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CHAPTER 1

INTRODUC TION

Diseases in which shortened red cell life span is a characteristic
feature have provided impetus to studies on the mechanism of red cell
aging, recognition and elimination. How does the intact organism
recognize a senescent red cell? Normal erythrocytes are biocom-
patible until they are recognized as effete or damaged and are seques-
tered and catabolized by the reticuloendothelial system. Current
hypotheses on the mechanisms of red cell aging, recognition and
destruction invoke the supposition that alterations in the membrane
and surface properties of red cells upon aging are responsible for this
eventual recognition and elimination. The role of sialic acid, a major
terminal carbohydrate moiety at the exoface of human red cell mem-
brane glycoproteins and the major surface charge contributor of the
red cell, has been receiving increasing attention, stimulated in part
by the work of Ashwell and Morell on the rapid and specific elimina-
tion of desialylated circulating plasma glycoproteins. Neuraminidase,
an enzyme which specifically cleaves sialyl residues, has been used to
treat red cells to produce changes in cell surface properties which
mimic some aspects of cellular senescence. This, together with
reported decreases in sialic acid levels in old as compared to young

cells and reported decreases in surface charge density, led to the



examination of the evidence for selective losses of sialic acid from
red cells as well as the action of neuraminidase on the surfaces of red
cells. Subsequently the observation was made that red cells treated
with neuraminidase had anomalous electrokinetic properties which
were not consistent with the view that simple loss of sialic acid was
the only consequence of interaction with the enzyme. The thematic
questions around which the subject matter of this thesis revolves are:
1) what is the nature of the anomalous electrophoretic properties of
neuraminidase treated human erythrocytes and, 2) what implications
may they have on the hypothesis that sialic acid is 2 major determinant
of red cell life span.

The following section of this chapter outlines the theoretical
underpinnings of cellular electrophoresis. The second chapter details
some of the methodology common to much of the work, followed in the
third chapter by description of equipment and experimental procedures
utilized in gathering electrophoretic data. Included are sections
detailing innovations in the desigh of equipment as well as the
development of low zeta potential gel surface coatings for the elimina-
tion of electroosmotic flow in analytical particle electrophoresis. The
fourth chapter describes the electrokinetic properties of human red
blood cells, particularly after fixation with formaldehyde where the
theoretical and experimental effects of cellular conductivity on their

electrokinetic properties are considered. The following two chapters



deal directly with the sialic acid content of young and old erythrocytes,
its relationship to surface charge density, and the interaction of Vibrio
cholerae neuraminidase with the surfaces of human erythrocytes. The
seventh chapter lists the conclusions which have been drawn from this

work.

1.1 History and Theory of Electrophoresis

Prior to the 19th century, interest in phase boundaries and the
nature of surfaces was primarily academic. Spurred by advances in
electrochemistry and the advent of sources of steady direct current,
Ferdinand Frédéric Reuss made a series of observations in 1807 on
the relative positive charge of water in contact with powdered clay or
quartz, on which he reported in Moscow in 1808 (1). Without being
aware of it nor having a satisfactory explanation for the phenomena
which he observed, Reuss in fact discovered electroosmosis.

In 1852 Wiedemann (2) attempted to describe quantitatively the
relationship in electroosmosis between the amount of liquid transported
and the magnitude of current and electromotive force applied. In 1859
Quincke (3) was the first to postulate the existence of a phenomenon
which is the opposite of electroosmosis, namely, a liquid made to flow
along a stationary charged surface should give rise to a potential dif-
ference between the ends of the surface. This phenomenon was later

termed the streaming potential. The reciprocal phenomenon to



electrophoresis, namely the sedimentation potential, which arises as
a result of an electric field which is created when charged particles
move relative to a stationary fluid, was first qualitatively observed by
Dorn in 1878 (4).

Quincke (5) later turned his attention to the movement of
particles in an electric field, i.e., electrophoresis, and determined
that most substances in contact with water are negatively charged.

The validity of this conclusion has since been borne out. Quincke
further observed that the net direction and velocity of movement of
particles in aqueous media in a closed glass tube is due to the vector
sum of the separate movements of the fluid and the particle.

Interest in biological surfaces was stimulated by Kiihne's
experiments on muscle fibers in 1860 (6). The swelling of muscle tis-
sue which takes place at the negative pole,on application of a current,
was correctly interpreted as being due to electroosmosis, which
further indicated that the charge on muscle tissue was negative.
Similar reéults were obtained on nervous tissue.

During this early period semiempirical laws were advanced to
explain the electrical and mechanical forces at play, where interfaces
move with respect to one another. Both inorganic as well as biological
materials were shown to act as if they were charged when in contact
with aqueous media. Furthermore, it was found that the vast majority

of surfaces are negatively charged. Up until this point (1878) however,



no satisfactory theory had been developed to account for the origin of
surface electric charge nor for the interrelationship of the variety of
variables which play a role in electrokinetic phenomena. Thus, the
theories advanced over the next few decades, i.e., the late nineteenth
and early twentieth centuries, will be examined with special emphasis
on electrophoresis.

The net surface charge of a particle is governed principally by
ionization of surface groups, ion ad- or desorption or chemical reac-
tion of surface groups with a component in the suspending medium.
The surface charge affects the distribution of ions in the medium by
attracting ions of opposite charge (counter or gegen-ions) toward the
surface while repelling ions of like charge (co-ions) away from the
solid-solution interface.

Thermal (Brownian) motion of ions opposes the electrical forces
which determine the distribution of ions around the charged surface.
In order to maintain overall electroneutrality of the system there
exists a diffuse neutralizing region of excess counterions in the vicinity
of the surface (see Fig. 1-1). The distance over which this diffuse
double layer of charge extends into the ionic medium is directly
related to the density of population of ions and their valency, in bulk
solution. The extension of the double layer decreases in proportion
to the square root of the ionic strength of the medium in contact with

the surface.



Figure 1-1. a) and b) Schematic representation of the distribution of
ions in the diffuse part of an electrical double
layer near a negatively charged surface. The
counter-ion concentration close to the surface
is much greater than the co-ion concentration.
At a relatively large distance (x) from the sur-
face the counter- and co-ion concentrations

become equal to their bulk solution values, n,-
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7
On application of an external force such as an electric field to a
particle-double layer system, movement of the particle will result, in
a direction dictated by the polarity of the field (electrophoresis). The
counterions in the double layer will move in the opposite direction
carrying solvent molecules along with them thus exerting viscous drag
on the particle. The lower the ionic concentration in the bulk phase,
the more diffuse will be the double layer, the less viscous drag will be
exerted by it on the particle and the greater will be the electrophoretic
velocity of the particle. The electrophoretic mobility of the particle
is defined as the electrophoretic velocity of the particle divided by the
magnitude of the electric field. The relationship between the experi-
mentally determined electrophoretic mobility (u) and the electro-
static potential ({) present at the plane of hydrodynamic slip was

first formulated by von Smoluchowski (7) as:

_ £k
e 113 1

v
e
- T4
X

whe re Ve is the velocity of the particle in an externally applied
electric field of strength, X, and ¢ and 1N are the dielectric con-
stant and viscosity of the bulk suspending medium, respectively.

The following equations dealing with electrokinetic phenomena
have been well summarized by a number of authors (8,9, 10,11). Con-

sider the motion of a fluid lamina in the diffuse part of the double



layer region relative to that of a nonconducting charged surface in the
presence of an externally applied electric field X the lines of force
of which run parallel to the surface. Then the electrical force on the
ions which is transferred to the molecules of the suspending medium

in the lamina of thickness, dx, 1is:
pXAdx =2

where p 1is the charge density in the liquid and A the area of the
lamina. The electrical force is opposed by a viscous retardation force
which at the distance, x, from the surface is given by

_ av 1-3
A(ndx )x

At a point (x + dx) the force may be written as:

- dv
av 1-4
A dx )x+dx

where M and dv/dx, inboth Eqs. 1-3 and 1-4, is the viscosity
and velocity gradient, respectively. Equation 1-4 may be expanded by

means of a Taylor series:

A, A(nd

= dv
dx "x+dx

da
) +A[dx(ndx

1=
dx 'x )]xdX >

Combining Eqs. 1-3 and 1-5 the total viscous retardation force on the

lamina is:



Al == (w=—14]_d= 1-6

Tor an infinite flat surface, the charge may be assumed to vary only in
the direction normal to the surface and the dielectric constant, €, 1is

assumed to be independent of both the potential, &, and the charge

density, p. Poisson's equation in one dimension may thus be utilized,
i. €.y
2
dy _  4rn
= el I=7
2 £
dx

At terminal velocity, the electrical forces will be equally balanced by
the viscous forces. This may be represented mathematically by rear-
ranging and substituting for p in in Eq. 1-2 and combining the

result with Eq. 1-6:

*x 4 . b, _ 4., ¢
47 dx G dx) dx(fr’l dx) 38

To obtain the potential at any distance x from the surface Eq. 1-8
may be multiplied by x and the result integrated by parts over the

region x =0 to x =% which leads to:

X T (e aa. P
= |xte 7] S e gyl =] x(n<Y)| S n <2 dx
T dx 0 0 dx dx x

1-9
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Since at x =%, both dv/dx and dy/dx are zero the first terms
on either side of Eq. 1-9 drop out. Integrating the remainder the fol-
lowing is obtained:

) 0
s 1-10

who =4 Yo

Changing the frame of reference by setting the velocity of the fluid at
the surface, -v, equal to the velocity of the surface relative to that
of the fluid, Vo the Smoluchowski equation relating the electro-

phoretic mobility, u, to the potential at the surface is obtained:

Te g
x _9° g 1-11
When a particle undergoes electrophoresis it carries with it a
thin, probably monomolecular, layer of fluid and specifically adsorbed
counterions (Stern layer) which shield the actual surface potential. As
a result the potential which may be calculated from the electrophoretic
mobility with Eq. 1-11 does not actually represent a surface potential,
but rather a potential at some distance away from the surface. The
plane which coincides with this distance is the electrophoretic surface
or plane of hydrodynamic shear. Since knowledge of the hydrodynainic
behavior near charged interfaces is scant, the exact location of the

slip plane remains uncertain. For this reason, 1, the surface

potential in Eq. 1-11 is replaced by §, the zeta potential giving:



1)

<

=
X 4nm

For example, the zeta potential of particles whose charge stems
from entities which are an integral part of the surface, such as ionized
functional groups, will generally be of the same sign as the surface
potential but of somewhat smaller magnitude. However, if the par-
ticle charge stems primarily from specifically adsorbed counterions,
the zeta potential may in fact be of opposite sign to the actual surface
potential. Debye and Hiickel (12) corroborated Smoluchowski's Eq. 1-12
except for the fact that instead of 1/4 w, they obtained a factor
1/6 m. The explanation for the apparent discrepancy is due to Henry

(13) who showed that for weakly charged particles ({ < 25 mV):

el

nf(Ka,Uz/cr ) =13

1

where 1/k 1is the thickness of the double layer, a is the radius of
curvature of the particle under investigation, and v5 and o, are
the specific conductivities of the particle and the suspending medium,
respectively.

Von Smoluchowski in his analysis had assumed that the external
electric field deformed around the particle such that it was everywhere
parallel to the particle surface. On the other hand Hickel assumed

that the lines of force of the external field ran straight from one



Figure 1-2. a)

Schematic representation of a diffuse electrical double
layer near a negatively charged surface with specifi-
cally adsorbed hydrated counter-ions. The centers

of the specifically adsorbed ions, which may be

‘dehydrated in the direction of the surface, are located

between the surface and the Stern plane, S, at X1°
The electrophoretic surface or shear plane, D, at XZ’
is located at the plane demarcated by the outer edge

of the hydrated adsorbed ions.

Schematic illustration of the electrical potential at
various distances from the surface. Notice the {
potential in this example is less than the surface
potential, qJO, énd Stern potential, qu. This is due to
counter-ions shielding the actual surface charge. In
some cases the { potential may actually be of opposite
sign to the surface potential, e.g., in the case of
adsorption of surface active counter-ions. In other
cases the { potential may be of greater magnitude than
the surface potential, e.g., in the case of adsorption

of surface active co-ions.
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electrode to the other, i.e., the particle acted as a conductor (see
Fig. 1-3). For a nonconducting particle Eq. 1-13 reduces to:

_ et
HIES f(xka) 1-14

From the definitionof K and a, it canbe seenthat ka is a
measure of the ratio of the particle radius to the thickness of the
double layer. In the limiting case of ka ™ ®©, i.e., when the double
layer is very thin in comparison to the radius, Henry (13) showed that
f(ka) = 3/2 in which case Eq. 1-14 further reduces to Eq. 1-12, the
Smoluchowski equation. On the other hand when «a =~ 0, f(xa) =1
and the result of Hiickel is obtained (see Fig. 1-4).

Henry's analysis for a particle whose double layer thickness is
small in comparison to its local radii of curvature, suggests that the
electrophoretic mobility of this particle is independent of its shape.
Strictly speaking however, his derivation is valid only for spheres and
cylinders. Nevertheless, Eq. 1-12 is valid for a particle of arbitrary
shape. This has been rigorously proven by Morrison (14). Moreover
these assertions have also been borne out experimentally. Abramson
(15) for example, has summarized data of numerous investigators per-
taining to the independence of the electrophoretic mobility of particles
on their shape and size. Similar conclusions have been drawn for

biological cells. A number of examples exist which indicate that the



Figure 1-3. a) The lines of force of an external electric field in the
presence of a particle, the conductivity of which is

equal to that of the suspending medium.

b) The lines of force around a nonconducting particle in

a conducting medium.



(a)

(b)/ —————




Figure 1-4.

A plot of Henry's function f(ka, o, /crl) as a function of
log xa for a nonconducting ) and conducting spherical
particle ¢--) and for a nonconducting cylindrical par-
ticle oriented perpendicularly to the field ¢---4 ) and
oriented parallel to the field - ).
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surface shape of erythrocytes does not influence their mobility.
Furchgott and Ponder (16) have shown that normal biconcave discoid
red cells have the same mobility as sphered cells. The mobility of
sickled cells is also identical to that of normal cells (17, 18). In the
absence of evidence to the contrary, it must be concluded that the
electrophoretic velocity of large colloidal particles, whose radii of
curvature are large in relationship to the thickness of their double

layers, is independent of their macroscopic shape.

1.2 Kinetics of Electrophoresis

As noted, the electrical forces acting on a charged particle are
due to the net charge per unit area of surface and they are balanced
by viscous forces on reaching a steady state velocity such that the
total force on a particle undergoing electrophoresis is zero. An
important question is the time required for a particle to reach its
terminal equilibrium velocity since the time constant should only be a
small percentage of the measurement time, otherwise serious errors
in estimating an electrophoretic mobility would arise.

For the sake of simplicity, the case for a spherical particle with
large «ka will be considered. The forces acting on a particle at
rest in a viscous medium to which a constant force, E, 1is applied
at time, t =0, may be described by the second order differential

equation:
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where m is the mass of the particle and b is the damping coeffi-
cient which from Stokes' law takes the form 6 mna, where M and
a are the viscosity of the medium and radius of the particle, respec-
tively.

If E 1is the electrical force acting on the particle using Henry's
adaptation (13) of Debye and Hfickel's analysis (12), Eq. 1-15 may be

rewritten as:

3
m =5~ + 6mna 9% . 2 xat, 1-16
& dt 2

where
X = magnitude of the electric field applied at t = 0.
£ = zeta potential of the particle.

e = dielectric constant of the suspending medium.

The solution to Eq. 1-16 is:

v(t) = vo(l-e‘t/T) 119
where

v(t) = velocity at time t.

A = terminal or steady state velocity
and

T = the relaxation time which is defined by the relationship



L0 S -
T—b B 1-18

The mass m, of a spherical particle is given by:

where P = the density of the particle.

Thus, substituting for m in Eq. 1-18 the relaxation time

becomes:

Zazpc
= 1-20
T o

As an example, for the human red cell the following parameters:

7x10  cm

a =
=1.09 g-mi”"
P : g - ml
o -2
N=0.903 x 10  dyne-sec-cm for 0.150 M NaCl

were substituted into Eq. 1-20 and T was calculated to be on the
order of 13 pusec. Thus, the kinetics of electrophoresis are very
rapid indeed.

To this point a further retardation force, the so-called relaxa-
tion effect, has been neglected. The relaxation effect arises as a

result of a particle, in the presence of an external electric field,
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constantly being ahead of the center of its owh ionic atmosphere.
Overbeek and Wiersema (9) have shown however, that the magnitude of
this relaxation effect is negligible for zeta potentials < 25 mV.

In the derivation of Eq. 1-12 it was assumed that the viscous
retardation force acting on the surface under consideration was a
monotonically decreasing linear function of distance from the particle.
Thus, the equation is valid only for particles suspended in media
whose rheological behavior is Newtonian and which also exhibit
laminar flow. Furthermore, bulk viscosity and dielectric constant
values within the double layer were assumed. However, these assump-
tions may not be valid if the surface potential near the shear plane is
high enough to decrease significantly the dielectric constant and/or
increase the medium viscosity by dipole orientation. Investigation has
shown the effect of a high surface potential on the dielectric constant,
e, to be insignificant, but its effect on the viscosity within the double
layer may, in some special instances, be significant, although only at
high electrolyte concentrations. Again for particles having low zeta
potentials, like most biological particles, these effects are negligible
(9). Furthermore, recently Hunter and Alexander (19) and Stigter
(20) have criticized the values obtained for the viscoelectric effect by
Lijklema and Overbeek (21) as being grossly overestimated.

Thus Eq. 1-12 may be used with confidence for a nonconducting

particle, of arbitrary shape and low surface potential, which has a
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double layer of small dimension in comparison to its radius of curva-
ture and which is suspended in Newtonian fluids at particle concentra-
tions low enough that two or more particles do not interact hydro-

dynamically or electrostatically.

1.3 Relationship between the Zeta Potential and
Surface Charge Density

The relationship between the charge density of a surface and the
surface potential was first derived by Gouy (22) and later Chapman
(23). The Boltzmannequation (1-21) is used to give the average number
of ions (n+ and n_ in the case of a uni-univalent electrolyte) per

unit volume at a distance x from a plane infinite surface, in terms

of the potential { at distance x, and the number of ions of each

ionic species per unit volume, 0, in bulk solution.
= +ze! = _ Zewy g
n, nO exp[ *T ] and n_ n0 exp[ KT ] 1-21

The parameters =z, e, k and T represent the valence of charge of
the ionic species, the electronic charge, Boltzmann's constant and the
absolute temperature, respectively. Since the charge at point x is

comprised of only ions the charge density, p, 1is given by:

p=zeln -n,) (o,



2.1

Substituting the values for n, and n_  from Eq. 1-21 into Eq. 1-22

we obtain:

p = zen[exp(- i—efr‘k) - exp(+ i—?l?)] 1-23

The hyperbolic sine is defined by (expX - exp~x)/2 = sinh x. Thus

Eq. 1-23 may be reduced to:
p = -2zen sin}‘xi—e,]:,Lli 1-24

Now p is also, as shown previously, related to ¢ by the Poisson

equation:

2

_"l’i— _E
= = I_;
dx

Combining Eq. 1-24 with Eq. 1-23 gives the Poisson-Boltzmann

equation:

b sinhﬂ 1-25
2 £ kT
dx

If (zey/kT) < 1, i.e., if the electrical energy zey is much less
than the thermal energy kT, i.e., ¢ < 25mV,

sinh(zey/kT) = zey/kT giving:

2.
du quj 1-26
2
dx
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_ 2 = :
where k = [8mz"e n, /ekT] is the Debye-Hiickel reciprocal length
parameter. The solution to Eq. 1-26 is given by Gouy (22) and
Chapman (23) with the following boundary conditions | = L}JO when

x=0 and =0 when dy/dx =0 at x =% as:

b= gy exp(-kx) 1-27

It may be seen from this equation that the potential { at x = 1/k
has dropped to 1l/e = 0.37 of the potential at the surface (q;o).
Therefore 1/k is a good measure for the extension of the double
layer and is often referred to as "the thickness of the double layer'.
The parameter k may be calculated on the basis of molar ionic

concentration, i.e.,

41re
(ToooerT 'Na ZC & k28

where < is the molarity of the ion of type 1 and NA is
Avogadro's number. More commonly  is evaluated on the basis of

ionic strength, I, as defined by Lewis and Randall (24):

2
1= 12 Zc.z. 129
i1

Thus:

s
e It ]1/2 1-30

1000ekT

=
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It is readily seen from Eqs. 1-28 and 1-30 that either a decrease in
sonic valence or concentration (ionic strength) leads to an expansion of
the double layer (see Fig. 1-5) as well as an increase in zeta potential
at the plane of shear due to a more diffuse double layer.

Now the total surface charge, ¢ must equal the total space

0’
charge in the diffuse double layer and be of opposite sign to maintain

electroneutrality, i.e.,

(rO:—Sl pdx 1-31

Substituting the Poisson-Boltzmann relation for p (Eq. 1-7)

we obtain:
T :_5_5 d——%dx T=d

Integration, with boundary conditions equal to dg/dx =0 at x =
and ¢ = LLJO at x =0, and substitution of the differential of
Eq. 1-27 results in the relationship:

y ddg _ =

E -
°0 " T 4m dx 4w 1235

Replacing {, by { as for Eq. 1-12 we obtain:



Figure 1-5.

Schematic illustration of the effect of decreasing the
double layer thickness, 1/«, on the ¢ potential by
increasing the ionic strength of the suspending medium.

I = High ionic strength; low { potential.

IT = Intermediate ionic strength; intermediate {
potential.
III = Low ionic strength; high { potential.
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g = XEG 1.34

Combining Eq. 1-34 and Eq. 1-12 the relationship between charge

density and mobility is obtained:

W= = 1:-:3i5

It is again evident from Eq. 1-35 and Eq. 1-34 that the mobility and
the zeta potential depends on the double layer thickness, 1/x, i.e.,
the lower the ionic strength the greater will be the zeta potential as
well as the mobility for a given surface charge density.

Under conditions where zeta potentials > 25 mV are encountered,
i.e., zed /2kT < 1, Eg. 1-25 may still be solved (22, 23) in which

case.

2kT 1+y expl-«x]
£ 1-3
v ze = 1-vy exp[—Kx] 6
when di/dx =0 at x =9 and ¢ = by at x=0, where
[(zeLpO/ZkT)-l]
L [(zey, /2kT)+1] Feay
and
o= [——-————ZnoskT ]1/2 inh( ZeLJJO ] 1-38
0 ™ s 2kT =
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Again replacing Lpo by L and inserting molar concentration

terms and I for ionic strength, Eq. 1-38 may be simplified to give:

NAkT
2000m

1/2 2

o =2[ le1] /% sinh == ] 1-39

3 ]

for uni-univalent electrolytes.

The Gouy-Chapman equation (1-39) requires critical examina-
tion. It does not provide a precise means of calculating surface charge
densities from zeta potentials since a number of questionable assump-
tions are embodied in its derivation.

The first assumption which is questionable is that charge is
spread uniformly over a surface. In fact, we know that surface charge
is at least due to discrete point sources and to a better approximation
ionic entities, which have a definite volume. If the ionic volume is
neglected the Boltzmann equation predicts unrealistically high concen-
trations of ions near the surface, especially in the presence of rela-
tively high potentials and bulk ion concentrations. Corrections for
ionic volumes have been examined by Haydon (25) and Overbeek and
Wiersema (9) who concluded that the magnitude of such corrections
would be small for low surface potentials. Haydon (26) has also found
on theoretical examination of the Gouy-Chapman equation that it would
produce underestimates of surface charge densities in the case of

surfaces which are penetrable to counterions. Consequently Haydon
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(26) introduced a term, @, which he defined as the function of the

total space within the double layer available to counterions. Equation

1-39 is multiplied by the term [1+(1-a)1/2] to yield:
- :[1+(1—a‘1/2]-2|—N—k—I—|[51]1/2 sinhl-(i' 1-40
0 : 20007 2kT ! i

In the limit where a =1, Eq. 1-40 reduces to Eq. 1-39, i.e., none
of the space within the double layer is available to counterions. In the
case o =0, the value for the surface charge density would actually
be twice that calculated with the unmodified equation.

The largest error in surface charge density calculations is
probably associated with the uncertainty in the value of the o« factor.
Most biological surfaces are penetrable to counterions and use of the
unmodified Gouy-Chapman equation will lead to underestimates of sur-
face charge density. Yet it seems unwise to select an arbitrary value
of @ 1in most calculations, since in all probability it would be incor-
rect. Correction for o may always be made when and if an experi-
mental or theoretical basis for selecting an & value becomes
available.

The assumption embodied in the Poisson equation as in the
Smoluchowski equation (Eq. 1-12) is that the dielectric constant within
the double layer is equal to that of the bulk solution. This cannot be

the case for the following two reasons. First, the molecules of the
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liquid are oriented by the electric field produced by the surface charge.
Secondly, the charge of small ions within the double layer have a simi-
lar orientation effect on solvent molecules. This effect increases in
the direction toward the surface due to the increase in ionic concentra-
tion in that direction. Fortunately, as stated previously, for particles
having low zeta potentials these effects are small (21).

The free energy of interaction between ions within the double
layer as well as in bulk solution needs also to be considered. In
bringing an ion from infinity to its final position within the double layer,
work must be performed against the ion's own atmosphere. This fact
is neglected by the Poisson-Boltzmann relationship. A further energy
term, which is also inherently neglected, arises from ion polarization.
In transferring an ion from bulk solution where the external electric
field is zero to a point within the double layer where the electric field
has a finite value the ion becomes polarized.

A number of investigators have attempted to estimate the
magnitude of these errors in surface charge density calculations.
Haydon (25) has reviewed these attempts at correction and concludes
the following:

a. To a certain extent the corrections tend to compensate each

other, i.e., the potential is increased by the ionic volume and
dielectric saturation and decreased by the polarization and

self-atmosphere effects.
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b. The net correction for a nonconducting surface with the

relatively high surface potential of 100 mV will be on the
order of ~ 3% with the ionic volume correction the main con-
tributor. At the charge densities and potentials encountered
in most types of biological cell suspensions the corrections
would be very small indeed.

For the variety of reasons, which have been briefly dealt with
above, it can be seen that the Gouy-Chapman treatment of the diffuse
double layer is not precise. However, given the usual lack of knowl-
edge of the molecular surface architecture of colloidal particles,
application of more sophisticated models of double layer structure in
surface charge density calculations would hardly be fruitful at this
time. Nevertheless, the results of numerical estimates of surface
potential or surface charge density may be used for comparative pur-
poses.

Electrophoretic methods may provide significant information on
the fine structure and ionic composition of the diffuse solid-liquid
interfacial region of colloidal particles, including biological cells.
The mobility of a particle is only a reflection of its net surface charge
density and thus no information on the spatial distribution of charges
on the surface can be obtained by simple mobility measurements. Yet
the structure and ionic composition of the double layer region of par-

ticles or cells may still be investigated by measuring the dependence
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of their mobility on the pH or ionic strength of the suspending medium
or on the specific effects produced by a variety of surface modification
agents, including chemical reagents and /or enzymes. For example,
study of the relationship between the electrophoretic mobility of par-
ticles and the ionic strength of the suspending medium at constant pH
may aid in distinguishing whether the surface charge is arising from
adsorption of ions from the suspending medium or from ionogenic
groups which are an integral part of the molecular structure of the sur-
face. Changing of the ionic strength of the suspending medium will
vary 1/, i.e., the thickness of the double layer. Thus, for an ion
penetrable surface the spatial distribution of surface charge groups
normal to the surface may be investigated, i.e., groups which lie deep
within the double layer would not contribute to the zeta potential at high
ionic strength, whereas they would contribute at lower ionic strengths.
If the surface charge of the particles under investigation stems from
integral ionogenic surface groups, information on their pK values,
which may aid in their specific identification may be obtained by
gathering data on the mobility of the particles as a function of pH of the
suspending medium. Introduction, elimination or blockage of specific
surface groups or structures by functional group-specific reagents or
enzymes, in conjunction with electrokinetic studies, and in applicable
situations, analysis of the reaction products, will also aid in the deter-

mination of surface molecular fine structure.
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CHAPTER 2

GENERAL METHODOLOGY

This chapter describes in detail some of the materials and
procedures which are common to much of the work presented through-
out this thesis. Specialized variations of these methods are covered

in their own appropriate section.

2.1 Materials

All chemicals used were reagent grade quality unless otherwise
noted. Water was distilled from the city water supply with a custom
made two stage pyrex still and stored in glass jugs connected in series
with glass tubing and teflon joints. Typically the pH value of the water
was about 6 and its conductivity, as measured with a Radiometer Type
CDM2f conductivity meter in conjunction with a CDC 104 conductivity

cell, ranged between 1.5 and 2.5 x 10_6 mho .- cm

2.2 QOstwald Viscometry

Glass capillary viscometers which pass a precise volume of
fluid through a capillary by application of an accurately reproducible
force may be utilized for determining the kinematic viscosity of a
fluid. The kinematic viscosity, of a fluid, is defined as the ratio of

dynamic viscosity to fluid density. The force is provided by the
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pressure of the hydrostatic head due to different fluid levels in the
viscometer itself.

The dynamic viscosity, 1N (Poise), is defined as the ratio of

) =,
shear stress, T (dynes-cm ), to shear rate, D (sec ):
T
= dl! 2-1
L
For Newtonian fluids, T increases linearly with D and N is
independent of D. Experimentally the dynamic viscosity may be
determined from the kinematic viscosity, v, (centistokes, c¢S8).
The parameters are related by:
B
WE gl == o 2-2
t P

where ¢ 1is the viscometer constant relating the flow time t (sec)
of the fluid to its kinematic viscosity and B, which is a correction
term, sometimes referred to as the coefficient of the kinetic energy

of efflux of the fluid. B is defined by the relationship:
B =3.98 % 2-3

where V is the volume of the fluid which flows in time t (ml: sec )

and £ (cm) is the length of the capillary of the viscometer (27).
= = =1

For the viscometers used in these studies V = 1.3 x 10 é ml-sec

- ~ -5
and £ 9 cm. Thus, B/t 7x 10 cS in Eq. 2-2 and may

thus be neglected since kinematic viscosities on the order of 1 ¢S
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were usually encountered in this work. Thus, Eq. 2-2 reduces to the

relation

and

n=vp = pct 2-5

For the determination of kinematic viscosities, 5.0 ml of the
fluid to be tested was introduced via a pipette into the Ostwald visco-
meter which had been cleanedl/ with Dichrol (Scientific Products), a
sulfuric acid-dichromate cleaning solution, and rinsed with about
500 ml of distilled water and dried with reagent grade methanol. The
viscometer was clamped vertically in a large water bath (~ 20 L
capacity), the temperature of which was maintained at 25.0°C % 0. 1°C.
The fluid to be tested was allowed to equilibrate to the temperature of
the bath for about 10 minutes. The fluid was then sucked up into the
timing arm of the viscometer, and the length of time for the fluid to
pass between the etched marks of the viscometer was recorded.
Triplicate measurements were usually taken and the results were
bracketed by timing of a standard fluid. Doubly distilled water usually
served as the standard fluid. To constitute acceptable data the tim-

ings were required to be within 1 to 2% of each other. If this was not

1
'—/A clean glass surface was pragmatically defined as one which
would drain evenly without beading when distilled water was applied.
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the case, the viscometer was recleaned and the tests were repeated.
The viscometer constant was calculated from the flow times of
distilled water with the aid of Eq. 2-4 and the accepted value for the

kinematic viscosity of water at 25.0°C, i.e.,

n25
H,O
25 27 0.8904 _
T 6= T oy = B-E60 (Ref. 28)
2 p
H,O

The density of the test fluid was measured pycnometrically at
the specified temperatures. Dynamic viscosities could then be calcu-

lated by use of Eq. 2-5.

2.3 Determination of Density of Liquids by Pycnometry

Densities of various liquids were determined at specific tempera-
tures by pycnometry which consists of finding the weight of liquid
occupying a known volume defined by the shape of a given vessel, i.e.,
a pycnometer. Gay-Lussac pycnometers having capacities of about
10 ml were used. On calibration these types of pycnometers are
capable of an accuracy of about £ 1 x 10—4 g - ml_l. The volume of
these pycnometers depends somewhat on the amount of pressure
exerted on the ground joint, thus care was exercised in replacing the

stopper with about the same pressure as was used in calibrating the

vessels.
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The pycnometers were filled with a Pasteur pipette with the
calibrating liquid or sample. The pycnometer was then immersed up
to the ground glass neck in a water bath at the desired temperature,
+0. 1°C. Usually the pycnometer was filled with the liquid at a tem-
perature slightly below the temperature of the water bath. Thus, on
the rmostating some of the liquid would be forced out through the
capillary. The liquid remaining on the flat surface of the stopper was
quickly wiped off with absorbant tissue. After a few more minutes if
no further changes in the liquid level had taken place it was assumed
that the pycnometer, as well as the liquid, were in temperature equi-
librium with the water bath. The pycnometer was then quickly dried
with absorbant tissue and weighed on an analytical balance to £0. 1 mg.

The weight of fluid occupying the pycnometer was determined by
difference, i.e., the weight of the empty pycnometer was subtracted
from the weight of the filled pycnometer. The volume of a pycnometer
was determined by dividing the weight of reagent grade mercury con-
tained in the pycnometer by its density (29) at a specified temperature.
In this manner the coefficient of expansion of glass with temperature
was taken into account. Densities of experimental samples, at speci-
fied temperatures, were obtained by dividing the weight of the test
fluid by the volume of the pycnometer as determined by the mercury

calibration. Pycnometers were cleaned in a manner similar to that
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which was used for Ostwald viscometers, and the same standards for

cleanliness applied.

2.4 Statistical Procedures

2.4.1 Sample Standard Deviation

Sample standard deviations were calculated to provide an esti-
mate of the dispersion of data about a mean value. In some instances,
to provide an estimate of the actual error about a mean value, the
standard error was calculated from the standard deviation as described
by Young (30). To provide an estimate of the magnitude of the ratio
of the standard deviation to the mean, a fractional standard deviation
can be calculated which may also be expressed as a percent standard

deviation.

2.4.2 Linear Regression Analysis

Linear regression analysis (30) was utilized to fit data to straight
lines of the form y =mx+b, where y and x are dependent and
independent variables, respectively, and m and b are the regres-
sion coefficients and y intercept, respectively. An indication of
the quality of fit was obtained by calculating a correlation coefficient
r. Values of r <close to +1.00 indicated a better. fit than values

close to zero.
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2.5 Measurement of Cell Concentration by Electronic
Sensing Zone Instruments

Measurements of various hematological parameters are often
expressed in a variety of units in the literature, some of which are
ambiguous. As a hypothetical example, the sialic acid content of red
cells may be expressed as x grams of sialic acid per ml of red
cells in one report. Another report may state there are 2x grams of
sialic acid per ml of red cells. It could be inferred that the red cells
described in the latter report contained twice as much sialic acid as
those described in the first. On the other hand, the mean cellular
volume of the cells in the sample containing 2x grams of sialic acid per
ml of red cells may be half that of the cells which contain x grams per
ml red cells, such that the sialic acid content per cell is actually the
same in both cases. To prevent such ambiguities, hematological
parameters,in the work to be presented,will be expressed on a per cell
basis, if possible. This, however, requires accurate determination of
red cell concentrations.

The measurement of particle (cell) concentrations, as well as
particle volumes by electronic sensing zone instruments, has found
wide application in recent years. These instruments are capable of
providing rapid and very accurate data on particle concentrations. The
accuracy of volume measurements however, is somewhat less certain,

nor is accuracy easily determined. The instruments, available
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commercially, all operate on the same principle which stems from an
application of Ohm's law. The transducer of these instruments con-
sists of a cylindrical aperture, manufactured either from ruby or glass
which separates two electrode compartments. The aperture or orifice
may have a diameter of ~10-1000 pm, but is usually in the range of
30-100 pm in diameter for enumeration and sizing of mammalian blood
cells, for example. The length of the orifice is usually equal to one to
two times its diameter.

The particles being measured are suspended in the outer elec-
trode compartment and are forced through the aperture. On applica-
tion of a potential (V) across the orifice, the major resistance (R)
to the flow of current (I) is provided by the narrow aperture itself,
plus a small hemispherical volume at either end of the orifice, thus
the name "sensing zone instrument”.

When a particle enters the orifice sensing zone, the resistance
will increase by an amount which is proportional to the volume of the
particle, its shape, its ionic electrical conductivity and its pathway
through the aperture. These parameters and the magnitude of the
resistance changes have been considered in detail by Grover et al.

(31) and Kachel et al. (32).

The instrument available for the work described here was an

Electrozone -Celloscope /PDP-8 /M mini-computer analysis package

(Particle Data Inc., Elmhurst, IL) which is pictured in Fig. 2-1, and



Figure 2-1. Electrozone Celloscope /PDP -8 /M minicomputer
analysis package.
1) Electrozone -Celloscope
2) Transducer-Aperture
3) Current Control
4) Linear Amplifier Gain Control
5) Lower Threshold Control
6) Mode Selector (Z mode cancels Upper Threshold
Control 7)
7) Upper Threshold Control
8) Lin/Log Amplifier Control
9) Mercury Manometer Metering Section
) Aperture Viewing Microscope
11) Class 100 Laminar Flow Clean Bench
12) Digital Equipment Corporation DecWriter 1/0
Terminal
13) Oscilloscope
14) Digital Equipment Corporation PDP -8 /M central
processing unit (CPU)
15) Digital Equipment Corporation RX8 Floppy Disk

mass storage subsystem
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depicted block diagramatically in Fig. 2-2. Changes in aperture
resistance in this instrument are measured in conjunction with a con-
stant current source, the output level of which can be controlled by the
operator. On passage of a particle through the aperture, there is a
decrement in the potential across the orifice which is proportional to
the change in resistance in the orifice due to the presence of the par-
ticle. It is this voltage decrement which constitutes the output of the
transducer. The decrement in V is detected as a pulse which is
amplified in series by a preamplifier, a linear amplifier and a loga-
rithmic amplifier. The degree of linear amplification of the pulse is
determined by the gain control of the instrument. The logarithmic
amplifier can be utilized to determine the dynamic range of particle
sizes which will be detected. In other words, a given log amplifier
setting approximates the number of doublings of particle volume
between the largest and smallest particles which are detected by the
instrument. For example, at the extreme log settings of 4 and 14 the
ratios of the volumes of the largest to the smallest particles, which are
sized, are 2.4:1 and 21 :1, respectively.

The analog information, i.e., the amplified pulses, are digitized
by an analog to digital converter and passed on to the computer where
the information is analyzed and stored in one of 128 registers. The
particle size to which these regist‘ers correspond are predetermined

by the operator. The computer also keeps track of the number of
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particles in each register. This information is reconverted back to
analog information which is transmitted to an oscilloscope, where the
operator may observe the accumulation of size distribution data almost
simultaneously as it is being collected. The information may also be
stored rapidly for later retrieval, on a flexible-media mass storage
subsystem, similar in size and appearance to 45-rpm phonograph
records (RX8 Floppy Disk system, Digital Equipment Corp., Maynard,
MA).

Upper and lower threshold controls on the Celloscope allow the
screening out of voltage pulses due to electronic noise. The upper
threshold control may be disabled by operating the instrument in the
~ mode, selected by the mode control switch.

It can readily be seen how this instrument may be used to
enumerate particles in a suspension. Each time a particle traverses
the orifice a signal is generated. By controlling the volume of a par-
ticle suspension which is analyzed and by summeation of the signals,
the number of particles per unit volume of a suspension may be deter-
mined. This is subject to the condition that the suspension undergoing
analysis is sufficiently dilute that two particles are rarely inside the
aperture simultaneously. In this event, often referred to as coinci-
dence loss, two particles will register as only one. By taking into
account dilution factors the particle concentration of a suspension,

such as blood, may easily be determined.
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As will become evident, determination of mean cellular volumes
will be an issue in this thesis in a number of instances. Since the
issue of electronic volume determination of particles has been brought
up, the applicability of the technique to me asuring mean cellular vol-
umes of red cells will be discussed here also.

Determination of particle volumes by electronic sensing zone
instruments, although simple in principle as outlined above, becomes
complex, especially if the particles are non-ideal, i.e., if they are
deformable and deviate from ideal shapes, such as spheres or cylin-
ders. Human erythrocytes, the particles of interest in this thesis, fall
into the category of non-ideal particles..

For example, it has long been noted that the volume distribution
of human erythrocytes as determined by sensing zone instruments, had
bimodal characteristics. Although the source of the bimodality was
the subject of much debate, it has now been found that it was due to
artifacts, arising from particles traversing the orifice by all possible
pathways. Cells traversing the orifice near its edge remain there
longer than particles traversing axially through the aperture. This
longer transit time gives rise to artifactually large voltage pulses and
thus artifactually large volumes. Furthermore, cells traversing near
the axis of the orifice are deformed to a greater degree than cells
which traverse the orifice near its edge (32). These shape changes,

which approximate changing oblate ellipsoids to prolate ellipsoids are
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also associated with changes in resistance in the orifice (32). The
shape of red cells will also be affected by the magnitude of flow rates
through the orifice, i.e., higher flow rates will result in higher rates
of shear, near and within the orifice, which will cause increasing
degrees of cellular deformation giving rise to shape factor changes
which in turn result in changes in orifice resistance. Without special
hydrodynamic focusing equipment by which cells may be directed
through the axis of the orifice at controlled flow rates, absolute volume
determinations by electronic sensing zone instruments are subject to
considerable error (up to 50%). Volume determinations of one cell
sample relative to that of another may also be in error if the cells are
not equally deformable and /or are not very similarly shaped. As a
result, cell volumes were routinely measured by a micro-hematocrit
technique described in Section 5. 2. 2 rather than by electronic means.

Cell concentrations, however, were routinely measured elec-
tronically. The exact instrumental settings and orifice size of the
Electrozone -Celloscope, for the enumeration of red cells, were
chosen empirically. The current settings were maintained at levels
low enough so as to prevent appreciable heat buildup in the orifice and
possible fragmentation of red cells. This amounted to maintaining
aperture currents below 1 mA for a 30 pm orifice. The gain setting
of the linear amplifier of the instrument and the setting of the loga-

rithmic amplifier were adjusted such that the entire population of
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particles, i.e., the smallest to the largest, fell between the upper and
lower limits of detection of the instrument, as graphically depicted on
the oscilloscope screen. Typical instrument settings weres
Current = 1/8, Gain =8 1/2; ILogarithmic Amplifier = 8; Mode = Z;
Lower threshold discriminator = 30. The gain setting of the linear
amplifier and the lower signal discriminator were adjusted such that
electronic noise signals, resulting from too low signal to noise ratios,
were not registered. Typically, 100 pl of a particle suspension, as
controlled by the mercury manometer metering section, constituted
one analysis. A minimum of two dilutions of a sample were prepared
and each dilution was analyzed at least in triplicate. The fractional
standard deviation of the mean number of particles counted was
required to be less than 0. 01 for the data to be considered acceptable.
The dilutions were made such that particle concentrations were about
3 x 105 rnl—l so as to minimize (< 1%) coincidence losses. Isoton II
(Coulter Electronics, Hialeah, Florida), a specially filtered, balanced
electrolyte solution was used as the diluent for red blood cell counting.
According to the manufacturer, the solution consists of:

1

-1 . =N
NaCl-7.93 g-L °, Na,EDTA-0.3 g-L ~, KC1-0.40g-L ,

2
-1 -1 -1
-0.19g.-L 7, Na ,HPO,-1.95g-L ', and NaF-0.50g-L .

NaHZPO 2 4

4

Background counts due to electronic noise and particulate con-
tamination of the Isoton II in the size range of the particles to be

counted was always maintained at < 1% of the total number of particles



46
counted. The sample preparation, including the particle enumeration
itself, was performed within a class 100 clean bench (Integrated Air
Systems, Burbank, CA) so as to eliminate extraneous particulate
matter. Accuvettes (Coulter Electronics, Hialeah, FL) served as
sample containers. They allowed the orifice to be observed through a
built-in microscope on the Celloscope apparatus, to ensure that it
remained unobstructed during sample analysis.

Red cell suspensions were prepared for dilution and subsequent
enumeration, gravimetrically. As an example, for a blood sample
containing ~5 x 106 red cells per mms, approximately 30 mg of sus-
pension would be weighed out on an analytical balance and diluted with
10. 00 = 0.02 ml of Isoton II. One hundred pl of this suspension would
be transferred to a fresh Accuvette containing 10.00 = 0. 02 ml Isoton
II. This would result in an electronic count of about 15, 000 cells per
100 pl diluted suspension. The volume of the blood suspension (VS)

weighed out initially was calculated from the mass of the suspension

(ms) and the density of the suspension (ps), i.e.,
m
Vv = _S_ 2—6
s P

The density of the suspension in turn was calculated according to the

relationship:
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p_=[1-tf-Het)p 4.+ [£-Hetpppc] 2-7
where
pS = suspension density
f = packing efficiency factor = 0.99
Hct = suspension hematocrit
Pt s media density (determined pycnometrically)
PRBC = red cell densityl/

The hematocrit (Hct) was expressed as the fraction of the
total volume of a red cell suspension occupied by red cells only.
Hematocrits were measured in microhematocrit tubes following cen-
trifugation in an MSE microhematocrit centrifuge at 15, 000 g for 5
minutes. The packing efficiency of native red cells even at such high
centrifugal fields is not quite 100%, i.e., some interstitial fluid
remains. To correct for this, hematocrits were multiplied by a pack-

ing efficiency correction factor (f) which for native cells is 0,99 133).

2.6 The Thiobarbituric Acid Assay for Free Sialic Acids

The thiobarbituric acid assay was introduced for the determina-
tion of 2-deoxyribose (34) and was modified by Warren (35) and sub-

sequently, Aminoff (36), for the assay of sialic acid. It is the most

1/
~'See Section 5. 1. 2 for details on the experimental determination

of red cell density.
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sensitive as well as the most specific of the colorimetric methods for
unbound sialic acid. That is, glycosides containing sialic acid do not
react. The mechanism of the TBA-sialic acid assay has been investi-
gated by Paerels and Schut (37), who have identified P-formylpyruvic
acid as the chromogen which reacts with thiobarbituric acid in hot
acidic solution to form the red pigment of interest. Its absorption
maximum is at 549 nm.

The assay procedure, although simple, is fraught with pitfalls
which may result in a lack of accuracy and /or reproducibility. The
following reagents are necessary:

1) 0.025 M periodic acid in 0. 125 N I—IZSO4 which should be

stored in a brown bottle at room temperature.

2) 0.154 M sodium arsenite in 0. 050 M HCI1 prepared by first
dissolving the arsenite in 50 ml of 1 M HC1 which is then
diluted to 100 ml with distilled water.

3) 0.010 M 2-thiobarbituric acid adjusted to pH 9 with 1 M
NaOH in order to convert the insoluble acid to the soluble
sodium salt.

4) Acidified n-butanol. Prepared by mixing 475 ml n-butanol
with 25 ml of 12 M HCI1.

5) Sialic acid standard. A O. 647 mM stock solution of sialic
acid in water. (N-Acetylneuraminic acid, A-Grade,

Calbiochem-Behring Corp., La Jolla, CA).
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Typically, a sufficient amount (< 100 pl) of either a blank test sample
or standard solution (containing 5-20 pg of sialic acid) were put into
a 12 ml conical glass centrifuge tube with a screw top teflon lined cap.
If < 100 pl of supernatant fluid, standard or blank were used, sufficient
distilled water or appropriate buffer was added such that the total
volume amounted to 100 pl. To each tube, 250 pl of the periodate
reagent were added and the tubes were mixed and subsequently incu-
bated in a 37°C water bath. After 30 minutes the samples were
removed from the bath and 200 pl of the arsenite reagent were added to
reduce the excess periodate. After waiting for one to two minutes, or
until the color of liberated iodine had disappeared, 2.0 ml of the thio-
barbituric acid reagent were added and the samples were mixed well
and immediately incubated in a boiling water bath for 7.5 minutes.
(Timing was not started until the bath was at a full boil.). After this
the samples were cooled in an ice bath for ~5 minutes at which time
5.0 ml of cold acidified n-butanol were added. The samples were
returned to the ice bath for an additional 3-5 minutes and then shaken
vigorously to extract the chromogen into the organic phase. The tubes
were then centrifuged at ~500-1000 g for 10 minutes in a refrigerated
centrifuge at 5-10°C, insuring that the centrifugation temperature was
at or above the initial sample temperature in order to facilitate the
phase separation. Maintenance of the temperature, at which phase

separation took place, at or above the initial temperature of the two



50
phase system, prevented the organic phase from becoming turbid.
Turbidity arose if the organic phase, which was saturated with water
from the aqueous phase, was exposed to temperatures lower than
those at which it became saturated with water. This was because the
solubility of water in acidified n-butanol decreases with decreasing
temperature with resultant formation of immiscible droplets and thus
turbidity. Turbidity may also arise from emulsion stabilization due to
surfactant constituents of the sample.

Optical densities were measured in a double beam spectrophoto-
meter at 549 nm in cuvettes with a 1 cm light path, against a distilled
water blank. Optical densities were corrected for reagent contribu-
tions, by carrying a distilled water, or appropriate buffer, blank through
all sample processing steps.

The amount of sialic acid in the test samples was calculated on
the basis of the standard samples carried through the assay procedure.
The number of micrograms of sialic acid per absorbance unit was
calculated, assuming 100% recovery of the standard. The result was
multiplied by the absorbance of the test samples to determine the num-
ber of micrograms of sialic acid that were contained in the assayed
volume of test sample. The total sialic acid released per red cell by

VCN, for example, was calculated from:
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Total NANA released
Total number of red cells

-1
[NANA -ml  supernatant fluid]{V[1-(f- Hct)]+VE}

[RBC -ml'l][V]

-1
[NANA - ml supe rnatant][V ]
_ & 4-6

[RBC +ml l][V]

where

_n
1

the packing efficiency factor (0.99 for fresh red cells)

Hct = the fraction representing the packed cell volume of
the red cell suspension

V = the volume of stock red cell suspension

<
It

the volume of enzyme solution added

<
I

the final volume of supernatant fluid

The linearity of the absorbance versus the amount of sialic acid
in the range of 5-40 pg per sample was established (Fig. 2-3).
Furthermore, the ratio of the optical density of a sample at 549 nm
to its optical density at 532 nm was tested to determine whether sub-
stances which interfere with the assay were present in the samples.
Malonaldehyde, a chromogen produced in the TBA assay from
2-deoxyribose and certain unsaturated lipids, has a maximum absorp-
tion at 532 nm. If these substances had been present, Warren (35)

has suggested a method which could be used to correct sialic acid



Figure 2-3. Representative standard curve illustrating the 1ineérity
of the TBA assay. The amounts of N-acetylneuraminic
acid indicated, were added to each sample and the assay

was carried out as described in the text.
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measurements from the above cited OD ratio. Aminoff (36) has
investigated a number of substances which have been found not to
interfere with the assay and they include:

N-acetylglucosamine (1 mg)
N-acetylmuramic acid (50 pm)
Arabinose (1 mg)

Aspartic Acid (0.1 mg)
Fructose (0.2 mg)
Glucosamine -HC1 (1 mg)
Glucosaminic acid (1 mg)
Histidine -HC1 (1 mg)

Ribose -5-phosphate (0.1 mg)
Serine (0.1 mg)

Threonine (1 mg)
Sialomucoids

2.7 Protein Assays

2.7.1 Amidoschwartz 10B Dye Binding Assay for Protein

The Amidoschwartz 10B assay for protein is a rapid indirect
spectrophotometric method of determining protein in dilute solutions
(2-120 pg - ml-l) (38). The method is insensitive to a number of non-
proteinaceous substances often present in protein solutions which
interfere with other methods such as that of Lowry (38).

The following reagents and materials are required:

1) Protein standard: crystallized bovine serum albumin (BSA)

may serve as a standard and should be dissolved in the same
buffer in which the unknown quantity of protein is dissolved.

The concentration of BSA should be approximately
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10 mg-ml_l. The exact concentration is determined
spectrophotometrically. The extinction coefficient for a 1%
(w/v) solution of BSA at 278 nm is 6.6 (39).

2) 1 M Tris-HC1 pH 7.5 containing 1% (w/v) sodium dodecyl
sulfate (SDS).

3) 0.367 M trichloroacetic acid (TCA) and 0.03 M TCA.

4) 0.1% (w/v) Amidoschwartz 10B in methanol:glacial acetic
acid:water in a volume ratio of 45:10:45, respectively.

5) Destaining solution consisting of methanol:glacial acetic
acid:water in a volume ratio of 90:2:8, respectively.

6) Eluent solution prepared by dissolving 1.0 g NaOH and
0.0186 g disodium ethylenediaminetetraacetate dihydrate in
1 I ethanol:water (50:50 volume ratio).

7) Millipore membrane filters (Millipore Corp., Bradford, MA)
of the HAWP series, either 25 or 47 mm in diameter, pore
size of 0. 45 um.

The assay procedure consists of placing a standard, test or blank
sample containing a maximum of 30 pg of protein into glass test tubes.
Water or appropriate buffer solution was added to obtain a final volume
of 270 pl to which 30 pl of the 1 M Tris-HCI1-SDS solution was added.
The protein was precipitated by addition of 100 pl of the 0.367 M TCA
solution. The samples were mixed and allowed to stand at room tem-

perature for 5 minutes. The acidified samples were then taken up in
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glass Pasteur pipettes and filtered through a Millipore membrane at
predetermined spots. The wetted area was maintained < 7 mm in
diameter. The test tubes were rinsed with a total of 400 pl of
0.037 M TCA which was also filtered such that the sample transfer
from the test tube to the Millipore membrane was quantitative. The
whole filter membrane was rinsed twice with 2 ml aliquots of
0.037 M TCA after which the membrane was stained for 2-3 minutes
in the Amidoschwartz 10B solution. The filter membrane was then
rinsed with water for 30 seconds and destained in a series of three
200 ml aliquots of the destaining solution. The areas on the membrane
where protein was deposited became visible as blue spots on an almost
colorless background.

After destaining, the filter membrane was again rinsed for
1-2 minutes in water and placed face up on several layers of absorbant
paper. The stained spots were cut out with a cork borer and the disks
were transferred to 8 x 60 mm glass test tubes. The blue dye was
then quantitatively extracted with 600-1000 pl of the eluent solution
for ~10 minutes. The tubes were vortexed 3-5 times during this per-
iod to aid in the dye extraction. For each test sample, including the
blank, a series of BSA samples containing approximately 1.5, 5 and
15 pg protein were run on the same filter membrane. The eluent vol-

ume was held constant for any one set of disks.
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The sbsorbance of the eluent solutions containing extracted dye
was measured against blank eluent solution at 630 nm in a double
beam spectrophotometer. A standard curve (Fig. 2-4) was prepared
from the absorbances of the standard protein samples. The amount of
protein in the unknown sample was calculated from the least squares
linear regression line of the standard curve.

The response factor per pg of BSA per ml of eluent solution was
found to be in the range of 0.026 absorbance units +15%. The accuracy
of the method is reported to be ~ +25%, except for low molecular
weight proteins such as insulin.

2.7.2 Quantitation of Protein by Dye Binding to Coomassie
Blue G-250

This dye binding method which was first described by Bradford
(40) is simpler and more rapid than the Amidoschwartz 10B assay.
The method involves binding of protein to the dye Coomassie Blue
G-250 in solution. The binding of the dye to protein is accompanied
by a shift in the absorption maximum of the dye from 465 nm to 595nm.
The increase in optical density at 595 nm is monitored. The following
reagents and materials are required:

1) 100 mg of Coomassie Blue G-250 dissolved in 50 ml of 95% (v/v)

ethanol. To this solution 100 ml of 85% (w/v) ortho-phosphoric

acid was added. The resulting solutionis diluted to 1 L with water



Figure 2-4. Linearity of the Amidoschwartz dye binding assay. The
amounts of BSA indicated were added to each sample and

the assay was carried out as described in the text.
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and gravity filtered through Whatman No. 42 filter paper.

2) A standard solution of BSA was prepared as described under

the Amidoschwartz assay.

The standard assay consisted of transferring up to 100 pl of
protein solution containing 1- 10 pg of protein (10-100 pg protein per
ml) to 12 x 100 mm glass test tubes. A standard curve was constructed
using BSA samples containing 20, 40, 60, 80 and 100 pg rnl_1 BSA. If
less than 100 pl of protein solution were utilized the volumes were
adjusted to 100 pl with either appropriate buffer solution or water.
(Glass Hamilton syringes should be utilized since variable results
were obtained using automatic pipettes with plastic tips, presumably
because of considerable adsorption of protein to the tips. ) One ml of
the Coomassie Blue reagent was added to the protein solutions and the
absorbance was measured at 595 nm against a blank prepared from
100 ul of buffer plus 1 ml of Coomassie Blue reagent.

The development of the color complex, i.e., the formation of
the protein-dye complex, is complete after ~2 minutes after addition of
the Coomassie Blue reagent. The complex is stable for ~1 hour but
the most precise measurements are obtainable between 5-20 minutes
after addition of the dye. The sensitivity of the assay system is
~0.02 absorbance units per pg of protein in the final assay volume of
1.1 ml. Again, a standard curve was constructed (Fig. 2-5) and the

amount of protein in the test samples was calculated from a linear



Figure 2-5. Standard curve for the Coomassie Brilliant Blue G-250
dye binding assay for protein. The amounts of BSA
indicated were added to each sample and the assay was

carried out as outlined in the text,
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regression fit of the data obtained on the BSA standard samples.

2.7.3 Protein Nitrogen Determination by the
Microkjeldahl-Nessler Procedure

The microkjeldahl-Nessler assay (41) is a rapid method for the
estimation of nitrogen in a protein sample. The number of pg of pro-
tein in a test sample may be obtained by multiplying the number of pg
of nitrogen determined to be present by the factor 6.25. This assumes
that the average percentage of nitrogen in a typical protein is ~16%
(w/w). Due to the fact that all nitrogen present in a sample is meas-
ured by this method, extraneous nitrogeneous substances in the sample
will yield falsely high values and they should, if possiﬁle, be excluded.

The following reagents and materials are necessary:

1) Nessler's reagent may be prepared according to the following

recipe (41):

a) Prepare 1.2 L of a 3. 13 M NaOH solution.

b) Prepare 30.0 ml of a 9. 04 M solution of KI and transfer it
to a filter flask.

c) Add 33.8 g of iodine to the KI solution and mix well.

d) Save ~0.5-1.0 ml of the KI—IZ solution for subsequent back
titration.

e) Add 450 g of mercury to the KI-I2 solution. The flask

should now be stoppered and a piece of rubber tubing
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which has been attached to the side arm of the flask should
be pinched off.

f) The flask is now vigorously shaken inside of a fume hood
and the pressure is released by opening the pinch clamp on
the rubber tubing. This procedure is repeated until the
solution is pale amber to slightly green. Excess mercury
may then be decanted.

g) The solution is now tested for excess iodine by adding a
few drops of it to a few drops of a 1% (w/v) corn starch
solution in a spot test plate. If the test is negative as
indicated by the absence of a brown color, a few drops of
the solution saved in step d) should be added until iodine
becomes barely visible in the spot test as a pale brownish
color.

h) The KI-IZ—Hg solution is now added to the NaOH solution
and mixed. This solution is then diluted to 1.8 L with
water and stored in a brown bottle for 7-10 days prior to
use. The solution is stable for one to two years. Since
a sediment will form, care should be exercised by allow-
ing the solution to clear prior to use if it has been agitated.

2) Concentrated sulphuric acid diluted l:1 by volume with water.

3) 30% (w/v) hydrogen peroxide.
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The assay procedure consists of digesting at least 1 ml, but
always less than 2 ml, of the protein solution or blank with 200 pl of
the sulfuric acid solution in a 12 x 100 mm test tube or a microkjeldahl
flask containing a few small teflon boiling chips, over a low gas flame.
Completion of digestion is indicated by clearing of the solution, and
condensation of sulfuric acid in the neck of the flask.

On completion of the digestion the flask was cooled and 2-3 drops
of hydrogen peroxide were added to complete the oxidation. The flask
was then reheated to drive off the peroxide and water to prevent forma-
tion of a red mercurical precipitate on addition of the Nessler reagent.
The sample was cooled again and diluted with 4. 0 ml of water and
mixed with 8.0 ml of the Nessler reagent which had been diluted 1:1
(v/v) with water. The absorbance of the nesslerized sample or blank
was measured at 442 nm after 1 hour against a water blank.

A standard curve (Fig. 2-6) was prepared by using an (NH4)ZSO4
standard prepared by first drying the salt at 150°C in an oven for 2
hours. A 100 pg nitrogen per ml standard sample may be prepared by
using a 3.57 x 10-2 M aqueous (NH4)ZSO4 solution and diluting it ten
fold, by volume, with water. The (NI—I4)ZSO4 standard, as well as a

blank sample were run through the entire procedure.



Figure 2-6. A standard curve illustrating the linearity of the
microkjeldahl assay for nitrogen. The indicated amounts
of nitrogen were added to each sample in the form of

(NH4)ZSO4 and the assay was carried out in the manner

described in the text.
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CHAPTER 3

ANALYTICAL PARTICLE ELECTROPHORESIS

Analytical particle electrophoresis also known as microelectro-
phoresis (42), cellular electrophoresis (43), cell electrophoresis (44),
microcatarhoresis (45), and microscopic electrophoresis (46) is the
method of choice for determining the electrophoretic mobility of par-
ticles that are large enough, and possess a refractive index suffi-
ciently different from that of the suspending medium, to be visible in
a light microscope. In some instances the electrophoretic mobility of
submicroscopic colloids, e.g., proteins, has been successfully deter-
mined in a microelectrophoresis apparatus by adsorption of the
colloid onto a suitable carrier particle. The results in some cases
agree quite well with those obtained by the moving boundary or U-tube
method or may be unreliable due to incomplete coverage of the carrier
particle or conformational changes of the adsorbant molecules on

interaction with the carrier.

3.1 Principles of Operation

The electrophoretic mobility of a particle or cell is obtained by
measuring the electrophoretic velocity, 7.5 of the particle per unit

electric field strength, X, which is acting on the particle.
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The electrophoretic velocity of particles suspended in an ionic
medium is determined by an observer monitoring particle movement
within a light transparent chamber with the aid of a microscope which
is equipped with an ocular containing a graticule. This graticule is
calibrated such that each square or division corresponds to a known
physical distance at the point of focus of the microscope within the
electrophoresis chamber. Thus Yy is determined by measuring the
time, t, in seconds, required by a particle to traverse one graticule

division, i.e.,

-1
[um][graticule division] _ pm

sec

i ]
© [tllgraticule division]

The electric field strength, X, 1is the electrical potential, V,
measured in practical volts, divided by the effective length, in cm,
over which the potential is measured, i.e., the electrical length

(Section 3.3.1). Thus

and the electrophoretic mobility, u, may be calculated with the use

-1 _-1
of Eq. 1-1, Section 1.1 and is usually expressed as pm sec V cm

2 -1..-1
or in some instances as cm sec V.
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3.2 The Electrophoresis Chamber

Microelectrophoresis chambers regardless of ultimate
geometric configuration have usually been constructed from glass.
Conceivably they might be constructed using any rigid light transparent
Mehrishi (47) for example has
described a cell, the electrode compartments of which were fabricated
from Plexiglas. However, the actual column in which the particle
suspension is housed is made of glass. Two types of electrophoresis
chamber geometry are in general use namely the cylindrical and the
rectangular types. Observation chambers employing, often complex,
variations of these primary designs have been described in the litera-
ture (48). In many cases, these designs were developed in order to
eliminate practical problems such as the forced return flow of fluid
due to electroosmosis (48). In practice, however, they created as
many problems as they were intended to eradicate.

Seaman (49) has compared a number of features of the basic
cylindrical chamber design with features of chambers having a rec-
tangular cross section. These comparisons are repeated in Table 3-1
from which it can be easily concluded that the cylindrical chamber

design is superior for most applications, including all of those

described in this thesis.
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3.2.1 The Cylindrical Chamber Apparatus

Although numerous cylindrical electrophoresis chamber designs
have been described in the literature the design for chambers used
here is primarily based on that of Alexander and Saggers (50). Their
design was extensively modified by Bangham et al. (51) and Seaman
and Heard (52). Due to a number of difficulties ‘encountered with these
versions, further modifications were made leading to the chamber
pictured and shown schematically in Figures 3-1 and 3 2, respectively.
This design is described by Seaman (49) and was constructed by
A. Ryall of the Oregon Graduate Center, Beaverton, Oregon according
to the specification given in Fig. 3-2. Its main features include the
incorporation of a Ag /AgC1/KC1 reversible electrode system. This
system is preferable to others such as Zn/ZnSO4 or Cu./C\;LSO4 due to
the appreciable solubility of these toxic metal ions compared to Ag+.

Sintered glass disks are fused in, and separate the electrode com-
partments from the sample compartment. This in essence minimizes
the diffusion of electrode products into the sample area. Furthermore,
the sintered glass disks' allow high ionic strength electrolytes, e.g.,

1 M KC1 to be used in the electrode compartments so that essentially

100% of the potential drop between the electrodes takes place across

the sample compartment.
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7.2

The sample compartment itself consists of a precision, uniform
bore glass tube of ~2 mm diameter. The tubes were purchased from
Rank Bros., Bottisham, England and had optical flats ground on the
outside walls by the manufacturer to a thickness of ~100 um or less.
Optical flats improve the definition of the particles which are to be
observed. Together with the fact that the chamber and microscope are
immersed in water, the optical flats also reduce the effects of refrac-
tion, by the planoconcave lens-like nature of the tube, sufficiently to
eliminate the necessity for applying optical corrections like those
described by Henry (53).

The chamber was sealed positively by two stopcock keys at the
top of the fillports. The chamber was also designed so that it was
easily filled with Pasteur pipettes and easily cleaned in situ. The
total sample volume of the chamber was ~2 ml.

After use in some of the initial studies it became apparent that
the above described chamber design also suffered from a series of
design deficiencies. These deficiencies were remedied by developing
a modified, miniaturized version of the chamber shown in Fig. 3-1
and 3-2. This novel design is illustrated in Fig. 3-3 and 3-4. In
incorporates the following features which distinguish it from the 1975
design (49):

a. The volume of the electrode compartments has been mini-

mized both by substantially decreasing their physical size and
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by using solid silver electrodes instead of hollow cylinder
electrodes. The former displace more fluid thus decreasing
the effective volume of the electrode compartments.

The above change allowed for a four fold reduction in area of
the sintered glass disks from ~0.8 crn2 to ~0.2 cmzo This
minimized the diffusion of KC1 out of the electrode compart-
ments and concomitant convective disturbances. The change
also minimized electroosmotic flow through the disks which
again minimized hydrodynamic disturbances within the sample
compartment.

. Electrodes were constructed from one piece of silver by turn-
ing a stock piece of silver on a lathe. This eliminates having
to spot weld the electrode wire to the electrode body and pro-
vides for an overall more robust electrode which will stand
up to many more replatings than those used previously.

. The fill ports of the 1975 chamber design were reduced in
length and the stop cocks replaced by stoppers. This was
done to: 1) reduce the hydrostatic pressure heads which
were present when the sample compartment was filled;

2) reduce the total required experimental sample volume by
more than half, i.e., a minimum of 0.8 to 1.0 ml is neces-
sary to fill the new type chamber; and 3) facilitate a technique

referred to as "microinjection”.
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The technique entails introduction of a sample directly into the
region where measurements are made, which involves only a small
portion of the whole sample compartment. The equipment require-
ments are minimal, namely a piece of polyethylene tubing, ~15 cm
long and having an inner diameter of ~0. 2 mm, is gently heated and
bent to ~30° angle about 1-2 cm from one end. The other end of the
tubing is fitted over a 20 gauge syringe needle attached to a tuberculin
syringe. The electrophoresis chamber is filled with particle free
buffer and closed off at one end with one of the stoppers. The buffer
is allowed to come to temperature equilibrium. If the buffer has been
stored in a refrigerator, degassing the solution under reduced pres-
sure will help to minimize bubble formation in the chamber. The
polyethylene tubing may thus be filled with a suspension containing
106—107 particles per ml. To minimize sample requ.i‘rements, as well
as the probability of introducing air bubbles into the chamber, a
3.5 ¢m column of suspending medium is drawn into the tubing followed
by ~1 cm of the particle suspension. The tubing should then be fed
through the open chamber port into the capillary tube as far as the
optical flat where the end of the tubing may be seen through the micro-
scope. The particle sample may then be injected as the tubing is
withdrawn gradually and the microscopic field checked for the presence
of particles. The second stopper is then ins erted. At this point a

check should be made to determine whether particles are drifting
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horizontally or are sedimenting more or less rapidly than normal. If
convection is apparent the procedure must be repeated.

Convective disturbances are a major problem if the injection
procedure is improperly carried out. The major sources of convec-
tion are density differences between the injected sample suspension
and the suspending medium which may result from differences in tem-
perature or small differences in media composition. Consequently, it
is imperative that the medium used to suspend the particle sample be
drawn from the same stock as is used to fill the chamber and that
temperature differences be minimized. The microinjection technique
allows for the maximum conservation of samples available only in
small quantities.

e. Finally, instead of running a completely closed system the
new chamber design allows for running a half open system by
utilizing ground glass full length standard taper joints with a
13 cm long 1 mm inner diameter capillary stem. The open-
ing at the end of one of the capillary stems is further reduced
in an oxygen flame to a point where air barely passes through
the capillary. The other capillary is completely closed off.
This eliminates drifts arising from convective and mechanical
disturbances due to air currents or temperature fluctuations.
This half open system also allows for slight expansion of the

sample suspension which is bound to take place on application



78
of an electric current, thus further stabilizing the system.

The newly designed chamber like the previous one was built
according to specifications give in Fig. 3-4 by A. Ryall, Oregon
Graduate Center, Beaverton, Oregon. Electrodes made of 99.99%
pure silver were turned on a lathe by Dr. P. Blume, Good Samaritan
Hospital and Medical Center, Portland, Oregon. All standard taper
glassware as well as matched medium porosity sintered glass disks
were obtained from Lab Glass, Inc., Vineland, New Jersey.

Although the new type chamber described above was used for the
majority of the work a second type of chamber employing platinum
black electrodes (54) was also utilized for electrophoretic analyses of
particles or cells suspended in media of less than physiological ionic
strength. This chamber is depicted in Fig. 3-5. Due to the fact that
platinum is extremely inert and available in ultra-pure form, sintered
glass disks need not be incorporated to separate the electrodes from
the sample. The drawback to using platinum electrodes is that they
polarize appreciably above ionic strengths of 0. 05 g-ions * L—1
Furthermore appreciable sample volumes, up to 10 ml, are necessary-

Thus platinum chambers cannot be used if only small amounts of mate-

rial are available.
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3.2.2 Plating of Ag/AgCl Reversible Electrodes

Silver electrodes were plated with silver chloride to minimize
electrode polarization which if it occurred would result in decreased
electrical field strengths in the measuring chamber.

Typically a bright silver electrode was cleaned with ethanol and
rinsed with water to remove organic deposits. The electrode was
then etched in nitric acid diluted 1:1 with distilled water to produce an
even white mosaic appearance. It was then placed in a 100-150 ml
beaker containing 0.01 M HCI1 along with a stir bar and a second silver
electrode surrounding the first. The electrode to be plated was then
connected to the positive pole and the other to the negative pole of a
DC power supply. A current of < ~3 mA was applied for 2-3 hours

after which the electrode had taken on a dark even grayish appearance.

3.2.3 Plating of Platinum Electrodes

Platinum electrodes were plated with finely divided platinum
(platinum black). This greatly increases the effective surface area of
the electrodes thus making them reversible and usable up to ionic

A -1 : .
strengths of 0. 05 g-ions L = for an electrode which ostensibly has a
2
]l cm surface area-
Typically the electrodes were rinsed in ethanol to remove oily

organic contamination followed by distilled water. They were then
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dipped into a chromic-sulfuric acid cleaning solution for ~5 minutes
and again thoroughly rinsed with water. Alternatively the electrodes
were cleaned by burning contamination off in an oxygen flame. The
electrodes were thus suspended in the plating solution consisting of
58 mM chloroplatinic acid (I—IZPtCl6 . 6HZO) and 1 mM lead acetate in
water and plated at ~5 mA for 10-15 minutes. The current was
reversed approximately every 30 seconds.

To leach the plating solution out of the electrodes they were
placed in 0. 05 M sulfuric acid with passage of current for ~15 minutes.

The current was reversed at ~1-2 minute intervals.

3.2.4 Cleaning of the Chamber

Typically the chamber was cleaned with an alcoholic potassium
hydroxide solution prepared by diluting 10 ml of a 30 M solution of
KOH in water with 95% v /v ethanol to give a final volume of 100 ml.
The chamber was completely filled with this solution and allowed to
stand for several hours, preferably overnight. The chamber was then
thoroughly rinsed with distilled water. Cleaning solutions containing
chromate ions are not recommended due to the fact that these ions are
toxic and desorb exceedingly slowly from glass. Cleaning of the
chamber is especially important when using cell suspensions which

may leak proteins. These will coat the sample tube of the chamber
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unevenly leading to disturbed fluid flow profiles and inaccurate and lor

variable data.

3.2.5 Calibration of the Sample Capillary Tube

Before the capillary tube is actually incorporated into a chamber
its radius must be accurately measured. The radius is needed to com-
pute the position of the annuloid where the velocity of the electrolyte
fluid in the presence of an electric field is zero. This annuloid is also
known as the stationary level and is discussed further in Section 3.6.
The radius is also used in measuring and computing the electrical
length of the chamber (Section 3.3.1).

The radius for capillary tubes of uniform bore was calculated
from the length and mass of a mercury column in the sample tube

according to:

1/2
o S EIE ‘ af " Hg 1172 3-3
22 _, (42.54 g/ml)- 4
pHg
where m is the mass of mercury in g, £ is the length of the

Hg

column in ¢cm and pIZ-IZg is the density of mercury at 22°C (approxi-
mately room temperature).

Typically the tube was weighed on an analytical balance with
enough clay to plug the ends of the tube. The tube was then filled with

mercury to give a 7-9 cm long column. The ends were plugged and
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the tube was reweighed. Thus the mass of the mercury could be
determined. The length of the mercury column (£0.01 mm) was meas-
ured with a traveling microscope (Precision Tool and Instrument Co.,
Ltd., Thornton Heath Surrey, England, Microscope Type 2158). The
meniscus was taken into account at one end of the column and not the

other to obtain a true column length.

3.3 Equipment and its Setup

The general requirements for peripheral equipment have been
described by a number of authors (49,55). The apparatus as it was
generally used and operated in the collection of the electrophoretic
data is described below.

An electrophoresis chamber of the type described in detail in
Section 3.2.1 was immersed in a 17 L capacity water bath, the tem-
perature of which was controlled to within +0. 1°C by a 200 watt heating
element connected to a relay via a mercury thermostat.

The water bath was well stirred to minimize temperature gradi-
ents, which if they had occurred over a range of 0. 5°C would have
given rise to significant measurement errors. These would have
resulted from either uneven heating and cooling of the sample com-
partment of the electrophoresis chamber giving rise to gravity driven
thermal convections, or alterations in the viscosity and/or conductivity

of the suspending medium.
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The electrophoresis chamber rigidly mounted in a holder was
aligned within the water bath in front of a microscope. Initially the
chamber was levelled so that the sample compartment capillary tube
(hereafter referred to simply as the "tube'") was parallel with the sur-
face of the water in the bath. This eliminated the effects of any non-
vertical gravitational velocity components during operation. Secondly
the length of the tube was set at a right angle to the axis of the micro-
scope assembly. As this adjustment is not critical it was made
visually.

A cylindrical chamber microelectrophoresis apparatus is
pictured and schematically illustrated in Figs. 3-6 and 3-7 respec-
tively and may be referred to for the following discussion.

Vertical alignment of the chamber was achieved via a screw
traverse. The distance traveled was indicated by a dial test indicator
(Mercer, St. Albans, England, 0.002 mm division_l). The aim was
to position the tube such that the optical axis of the microscope inter-
sected the longitudinal axis of the tube. This was accomplished by
locating and positioning the black-white inner glass-air interface at the
top or bottom of the tube so that it bisected the field of view in the
ocular. As an aid for bringing the interface into sharp focus the tube
was often filled with distilled water which produced a white-white
glass-fluid interface which was often demarcated by colored fringes.

With the aid of the vertical adjustment screw, the chamber was moved
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appropriately either up or down so that the second interface was
brought into position and bisected the field of view. The distance
traveled, which corresponded to the bore of the tube, was noted on the
dial test indicator. The chamber was then moved back to half the
total distance. Thus the tube was centered on the optical axis of the
microscope.

The horizontal stationary level adjustment was made with the
aid of the fine adjustment of the microscope and the horizontal dial
test indicator. The inside proximal wall of the tube was located and
focused on with the microscope. This was most easily accomplished
by filling the tube with a relatively concentrated salt solution, e.g.,

1 M KC1 or 1 M NaCl, aspirating it until the solution dried, with the
resultant deposition of microcrystals of salt on the wall, which then
served as a focusing aid. The microscope was then moved toward the
axis of the tube for a distance of 0.293 R, where R, is the radius of
the tube. (For the determination of R see Section 3.2.5.) All of
the apparatus used in the studies presented in this thesis were of
similar design to that depicted in Fig. 3-6 and were manufactured
either by Rank Bros., Bottisham, England or by Dr. G.V.F. Seaman,

University of Oregon Health Sciences Center, Portland, Oregon.
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3.3.1 Calibration of the Assembled Apparatus

The effective electrical length, ﬂe, was measured using
standard KC1 solutions. KC1 was dried at 150-200°C for ~2 hours
and a 0. 100 M solution was prepared. The electrode compartments of
the electrophoresis chamber were filled with 1 M KC1 making sure
that no trapped air remained in the sintered glass disks which would
increase their resistance and result in aberrant current and voltage
readings. The electrodes were inserted into the compartments using
a light coat of silicone grease to obtain a good seal. The water bath
was maintained at 25.0 £+ 0. 1°C. The sample compartment was
rinsed thoroughly and filled with the 0. 100 M KC1 solution which also
had previously been equilibrated to 25.0 £ 0. 1°C. The current through
the chamber was measured, on application of a given voltage, with a
digital multimeter (Hewlett Packard 3435A). Electrical field strengths
were kept at < 5 V. crn_1 which resulted in current readings of
< 3 mA. The eclectrical length was then calculated according to the

equation:



89
where Ksp is the specific conductivity of 0. 100 M KC1, V is the
applied voltage, a is the chamber tube radius and I is the current
through the chamber. The most critical aspect of the procedure is the
accuracy of the voltage and current measurements. Voltage should be

accurate to within+ 1 V and the current accurate to within 0. 04 mA.

3.3.2 Graticule Calibration

A Bausch and Lomb graticule (No. 31-16-11) the squares of
which were 0.05 mm on a side was calibrated with a stage micrometer
scale (American Optical 0.0] mm unit 1). A magnification of X400
was typically utilized for the collection of electrophoretic data (X40
water immersion objective + X 10 ocular). At this magnification one
graticule width corresponds to lQ—15 um actual physical length when

the microscope was focused on an object, i.e., a particle or a cell.

3.3.3 Performance Monitoring of Electrophoresis Apparatus

The apparatus calibration and operation were routinely checked
before and after examination of experimental samples with either native
or formaldehyde-fixed human red blood cells suspended in 0. 150 M
aqueous sodium chloride adjusted to pH 7.4 + 0. 2 with aqueous
0. 150 M sodium bicarbonate solution. Either native or formaldehyde-
fixed human erythrocytes were utilized. Both types of cells have the

same mobility in physiological ionic strength saline (56). A mean
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mobility of -1.08 £ 0.05 pm sec  V =~ cm for a set of ten measure-
ments was taken to indicate acceptable performance of the apparatus.
A mechanical or electronic stopwatch accurate to within 0.1 second

was used in determining electrophoretic velocities.

3.3.4 Accuracy of Electrophoretic Measurements

The electrophoretic mobility values of particles or cells are
subject to a number of variables including: Brownian movement,
errors in focusing at the stationary level, calibration errors, timing
errors, temperature, uncontrolled convection arising from joule heat-
ing, asymmetry of electroosmotic flow due to heterogeneity in the
surface properties of the glass of the sample tube and in the case of
cells, biological variation. The principal source of error is inac-
curacy in focusing at the stationary level. This will be discussed in
more detail in Section 3.6. The sample standard deviation of 10-20

-1 -1
individual cells is ~0.05 ym sec V cm when measured in 0. 150 M

aqueous sodium chloride solution and ~0. 10 pm sec ~V  cm when

-1
measured at an ionic strength of 0. 0150 g-ions-L ~. The precision of

the method should be on the order of 1%.

3.4 Performance of Electrophoretic Mobility Measurements

Electrophoretic mobility measurements were made by timing

only those cells which appeared to be in focus with the microscope set
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at the stationary level position. Typically the cells were timed over a
number of graticule divisions such that the total elapsed transit time
was on the order of 6-10 seconds. This was to minimize errors aris-
ing from the operator's reaction time being a considerable percentage
of the total elapsed time. In some cases these restrictions could not
be adhered to due to extremely low electrophoretic mobilities. The
transit times were recorded to the nearest 0.1 second. The direction
of the electric field was reversed after every measurement. Usually
a data set consisted of ten readings after which the chamber was
refilled with a fresh sample. In practice the mean mobility and stand-
ard deviation for the data set was calculated by combining Eq. 3-1
and Eq. 3-2 to obtain a factor, F, which was divided by the time
required for a particle to traverse one graticule division in the ocular

of the microscope, i.e.,

- -1
[prn][graticule division] [pm][graticule division] {cm]

= = F
[x] [v]
3-5
Bal =u = um sec_IV_lcm 3-6

=l
[sec][g raticule division]

3.5 Elimination of Electroosmotic Flow in Analytical Particle
Electrophoresis by Low Zeta Potential Gel Surface Coatings

Interest in surface coatings which will markedly reduce or

eliminate the zeta potential at an electrophoresis chamber wall stems
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from the practical issue of eliminating electroosmotic flow during
electrophoresis.

In any closed glass electrophoresis chamber containing an
electrolyte the negative charge of the glass wall results in an increase
in concentration of cations close to the glass surface. Application of
an external electric field results in movement of these cations along
with some of the solvent molecules (HZO) near the wall toward the
cathode (electroosmosis) and a concurrent forced return flow through
the center of the tube. In order to make reliable measurements of the
electrophoretic mobility of a particle such as a cell it is imperative
that the microscope be focused at the cylindrical annuloid in the cham-
ber where no net flow of fluid occurs during electrophoresis (stationary
level). Since this annuloid is infinitely thin, electroosmotic flow will
always contribute to experimental error. Figure 3-8 illustrates the
general features of laminar electroosmotic fluid flow for a closed
cylindrical tube including the parabolic fluid flow profile, regions of

electroosmotic flow, return fluid flow and the location of the stationary

level.

3.5.1 Electroosmotic Fluid Flow and Associated Errors

As previously described in Section 1.1, application of an electric
field to a suspension of charged particles or cells contained in a closed

cylindrical chamber will result in electrophoresis of the particles.



Figure 3-8.

Electroosmotic fluid flow in a closed cylindrical tube.

(a) A longitudinal crossectional view of the fluid velocity
profile and fluid streamlines for a tube with radius, R
(fluid velocity is plotted in terms of Vs , the fluid flow

at the tube wall). (b) A transverse crossection where
maximum electroosmotic fluid flow is shown by dense
shading, and the unshaded area shows the region of the
stationary level where fluid flow tends to zero. (c) Fluid
flow parabola which is a plot of fluid velocity vs. dis-

tance from the tube wall.
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The observed velocity, Vg of a particle at an arbitrary position in
the tube will be the sum of its electrophoretic velocity, A\ and the
velocity of the suspending medium, Vv
¥ ¢ hv 3-7
o e w

Furthermore Bangham et al. (51) based on a treatment by Lamb (57)
have shown that LA of a particle is related to its distance, r,

from the axis of the tube by the relationship:

v =V +vs[———1] 3-8

where W is the fluid velocity at the tube wall and a is the radius

of the tube. By setting

2
A R

F o5 1 3-9
a

in Eq. 3-8 o will equal AT Solving Eq. 3-9 for r results in
r = 0.707a. On substituting for r in Eg. 3-8 the solution shows

that at a distance of 0.707a from the tube axis = and LI 0.
In theory, electrophoretic mobility measurements which are made at
the stationary level are not subject to error as a result of fluid flow.

However, as briefly discussed already, errors do result in practice

as a result of:
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1) the finite size of the particles which cannot be contained in an
infinitely thin stationary level;

2) focusing errors at the stationary level, i.e., lack of appropri-
ate optical corrections to rectify the effects of refraction and
aberration, depth of focus, and shape and size of the focal
field relative to the radius of curvature of the stationary
level.

The magnitude of errors in v, asa result of fluid flow may be

estimated by differentiating Eq. 3-8, i.e.,

Dividing both sides of Eq. 3-10 by the electric field strength, X,
results in a relationship between the experimentally observed electro-
phoretic mobility, v (see Eq. 1-12), at small radial increments

from the stationary level in terms of the electroosmotic mobility, u s

4usr
Au = AT 3= 1]
o 2
a
If the fractional error in the true electrophoretic mobility, u,

due to fluid flow is defined as &6, then:



The results of estimates of & are shown in Fig. 3-9 which is
interpreted as follows. If the electrophoretic mobility, u, 1is
measured for particles at 20 pm from the stationary level in a 2 mm
bore diameter capillary, there will be a fractional error, 6, in the
mobility value obtained. Its magnitude will depend on the relative
magnitudes of both the electrophoretic and electroosmotic mobility,
u and u, respectively. For example, a particle with u=2.0
and u = 2.1, the observed electrophoretic mobility, s at
20 um from the stationary level would deviate from the true mobility,
u, by 6%, i.e., & = 0.06.

In a clean glass chamber u at pH 7 may be in the range of
5-6 um sec_1 V_l cm and 2-3 pm sec_1 V-l cm at ionic strengths of
0.0150 and 0.150 g-ions - L_l, respectively. It can be seen that the
fractional errors at such electroosmotic mobilities may be appreci-
able. These errors may, however, be considerably reduced by
decreasing the surface charge of the chamber walls. It may be seen
also from Fig. 3-9 that it is not necessary to reduce u to zero in
order to make the errors negligible unless the electrophoretic mobili-
ties to be measured are near zero. In practice, any reduction in u

facilitates data collection, reduces operator errors in judging whether



Figure 3-9. Estimated electroosmotic mobilities, ags which produce
fractional errors, &, in the absolute values of electro-
phoretic mobility, ay at 20 pm from the stationary level

in a 2. 0-mm bore capillary tube.
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particles are in focus, minimizes errors in setting the stationary level
and minimizes the influence of changes in the location of the stationary
level due to asymmetric contamination of the wall surface by adsorbed
substances or to heterogeneous distribution of charge on an uncon-
taminated wall. In preparative particle electrophoresis.or in auto-
mated analytical techniques where measurements are made af locations
other than the stationary level (58) it is necessary to reduce u to
almost zero. Reduction of electroosmotic flow to low levels may also
facilitate free boundary electrophoresis of the Tiselius type (59) where
boundary spreading due to electroosmotic flow may introduce uncer-

tainty and errors on analysis of the data.

3.5.2 Origin of and Strategy to Eliminate Chamber Wall Charpge

The negative charge of borosilicate glass surfaces is reported
to originate from the ionization of surface groups which are an inte-
gral part of the glass. Two types of sites are present, the first with
a pka of ~7 and the second with a pka of 5.1 (60). The weaker acidic
site is due to the silanol group,781-OH, while the stronger acidic site
7 . ™~
is most likely the boranol group,7B -OH.

The wall charge may be reduced or eliminated by:

1) use of adherent or adhesive films (61).

2) Covalent bonding of materials to the surface (61).

3) physical adsorption of substances (62).
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The geometry of the electrophoresis chamber precludes the use
of adhesive films to eliminate the surface charge which leaves two
alternative general approaches, namely:

1) covalent bonding to surface groups to eliminate the negative
groups by chemical modification (total charge zero) or to
introduce positive groups such that the net charge is zero, or
a combination of these types of surface modification.

2) to use substances, usually macromolecules, which physically
adsorb to the glass surface, thereby shifting the electrophore -
tic plane of shear out from the original glass surface to the
new macromolecular surface. By this means the charge on
the original surface will have a negligible influence on ion
distribution at the new plane of slip during electrophoresis
(63 ).

The vast number of surface reactions encompassed by the above
two approaches can be severely restricted by an examination of the
criteria required for a satisfactory surface coating or modification.
The following properties of the surface coating should be considered
in judging its general suitability and application limitations:

1) Physical properties:

a) transparent to light, at least over the same range of wave-

lengths as the original glass.
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small coating thickness relative to the radius of the
electrophoresis tube.
capable of being applied uniformly.
an electrical conductance not significantly greater than
that of the particle suspending medium.
low fixed or acquired electrostatic charge in buffers.
poor surface for gas bubble nucleation and formation.
nonadhesive to particles or biological cells to be examined

in the coated tube.

Chemical and bioclogical properties:

a)

hydrophilic to minimize adsorption of components from

samples.

compatible with system to be examined, e.g., non-toxic
towards living cells.

not subject to attack or degradation by any bioclogical
specimens under test.

does not desorb or change the electrokinetic properties of

the particles under examination.

Electrokinetically stable (64) for duration of studies to:

a)

buffers up to physiological ionic strenghts (~0. 150 g-

-
ions - L ).

b) pH range, 2 to 11.

c)

temperature range ~0-50°C.
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d) shear rates encountered when filling or cleaning the

electrophoresis tube.

Taking the above criteria into consideration possible coating

materials or surface modifiers include:

1)

3)

Polysaccharides [agarose; dextran; ficoll; glycogen; methyl-
cellulose; and starch].

Methacrylates and acrylamides [2—hydroxyethylmethacrylate
(HEMA) (65); 2, 3-dihydroxyporpylmethacrylate (DHPMA)
(65); and polyacrylamide].

Polymeric alcohols [polyethylene glycol (PEG); and polyvinyl
alcohol (PVA)].

Silane derivatives as either sub-layer agents or primary
coatings [y--glycidoxypropyltrimethoxysilane (Dow Corning,
Z6040) (66); y-aminopropyltriethoxysilane (Union Carbide,
A-1100) (66); y-methacryloxypropyltrimethoxysilane (Dow
Corning, Z6030) (66); and vinyltrimethoxysilane (Dow

Corning) (66)].

To date, polysaccharides have offered many promising features

as coatings. They are hydrophilic, have small numbers of charged

groups and are generally biocompatible. As a class they may be

crosslinked and their residual charge groups eliminated or chemically

reduced by procedures such as those used by Porath et al. (67) on

agarose.

In addition, polysaccharides may be derivatized or oxidized
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and mixtures used to produce coatings with either a net negative, net
positive or net zero charge.

Electrophoretic testing of the efficacy, stability, and complete-
ness of various surface treatments, modifications, or coatings may be
carried out in various ways including,

1) After coating the inside of the electrophoresis chamber, the
electroosmotic flow is calculated from experimental meas-
urements of the electrophoretic velocities of standard par-
ticles at various levels within the chamber.

2) The electrophoretic mobilities of coated or modified particles
made from the same material as the electrophoresis chamber
are measured by standard analytical electrophoresis.

3) The zeta potential of coated tubes may also be determined
from electroosmotic flow or streaming potential measure-
ments (68).

The first approach is the more desirable test of any coating pro-

cedure. However, for screening purposes the second approach signifi-
cantly reduces the time needed for initial survey and testing of coatings

and /or procedures.

3.6.3 Materials and Methods

3.5.3.1 Standard Particles. Corning #7740 borisilicate par-

ticles were used as a model system for screening the effectiveness of
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polysaccharide derivatives as low zeta potential surface coatings for
glass. The particles were prepared by W.J. Patterson (Marshall
Space Flight Center, Huntsville, Alabama) by grinding Corning #7740
glass tubing for 11 hours in distilled water in an aluminum oxide ball
mill. The mill was initially cleaned by several short term grindings
and rinsings with distilled water.

Clean particles of suitable size for electrophoretic measure-
ments were obtained by repeated sedimentation of particles in aqua
regia, each time removing those particles which had sedimented.
Initially, the particles were suspended in 600 ml of 3% v/v aqua regia,
a concentrate of which was prepared by mixing 18 ml of concentrated
nitric acid and 82 ml of concentrated hydrochloric acid. The particles
were allowed to sediment for 60 minutes. Particles remaining in
suspension were centrifuged and the foregoing process was repeated.
The supernatant suspension of particles was then centrifuged at
~16000 g and the particles were resuspended in ~3 volumes of 3% v/v
aqua regia and left to stand overnight. The particles were centri-
fuged again and the aqua regia was aspirated and the particles were
resuspended in 6 M HCI at ~60°C and sonicated for ~60 minutes in a
sonicator bath. Possible organic contaminants were removed by
sequential resuspension and centrifugation of the glass particles in
toluene-ethanol and isopropanol. A 5:1 v/v mixture of toluene-ethanol

was utilized. The ethanol was included to remove any remaining water
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associated with the glass particles. The particles were then washed
six times with 0.0150 M aqueous NaCl at 60°-70°C.

The electrophoretic mobility of the particles was monitored
throughout the cleaning procedure. The size of the particles was

estimated by light microscopy.

3.5.3.2 Coating Materials. Methylcellulose (Cow Methocel MC,

8000 cps Premium, Lot MM-110786), agarose (Bio-Rad Laboratories,
gel electrophoresis grade, Lot 63683), and dextran (Pharmacia, Lot
4386, MW 2 x 106), as well as their diethylaminoethyl (DEAE) and
triethylaminoethyl (TEAE) derivatives were screened as low zeta
potential gel surface coatings.

DEAE -methylcellulose was prepared from methylcellulose by
modification of the method of Peterson and Sober (69). Methylcellu-
lose (60 g) was dissolved in 170 ml of 5. 9 M NaOH and made 0. 05 M
with respect to sodium borohydride to prevent air oxidation of the
polymer.

This mixture was reacted with diethylaminoethylchloride hydro-
chloride (40 g) (recrystallized from methanol) for 40 minutes at 55°-
63°C. Two further batches of methylcellulose were prepared with 7 g
and 35 g respectively, of diethylaminoethylchloride hydrochloride.
These preparations will be referred to as "lower" and "higher" degree
amino substituted methylcellulose derivatives. After 40 minutes, the

reaction mixtures were cooled in an ice bath and 250 ml of 2 M NaCl
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were added. The batches were then dialysed exhaustively against
distilled water to remove excess sodium hydroxide. After the penulti-
mate change of water the pH rose from ~pH 6 to ~pH 7 after 16 hours
of dialysis. Following dialysis, the batches, which were in clear gel
form, were warmed in a water bath. The derivatives were then pre-
cipitated by addition of 6 liters of cold reagent grade acetone and fil-
tered through coarse sintered glass filters. Unexpectedly, the
“higher " substituted derivative clogged the filter. Therefore, the
acetone was removed under reduced pressure. The resulting gel was
broken up in a Waring blender and lyophilized overnight, after which
it was again ground to a fine powder. The yields were 45.5 and

1

43.7 g of the "lower" and "higher" substituted derivatives, respec-

tively.

DEAE -agarose was prepared according to the method of Ragetli
and Weintraub (70). Agarose (24 g) in 68 ml of 5.9 M NaOH was
stirred and cooled on ice and was reacted with diethylaminoethyl-
chloride hydrochloride dissolved in 110 ml dioxane-water (4.3:1 v/v)
by slow addition over a period of 20 minutes. On completion of the
addition of reactant, the mixture was heated to 55°C for 0.5 hours and
then cooled to room temperature after which 180 ml of 2 M NaCl was
added. The reaction mixture was further diluted with water to
~8 liters total volume and the gel was allowed to settle overnight.

The supernatant fluid containing fine gel particles was discarded and
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the remaining resin was filtered through a coarse sintered glass
filter. The colorless cake was lyophilized overnight giving a total
yield of 6.1 g.

DEAE -dextran (MW ~2 x 106, Lot 5469) was obtained as such
from Pharmacia.

The DEAE derivatives of methylcellulose, agarose and dextran
were converted to their TEAE analogs with redistilled ethylbromide
(Eastman Kodak) by the procedure that Schell and Ghetie (71) used on
agarose. DEAE-dextran, DEAE -methylcellulose and DEAE-agarose
(10 g, 10 g and 3‘g respectively) were refluxed for 5 hours with 70 ml
absolute ethanol made 0.092 M with respect to ethyl bromide. The
derivatives were washed with ethanol, filtered through a medium or
coarse sintered glass filter and treated with 0.25 M NaOH in 95% v/v
ethanol mixed in a ratio of l:4« TEAE -methylcellulose and the TEAE-
agarose were precipitated with réhagent grade acetone and filtered
through a coarse fritted glass filter. TEAE-dextran which remained
in solution was dialysed against water to remove excess sodium
hydroxide. The solution was then evaporated to near dryness and
lyophilized. Yields of TEAE-dextran, TEAE-agarose and TEAE-
methylcellulose were 3.0, 1.5 and 2.5 g respectively.

In order to determine, quantitatively, the degree of substitution
of the methylcellulose with DEAE functional groups, the nitrogen

f

contents of both the "lower" and "higher" substituted derivatives were
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determined for the lyophilized materials by the microkjeldahl method
(72). The DEAE-methylcellulose (10 mg) was weighed and wrapped
in ashless filter paper (Whatman, No. 542) and introduced into a
microkjeldahl flask. A Selenium bead (0.1 g) was added as a catalyst
in addition to 2 ml of concentrated sulfuric acid. The solution was
heated until clear. One or two drops of 30% HZOZ was added after the
flask had cooled. The liberated ammonia was distilled into a 0.647 M
boric acid solution containing 1. 5% v/v methyl red (0. 1% w/v in
ethanol) and bromcresol green (0. 1% w/v in ethanol) which had been
combined in the ratio of 1:5, respectively. This boric acid mixed-
indicator solution, containing the ammonia, was titrated with 0.0100 M
HC1 until a pink endpoint was reached. Blanks containing filter paper
only were run as controls. Samples of ammonium sulfate, dried in
an oven for 2 hours at 150°C served as standards.

3.5.3.3 Effectiveness of Derivatives as Low Zeta Potential

Coatings. The effectiveness of each of the primary gels and their
DEAE and TEAE derivatives were evaluated as low zeta potential gel
surface coatings by suspending glass particles in a saline solution
(0.0150 M aqueous NaCl buffered with 0. 0150 M aqueous Na.HCO3 to
pH 7.2 = 0. 1) containing a 0. 1% w/v concentration of a given derivative
and measuring the electrophoretic mobility of the particles at 25.0°C.
Agarose was not appreciably soluble in aqueous media at room

temperature. Therefore, in order to coat glass particles with
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agarose, the mixture of glass particles and agarose was heated to
86°C. At this temperature the agarose was water soluble. Subse-
quently the solution was cooled to 25°C and the borosilicate particles
were electrophoretically characterized.

The electrophoretic mobilities of particles suspended in media
containing coating materials were corrected for the bulk medium

viscosity effects of the polymer derivatives according to the relation-

1
ship:—/
a.
L1 u, 3-13
g
where u, and n, are the mobility of the particles and viscosity of

the suspending medium containing the polymers, respectively, and

M is the viscosity of the plain suspending medium and u, is the

2

viscosity corrected electrophoretic mobility. Alternatively, mobilities

were viscosity corrected using an equation analogous to Eq. 3-13,

l/Equa’cion 3-13 stems from the Helmholtz-Smoluchowski rela-
tionship (Eq. 1-12). Particles which have identical surface properties
and are suspended in two media of differing viscosities whose bulk
dielectric constants are not significantly different would be expected to

have different electrophoretic mobilities, i.e., ul = ef,/un‘r]l and

u, = EC/UJTT]Z.. Therefore ulT]l = uz"’]z = el /41 and Eq. 3-13 follows by

simple rearrangement. Polysaccharide polymers of the types and con-
centrations used in the coating experiments would not be expected to
have an effect on the bulk dielectric constants of the solutions (63).
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substituting the kinematic viscosities, for the dynamic viscosities.
This substitution was only performed when the densities of the sus-
pending media were not significantly different. This would be the case
for the very low polymer concentrations utilized in the coating experi-
ments.

Bulk viscosities of the polymer solutions were measured at
25.0 = 0. 1°C with an Ostwald viscometer having a flow time for water
of ~80 seconds, essentially according to the methods outlined in
Section 2. 2.

3.5.3.4 Tenacity of Coatings. As a test of tenacity of the

coatings, the particles were washed one to three times in dilute saline
media (0.0150 M aqueous NaCl). The effect of the washes were

assessed by measuring the electrophoretic mobility of the particles in
0.0150 M aqueous NaCl-NaHCO

In attempts to improve the stability of the DEAE methylcellulose coat-

3 pH 7.2 and noting any changes.
ings, epichlorohydrin was tested as a potential crosslinking reagent.
The hydroxyl groups present on DEAE -methylcellulose were
used as reactive groups to link individual molecules together into a
gel-like network. It has been found that for gel formation, epoxide
addition with the resultant formation of ethers is most suitable (73).
Ethers are relatively unreactive and thus give stable derivatives, and
the reactions may be carried out in aqueous media and under mild

conditions.
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An epoxide reacts with an alcohol in the presence of acid or base

according to the following reaction (74):

+ H
B z
R-OH +CH2-CH-R1——E> R-O-CH,-CH-R

1
o OH

In order to crosslink two alcohols a bifunctional epoxide is required.
Though epichlorohydrin is not a diepoxide it nevertheless reacts as if
it were one (73). The reactions of epichlorohydrin with two alcohols

in the presence of base are as follows:

- OH B
]
R-OH + C{Z—fH—CHZCl—OI-_—I—> R—O—CHZ-CH—CHZCI L2
O

Rl-OH (;)H
R-O-CH,-CH-CH, ———>» R-0O-CH,-CH-CH,-0O-R
2 / 2 2 2 1

In the case of a polyfunctional alcohol such as DEAE -methylcellulose
a three-dimensional gel network will be formed. In the actual pro-
cedure here a modification of Flodin's procedure was used (73). A
0.2% (w/v) solution of the "higher" modified DEAE -methylcellulose in
water was prepared to which glass particles were added to make a
milky white suspension. The particles were subsequently centrifuged,

the supernatant decanted and the particles were suspended in 1.40 M



NaOH to which sodium borohydride (0.5 g per 100 g DEAE-
methylcellulose) had been added to prevent oxidation of the polymer.
This suspension was mixed with redistilled epichlorohydrin (Eastman
Kodak) (10% v/v) and incubated at 70°C in a water bath for 4 hours.
The particles were subsequently centrifuged, washed three times in
0.0150 M aqueous NaCl—NaHCO3, pH 7.2 £ 0. 1 and characterized
electrophoretically. The effect of further washes on the electro-
phoretic mobility of the particles was monitored.

Finally, the internal surface of an all glass cylindrical
electrophoresis chamber was coated with DEAE-methylcellulose and
then treated with epichlorohydrin. The chamber was filled with a
0.2% w/v solution of DEAE -methylcellulose in 1.4 M sodium hydroxide
containing 0.5 g sodium borohydride per 100 g DEAE-methylcellulose
and 1. 0% (v/v) epichlorohydrin. The chamber was incubated in a 70°C
water bath overnight. The chamber was then thoroughly rinsed out
with water and 1 M KC1 and set up in the usual manner:

The effect of the coating on the electroosmotic flow was assessed
by measuring the electrophoretic mobility of native glass particles in
media of varying ionic strengths at a series of distances from the

inner chamber wall.
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3.5.4 Results and Discussion

Glass particles for electrophoresis and surface modification
obtained by the repeated sedimentation procedure, had a sedimentation
rate of < 0.3 mm-min-l. These particles were < 5 pm in diameter.

The cleaning procedure increased the electrophoretic mobility
of the glass particles from -2.49 + 0.33 pm sec_1 V-1 cm in 0.0150 M
aqueous Na.Cl—NaHCO3 pH 7.2 + 0.1 for crude uncleaned particles, to
-5.58 + 0.25 um sec_ : V_1 cm for particles taken all the way through
the cleaning procedure. Attempts at further cleaning treatments
failed to increase the electrophoretic mobility further.

The increase in zeta potential upon cleaning is most likely due to
the removal of adsorbed foreign substances which either shield or
neutralize the surface charge groups of the glass. The latter mechan-
ism, i.e., neutralization of surface charge groups, may particularly
be operative in the case under consideration. Since the glass was
ground in an aluminum oxide ball mill it is likely that aluminum ions
would be present at the glass surface which would result in a lowered
zeta potential (75, 76). Thus in this case electrophoretic analyses also
served as a monitoring aid in assessing the effectiveness of various
cleaning procedures.

The electrophoretic mobilities of borosilicate glass particles

at 25.0°C in 0. 0150 M aqueous NaCl—NaHCO3 pH 7.2 9.2, coated
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electroosmotic flow in his free zone electrophoretic equipment (77).
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