adsorption factor, found to be cor-
rectly predicted by the theory of Chapter.2. Thefailure of thetreatment
to predict correctly the values of all the parameters introduced is
discussed in terms of the assumptions made in the model's develop-
ment. Finally, the drainage properties of neutral adsorbed polymer
layers are considered. In the light of the theoretical and experimental
results obtained in the present work, it is concluded that such layers
are at least partially free draining at the shear rates operative in

electrophoretic measurements.
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CHAPTER 6

RHEOLOGICAL STUDIES ON SUSPENSIONS OF HUMAN
ERYTHROCYTES IN DEXTRAN-SALINE SOLUTIONS
As was discussed in Chapter 1, when normal human erythro-
cytes are suspended in saline solutions containing high concentrations
of low molecular weight dextran, the relative viscosities of these
suspensions, measured at low rates of shear (~1 secﬁl), are markedly
lower than those of equivalent suspensions in pure saline. In this
chapter, the viscosities of red cell suspensions in saline solutions of
dextrans of various molecular weights and concentrations are given
as a function of shear rate and hematocrit. The variations in relative
viscosity as a function of hematocrit at low shear rates for different
concentrations of dextran are correlated with the state of aggregation
of the system, the zeta potential of the cells and the viscosity of the
continuous phase. Similar correlations are made for higher rates of
shear. The results are discussed in terms of the interactions among

the elements of the systems studied.

Methods and Materials

The dextran fractions used were those described in Table 5-1.
Blood was obtained and washed cells prepared as described in Chap-

ter 5, except that all saline solutions used in the rheological studies
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were composed of 0.137 M NaCl, 0.005 M NaHCO3 and 0.001 M
NaZEDTA (disodium salt of (ethylene-dinitrilo) tetraacetic acid). The
EDTA was included to remove the possibility of abnormal membrane
rigidity induced by intramembrane Ca,++ chelation (249, 250). The
presence of EDTA had no effect on the electrokinetic properties of the
cells. Dextran-saline solutions were made up and their viscosities
measured with an Ostwald capillary viscometer as described in
Chapter 5. The dextran/saline/EDTA solutions were neutral and
essentially isotonic (152). Cell samples were prepared by suspending
packed washed cells in saline/EDTA containing the appropriate
amount and molecular weight of dextran, spinning the suspensions
down, removing the supernatant, and resuspending the appropriate
volume of packed cells in fresh dextran/saline/EDTA. Hematocrits
were determined either by spinning samples in Wintrobe tubes for
45 min at 2000 xg, 25°C, or in micro-hematocrit capillaries for
10 min at ~15,000 xg, 25°C. All hematocrits were corrected for
trapped fluid by multiplying the apparent hematocrits by 0. 96 or 0.99,
respectively (217).

Viscosity measurements of all cell suspensions and suspending
media were made on a Model R17 Weissenberg Rhecgoniometer
(Sangamo Controls Ltd., Bognor Regis, England) (251) equipped with
combined concentric cylinder-cone plate measuring elements (252).

The cylinders were machined from plexiglass to allow visual
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examination of the samples in situ. The base of the inner cylinder
(bob) consisted of a slightly truncated 1° cone which was positioned
with the gap setting mechanism so that the calculated location of the
apex of the cone coincided with the flat base of the outer cylinder
(cup). The bob was 8. 84 cm in diameter and 4.41 cm high, while

the inner diameter of the cup was 9.00 cm. The dimensions were
such that the mean shear rate across the cylindrical gap was equal,
for Newtonian fluids, to that in the cone-plate portion of the cup. The
surfaces of all measuring elements were ground and polished. No
guard ring was employed, but the air-sample interface was exposed
to an atmosphere of saturated water vapor which originated from a
reservoir of distilled water on top of the bob, enclosed by a cover
plate, as described by King (253). Since the suspensions were essen-
tially free of dissolved protein, there was little danger of artefacts being
introduced by denatured surface films.

The temperature was maintained to 25 £ 2°C by use of a constant
temperature water jacket consisting of concentric plexiglass cylinders
split in the middle and sealed on all edges. The two halves of the
cylinder could be placed around the cup to enclose it in a constant
temperature atmosphere. There was sufficient room above the bob
to allow it to be partially raised and lowered without removing the
water jacket. Water was circulated through the two halves of the

jacket using a Haake Model F Constant Temperature Circulator. The
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sample temperature was monitored to £0.1°C by two thermistors
imbedded just below the surfaces of the cone and wall of the bob, and
the signals detected with a Yellow Springs Instruments Model 46
Tele—thermometer.

In the Rheogoniometer, the outer cylinder is rotated at a series
of constant speeds by a synchronous motor and logarithmic gear box.
The gear box enables the rotation to be varied over a relative range
of 1 to 10_5' 7 in steps of 10-0' 3 Hence, the shear rate may be

varied over six orders of magnitude. Since the mean shear rate in

the coaxial cylinder and cone plate portions of the cup are nominally

equal, the shear rate, Yy was simply calculated from (254):
360 '
e e &-1
Y at ( )

where a= cone angle in degrees and t = period of revolution of
cup in seconds.

When the cup is rotated, the torque transmitted through the
sample deflects the bob. The bob deflection is counteracted by the
torque of the torsion bar from which the bob and shaft are hung. The
shaft is accurately centered on the axis by two air bearings. The
arm of a variable inductance displacement transducer is locked to the
top of the shaft and the tangential linear movement of the arm meas-

ured 5.0 cm for the torsion bar. A hydraulic damping paddle
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immersed in a reservoir containing ~1 poise oil is locked to the
transducer arm to reduce the effect of external vibrations. The tor-
sion bar constant of the bar used throughout this work was 94. 3

: -1 : : -
dyne-cm micron . The displacement of the linear transducer is
proportional to the torque exerted by the torsion bar against the
torque transmitted through the sample to the bob when the sample is
sheared. The displacement could be read in microns from a Boulton
Paul Aircraft Transducer Meter. The machine constant, k, was
determined from the transducer displacements measured when a
series of silicone oils (Brookfield Engineering Laboratories Inc.,
Stoughton, Mass.), sucrose, and salt solutions of known viscosity
were run at a series of shear rates. The constant thus determined

. = - -1 : - ;
was k = 0.208 poise sec micron , and the viscosities at any Yy

were therefore calculated from the expression:

(6-2)

ka
===
Y

where A is the transducer displacement in microns and (ka) is
the shear stress in dyne cm

The output of the transducer meter could either be monitored
visually on the meter face, or fed through a low frequency filter and
amplifying unit to a Type SE 2005 Ultraviolet Recorder (S.E. Labora-

tories Ltd., Feltham, England). Although the most sensitive range
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on the meter was =5 W, full scale (center zero), a 20x increase in
sensitivity was available using the filter unit. Hence, the maximum
sensitivity available was +0.25 u, center zero, displayed on a 15 ecm
wide chart. The natural frequency of the torsion head assembly was
8.7 Hz, and that of the galvanometer unit in the uv recorder was
100 Hz. The time constant of the deflection measuring system was
therefore determined by the low frequency filter unit, and was set to
give an overall time constant of 2 sec for all measurements made
using the recorder. In general, at all shear rates below about
10 sec_l, the recording system was employed.

The Weissenberg Rhecgoniometer used in the present work is
illustrated in Figure 6-1.

. The protocol followed in making a typical set of viscosity meas-
urements as a function of shear rate was as follows. The machine
constant was checked at the beginning of each day's runs; it was
found to remain constant to within £2% from day to day. The gap
between the truncated tip of the cone and the base of the cup was set
at 50 p. with the gap setting device. A 15 ml sample was pipetted into
the cup, and the bob lowered slowly into the sample using the hydraulic
torsion head lifting system. Once the cone was immersed, the head
was lowered rapidly to the stop, and the base and sides of the cup
examined for bubbles. Bubbles were frequently found at the intersec-

tion of the sides and base of the cup, but could generally be removed



Figure 6-1.

The Weissenberg Rheogoniometer.
(1) motor

(2) gear box

(3) hydraulic head control
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by repeatedly raising and lowering the bob while shearing the sample
at moderate shear rates. The detection of the bubbles through the
clear cup and their removal was of critical importance, since the
bubbles caused greatly elevated shear stress values at low shear
rates. Once the bob was in place and bubbles removed, the water
reservoir on top of the bob was filled, the lids placed on the cup to
enclose the water vapor, and the clear water jacket placed around the
cup. The sample was allowed to come to thermal equilibrium over a
period of about 15 min while being sheared at ~40 Bee . A sliderdf
the cell suspension was made and examined m/icroscopically for the
degree of aggregation present 10 minutes after the cover slip had
been placed on the sample drop.

For preparations in which aggregation was absent, the sample
was mixed by raising and lowering the bob a few times, then torque
measurements were made at a series of increasing shear rates. The
torque values taken were the averages of the values obtained by
shearing in both directions at each shear rate. The sample tempera-
tures at the wall and bottom of the bob were recorded at each shear
rate. The sample was re-mixed after every third shear rate incre-
ment. Once the series of shear rates had been covered, several low
and medium shear rate measurements were repeated to make sure
there was no time dependence in the determinations. The sample was

then aspirated out of the cup, and a slide was made of the sheared
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sample to check for any changes in the state of the suspension induced
by the measuring procedure. The cup and bob were washed with
saline and distilled water, dried in an air stream, and the next sam-
ple introduced.

For suspensions in which any degree of aggregation was pre-
sent, a different protocol was used. Before every torque measure-
ment, the sample was thoroughly mixed by rapidly raising and
lowering the bob several times. Exactly 30seconds after the bob was
lowered to the stop for the final time, the electromagnetic clutch was
engaged and the torque measured as a function of time on the recorder
until a relatively steady value was reached. An interval of 30 sec
between stirring and mixing allowed time to lock the torsion head in
place and zero the recorder before shearing commenced. Allowing
the time interval to vary produced results which were less reproduc-
ible than those obtained with the 30 sec interval, particularly for the
heavily aggregated samples. Sample temperatures were again
recorded at every shear rate, and the rest of the measuring procedure
carried out as for non-aggregating suspensions.

The mean shear rate was calculated for any rotational speed
from equation (6-1). This calculation applies strictly only for
Newtonian fluids, or for non-Newtonian fluids in the cone-plate region
where the shear rate is constant across the gap between the bob and

base of the cup. In the gap between the concentric cylindrical walls
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of the bob and cup, however, the shear rate varies. Hence, for non-
Newtonian fluids, whose viscosity is a function of shear rate, the
shear rate corresponding to the shear stress measured at the bob
wall will depend on the properties of the fluid. For fluids which
exhibit shear thinning, such as erythrocyte suspensions, the true
shear rate at the bob wall will be higher than the apparent shear rate
calculated from the geometry of the system and the angular velocity
of the outer cylinder. For any fluid in which the shear rate is only a

function of the shear stress, Krieger and Elrod (255) have derived an

expression for the shear rate at the bob wall, ?b’ as a function of
the angular velocity of the cup, 2, and the shear stress measured
at the bob, T
2 2

. dln & (In s) d Q

v, =—— [1+1lns - +...] (6-3)

b a6 2

1 dln 'Tb d(ln . )

b

where s 1is the ratio of the radius of the outer to the inner cylinder.
Cokelet (134) has applied this expression to viscometric data on
whole blood and shown that, for his G.D.M. Couette viscometer, the
shear rates calculated assuming a Newtonian liquid were significantly
in error below about 20 sec-l. However, the viscometer he used was
equipped with cylinders whose radius ratio was s £ 1.096. The cup
and bob of the Rheogoniometer are more than three times as great in

diameter and have a smaller gap width, giving a radius ratio of
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s = 1.018. Hence, 1Ins is five times smaller on the Rheogonio-
meter and the correction terms in equation (6-3) are therefore much
smaller. That the error in the apparent value of ¥ is much less
significant for the apparatus used here than for the G. D.M. visco-
meter may be seen by applying (6-3) to Cokelet's data for whole
blood, (H =47.4, T = 24.8°C) but using the geometric factor of the
Rheogoniometer. Using his tabulated data for the derivatives at
apparent shear rates of 0.124 sec:-l and 0.491 sec_l, the true shear
rates in the Rheogoniometer would have been 0. 130 sec:._l and

0.501 sec—1 respectively, representing errors of 5% and 2% over the
apparent values compared to:29% and 16% errors calculated for the
G.D. M. data.

The error for the present apparatus becomes even less signifi-
cant when the contribution of the cone-plate portion of the bob is con-
sidered. The cone-plate contributes about 25% of the total torque
measured by the displacement transducer. This 25% is subject to
none of the uncertainties regarding shear rate that apply to the con-
centric cylinders' torque. Hence, considering that the cone-plate
expression (6-1) gives the correct shear rate for a given viscosity
measurement will be even less subject to error than calculations
based on equation (6-3) would indicate. The errors will be smaller,
the less shear dependent is the suspension viscosity. For prepara-

tions whose shear thinning characteristics are no more severe than
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normal blood, then, the uncertainties in shear rate determination are
insignificant over the range of Yy employed in this wo