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ABSTRACT

A method was developed for measuring the self-diffusion
coefficient of solutes in agar gel suspensions of red cells. The
purposc was to investigate the influence of the red cell on the
diffusion of ions which are important in blood solute transport.

The capillary diffusion method was c¢mployed. The dif-
fusion coefficient was calculated from the initial and final con-
centration of tracer in the capillary. The results are discussed
in terms of a modified Maxwell equation for the average, c'ondué-
tivity in a granular medium in which a discontinuous boundary
condition is employed to account for the observed partition co-
efficients.

The results indicate the ratio of the diffusivity of solute
in the red cell suspension to that in the suspending medium
varies considerably with the ion. This ratio is greater for
sodium ‘than for chloride over the range of red cell volume
fractions investigated. An augmented diffusional mechanism
for bicarbonate appears to exist in the red cell suspension.
Depleting the intracellular ATP has little effect on the diffusion

of sodium in the red cell suspension.
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I. INTRODUCTION

The purposec of this investigation was to develop a
rcliable method for mecasuring the diffusivitiecs of solutes in
blood, and to use this mecthod to determine the diffusivities of
certain important blood solutes. The emphasis of this study
was directed towards the non-gaseous blood solutes.

This investigation is of both practical and academic
interest. The practical aspect lies in the engineering realm
of designing heart-lung or artificial kidney devices. The
academic aspect deals more with the influence of the concen-
tration incqualities of certain ions inside and outside the red
blood cell and the red cell itsclf on the transport of those ions
through blood.. What cffect the active transport mechanism, if
it exists, has on the diffusion of ions peculiar /to that transport
rﬁechanism is also of interest.

An important goal of the engineer in designing a device
such as the artificial kidney is to construct the device in such
a way that its criteria of performance, set in collaboration with
the medical profession, will be met. A detailed knowledge of_'
the fluid flow through and the mass transfer in the device is
necessary to achieve this goal. When part of this detailed
knowledge is not available, due t‘o an unusually complicated

flow pattern or lack of pertinent experimental data, a useful,
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workable device can still be constructed. Since this empirical
development is not amenable to rigorous evaluation and optimi-
zation, experimental investigations dealing with the wvarious géps
in our Rnowledgc of such devices and leading to well-defined
models are important. One necessary piece of information in
the mass transportregime is the valuec for the various diffusiv-
ities of pertinent solutes in blood. This research work is con-

cerned with that aspect of the design problem.



II. BACKGROUND AND .THEORETICAL
CONSIDERATIONS

A Cell Theories.

According to the membrane theory, the cell is essentially
a sac of aqucous solution (25). The cell membrane is semi-
permeable, passing some substances at various rates, and some
not at all. The osmotic behavior of the cell has been one of
 the main arguments in favor of the theory. A cell placed in a
‘solution of a certain solute may either shrink, remain the same
in size, or swell, If it shrinks or swells, it may revert after
a time to its original shape. The initial shliinking or swelling
indicates that the osmotic pressure of the solution is either
greater or less than that of the cell. If the cell returns to its
original shape, this is an indication that the cell membrane is
permeable to the solute; the rate of return gives a qualitative
indication of the magnitude of the membrane permeability to
that particular solute. There are various theories to explain
how substances cross the membrane (9, 47).

One of the unusual characteristics of the red cell-plasma
system is the unequal concentrations of certain ions inside and
outside the cell., At thermodynamic equilibrium the chemical
potential of species'able to penetrate the cell membrane is the

same inside and outside the cell. = Although it would not be
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unusual to expect the ionic concentrations also to be .cqual, the
charge of the ionic specics and the high concentration of charged
hemoglobin molecules complicate the situation. lA‘ theory, called
the Gibbs-Donnan Equilibrium, was decrived to deal with this
special case (12). This thecory, élthoﬁgh successful in explain-
ing the intracellular osmotlic pressure, the potential difference
across the membrane, and the unequal distribution of many ions,
fails in certain important éases.
The concentration of sodium and po’_cassium ions inside and

outs.idc the red blood cell could not Be explained in terms of
the Gibbs-Donnan theory. In human blood, the ratio of the con-
centration of potassium inside, the red blood cell to the potassium
concentration in the plasma is about 30/1. On the other hand,
the ratio of the sodium ion concentration inside the red blood
cell to that of the plasma is about 1/6. The first explanation
fér this unusual diséribution was that the sodium and potassium
concentrations in the red blood cell were set at its birth, and
did not change throughout the life of the cell., The red blood
cell membranc itself was thought to be impermeable to sodium .
and potassium. This view held until the use of radioactive
tracers conclusively showed that the red blood cell membrane
is permeable to these cations (15).

' A new explanation then emérged showing that the concen-
tration. difference was maintained by an energy consuming

process. The age of active transport unfolded.



-5-

Much time ana encrgy has been expended on this concept.
It is the basis of good resecarch work and a multitude of
journal publications. Briefly, the process scems to depend on
glucose metabolism. The active uptake of potassium and ex-
pulsion of sodium from the red cell appear to be linked, although
not in a one to one ratio (30). The detailed transport mechan-
ism appears to involve the sodium and potas_siﬁm dependent
ATPase enzyme. The cell membrane, only slightly permeable
to potassium and sodium, enables the pumping mechanism to
maintain the relatively high potassium and low sodium concen-
tration inside the red blood cell. It is not an equilibrium but
a steady-state system. The theory is consistent with many
obscrvations, such as the loss of potassium and the/gain of
sodium by the red blood cells upon cold storage or incubation
in a glucose deficient media, yet the theory is not entirely
satisfactory for a number of reasons.

A relatively new cell theory, not yet widely accepted, but
gaining .rnoment;.un, is invading the biological literature.
Troshin (42), onc of the main Russian proponents of the new
theory, has written a delightful book on the subject. He labels
this new concept the sorptional theory. In the United States,
Ling (24) is the champion of the theory which he calls association-
induction hypothesis. He has also written a detailed, theoreti-
cal book in which he attempts to substantiate his hypothesis.

The two thcories agree that a semi-permeable membrane is
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not the cause of the concentration difference of species inside
and outside the cell.

According to Troshin, the cell is a scparate phase, like
a coacervate drop. It is enclosced in an envelope, the cell
membrane, but this is not a semi-pcrmeable membrane. The
cell has no selective ion permeability, passing both cations and
anions. Becausc it is a scparate phase, or because a good
portion of the water is bound to the cell colloids and therefore
is unavailable for dissolution of solutes (4), the congentx.'ation
of unbound solutes is less inside the cell than outside. The
key word is '"unbound'. This concept could qualitatively explain
the low concentration of sodium inside the red blood cell. For
solutes which can be adsorbed to the colloids of the cell, the
picturc may be quite different. There ié generally a point at
a sufficiently small external concentration of the solute where
the internal concentration is greater than the external. At a
sufficiently high external concentration, when the amount
adsorbed reaches saturation and can no longer counterbalance
the cell solute deficiency duc to a lower apparent solubility,
the external concentration will then exceed the internal concen-
tration of solute. The first explantion would presumably apply
to the distribution of potassium, the second to sodium. A

lower inside than outside concentration of cations may also be
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duc in part to the Gibbs-Donnan Equilibrium. These results
have been observed in non-living systems, such as s-uspensions
of coacervate drops.

Ling (24) postulates that the interior of the cell is highly
structurced. The cell colloids are arranged in a precise con-
figuration, which electrostatically favors the potassium ion over
the sodium ion in the cell matrix. He presents calculations
which indicate that active transport as an energy consurning
process cannot maintain the observed concentration difference
of sodium and potassium ions inside and outside the red cell.

The various theories present a number of possibilities.
The cell may be a sac of aqueous solution, its membrane
quite impermeable to cations. The cell may be a separate
phase exhibiting a true partition coefficient for a' solute between
it and the surrounding media. It also may be that the cell is
a very concentrated aqueous solution, much of its water being
bound by the cell colloids.

Since the various theories on thc physical state of the
living cell are quite different, explanations basecd on the
various theories of certain experinlent:il observations might
be expected to differ considerably. This is definitely the
case. For example, it has been obser;/ed, using radioactive
tracers, that the leakage of cations into or out of the red
blood cell is very slo;)v. Depending on which theory applies,

this could be duc to a slightly permeable membrane, a high
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diffusional rcsistance of a phase boundary, or slow adsorption-
desorption kinetics.

As illustrated in the foregoing, scveral concepts of the
physical state of the red blood cell are available. The particu=-
lar view adopted will govern the interpretation of the results
presented in this report. Some of the hypotheses, duc to lack
of pertinent supportive data, will not allow a complete explana-
tion of the results. In other cases, thcl data from this work
will help strengthen some hypotheses and refute others.

7 -
B. A General Non-Convective Diffusion Equation for Solute

Transfer in Blood.

A general non-convective mass balance on solute i in

a given volume element leads eventually to

%(V\a) = "V'j’z + Qi (1)

RATE OF CHANGE N A NET DIFFVSION  NET CHEN|cAL
STAGNANT EBLEMENT FRoM THe REACTION INTHE

ELE MENT™ ELE MENT
Consider the set of species Ry k=1,...,r, where
n.y refers to the concentration of the unreacted or unbound
form of solute species i, and the Dioseees Ny, refer to the
concentration of reacted or bound solute species i. For

example, if the solute species i were the sodium ion, n,
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would refer to the concentration of frec, hydrated sodidm ion
in solution, wherecas the nik's (k = 2,...,r), would refer to
the concentration of sodium rcacted with or electrostatically
bound to other molecular spccics, particulate matter, or solids
in the solution. By summing over all the various chemical

forms of sodium, and noting that

2. Ry =0 (2)

the result is an overall mass balance on species i, namely

, |
ot (‘nt ko= -9 J’C)i (3)

where
Ny = Dby + Ni (4)
.r
N; = Zk:znik (5)
and

Jt = Jil + izjik : | (6)
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It is instructive to rewrite cquation (3), following the

notation of Spaecth and Fricdlander (37), as

éat (hit + Nf)= - V(Jt)\ + %(N:‘:Ni) (7)

NET RATE. OF CHANGE OF NET DIFFVSI0N RATE OF ChANGE  oF

(Ny); ASsumine cHEMICAL INTD  THE DISPACEMENT FROM

BEQUILIBRIUM IN THE. ELEMBENT ELEMENT CHEMI|CAL EQUILIBRIUM
IN THE EBELENMENT

where N * is the equilibrium value of N;.

Equation (7) is a géneral equation which can now be used
to describe the transport of solutes in a stagnant solution. In
order to solve this cquation, the following must be known:

1. The free solute concentration, n.y

2. The equilibrium relationships, Ni*

3. The diffusive flux, (Jt) i

4. The displacement from equilibrium, (Ni*-Ni)

The mcembrane theory maintains that the red blood cell
is essentially a sac of aqueous solution, with both the sodium
and potassium ions existing inside the red blood cell in their
free or uncombined state. The sorptional theory, on the other

hand, describes the red blood cell as a separatc phase, with

a good portion of the interior water bound to the cell colloids
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and thercfore unavailable for dissolution of solutes. The
sodium ion cxists mainly as the frec ion dissolved in thec un-
bound water or fluid portion of the cell. The bulk of the
potassium ion in the cell is bound to the cell colloids.

If the first theory is correct, the form of the diffusion

equation to use is

i (8)°

as the term Ni = 0. This should be valid for both the sodium
and the potassium ion. Although it would also be the equation
to use for the sodium ion should the second theory be true,

- it would not hold for the potassium ion.

Equation (1) can be rewritten aLs follows

Iy

5t P, Jii + [MET RATE OF DESORPTION OF sprcies '11] (9)

If
c. = the concentration of vacant sites for potassium
on the coiloids,
c¢_ = the total number of moles of potassium that

could be adsorbed,
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Ea = the number of moles of potassium that are
adsorbed,
¢, = the concentration of potassium in the fluid, the

rate of adsorption of potassium ion is

P&S kx Caév . (10)

while the rate of desorption of potassium is
~
o= kgCa (11)

and the net rate of desorption is

fn= - [ kG - keGa) 2

Then

’()n' g ~ -~
iz -vJi- [kiiAe- k] am

C. Theory of Diffusion in a Heterogcneous Media.

Solving the general diffusion equation requires a relation-
ship between the diffusive flux and the concentration gradient.
For a homogenecous medium, Fick's First Law is usually

_ employed:
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J; =-D;vn; (14)

where D, is the diffusivity of species 1 in the medium of
interest and n, is the concentration of species i in that
medium, For a heterogencous medium, this form would be
valid only for the unlikely case in which the diffusivity of
species i1 was the same in both the dispersed and continuous
phase. Otherwise both Di and n, in Fick's ?elations}(ip 'rhust be
redefined.  Since the unsteady state term in the general dif-
fusion equation is based on the total or average concentration
of speciés i, it is convenient to similarly define n, when
modifying Fick's expression. For a system such as blood, if
n, is the average concentration of species i in a small
volume element which nevertheless contains many red cells,

an average diffusivity can be defined by the expression

x
Ji= - Divns | (15)
b ;
Di is now some function of the volume fraction of the dis-
persed phase, the diffusivity of species 1 in the dispersed
and continuous phases,. and the geometry of the particulate

dispersed phasec.
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A theory of heat conduction through a granular medium
with spherical dispersed particles was developed by Maxwell
(26). Fricke (13) developed a theory for electrical conduction
in a hcterogencous medium which took into account the non-
sphericity of the particulates. He applied his results to blood,
showing how the measured values of the conductivity could be
rclated to the conductivities of the plasma and the red blood
cell, once the volume fraction and shape of the red blood cells
were known. |

Consider a spheroid with half axes a and b, where a
is the axis of symmetry. If the diffusivity of species i

through the continuous phase is D its diffusivity through the

11’
dispersed phase DZi‘ and its average diffusi&ity through a

suspension of dispersed volume fraction X is Di' then

1+ XR
Di = Duy1—%x | (16)

where

K = (X D-Z.i/Dji =]

(17)
, D '®Ji +X

and



(D,,i /Dii - 1) - (Dza /D,i)
(oo ] - 6 "

The shape factor, F , is given by

°£1+( /Di- 13 M 1WMJ(DW/D" J) .(19)

where

L) = ®-%sinz conb= Alb
M@a<b) '—‘512“57@ 05

' (20)

\

i 0SS 1+
M@b) = gz 3 gn@ g (2855 )
cosd'= bla

For the case of spheres, X reduces to 2, and we are left

with the expression

| » [D:h /Dp. ‘J
+ . .
:D_; = Dii 1+ 2u Dzi/Dyi + 2

{ - o[Du/Ds—1 (21)
Dz:./Di;_'*Z
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Fricke experimentally verified the theory, using data on
conductivity in dog blood. Agrcement was excellent over the
hcmatocri't range from 10 to 90. It is possible, thercfore,
knowing Di' Dli' o , and the‘ shape of the dispersed phase
particulates, to .calculate the value for. DZi (see Figure 1),

In the case of blood, D,. is the average diffusivity of
the solute specieé i in the red blood cell, This again is a
function of the shape of the red blood cell, the diffusivity of
species i through the cell envelope or membrane and its
diffusivity through the cell interior, and the ‘thickness of the
membrane and interior. A membrane resistance of the dis-
persed phase particles does not invalidate the theory. Maxwell
(26) developed an expression for the average diffusivity through
spherical composite particles.

The expression given in equation (21) is only valid for
substances whose concentration is the same in the dispersed and
continuous phase at equilibrium.' For blood, this condition is
generally true for all hon-electrolytes (47), | but not for ions. If
a substance exhib&ts a partition coefficient K in a particular
hecterogencous medium or an active transport mechanism is
operative, the boundary conditions in the derivation leading to"
an expression for the average diffusivity mwust be changed. .The>
derivation for a dispo'rsud phase of spherical particles which

takes into account the concentration discontinuity at the phase
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boundary is given in Appendix I-1. The average diffusivity

in this casc is

r}-(Dz/Dx—i
I +20koy/p+2

{- X "sz/Q—l (22)
_kpz/Dx*z

D = Di_

D. Previous Investigations.

Many studies have been made on the exchange of sodium
and potassium between red blood cells and plasma. 7 The rates
vary significantly depending on the type of red blood cell (human,
rabbit, dog, etc.) and the experimentalist., The results of
these investigations have strengthened the membrane theory.
The experimentally determined exchange rates are very slow.
Practically all the sodium in rabbit erythrocytes is exchanged
for plasma sodium in 15 minutes (16), while the equivalent time
for human red cells appears to be as long as 22 hours (47).
The time for half-exchange of potassium is about 35 hours for
human red blood cells (29). Other research work indicates
this figure shoulci be 18 hours for complete exchange. In any
case, it is significantly differcnt from the timé of 500 msec
for 90 percent saturation of the red cell with urea (20).

The efflux of chloride from human cells occurs by a
first-order process ;vvith a half time of about 0.2 secondé (41).

This value agreces with that found by Mook (11) for the choride-
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bicarbonate exchange. Since Whittam (47) states that in the
chloride-bicarbonate exchange, it is not known which ion is
rate limiting, the half time for bicarbonate is no more than
0.2. seconds. Whittam also mentions that this half time for
chloride exchange is at least 70 times greater than that for
water.

The ‘conclusions generally drawn from such experiments
arc that the cell is enclosed in a membrane with very special
properties. The membrane allows small; lipid soluble molecules
like urea to pass relatively rapidly, and also exhibits a high
permeability to anions. The permeability of the cell membrane
for cations, however, is extremely low. In certain instances,
the permeability rates can be described at least in part by the
adsorptional kinetics (47).

The intracellular diffusion coefficients of substances are
in general thought to be very low (19), but Ling (24) refers to
work which indicates the intracellular diffusion coefficient is
only slightly less than the extracellular diffusion coefficient 'for
potassium diffusing'in an axon,

There is not an extensive literature dealing with the
diffusion of substances in blood. Spaeth and Friedlander (37)
carried out one of the first detailed studies of gas transport
in flowing blood. Intheir wofk, they calculated diffusion co-

efficients by means of the theory of transport through hetero-
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gencous mecdia based on diffusion cécfficients measured in
plasma and in concentrated hemoglobin solutions. They
a'ssumed a negligible red blood cell membrane resistance to
their diffusing species. The diffusion coefficients thus calcu-
lated were used in their calculations of convective diffusion
rates. |

Stein (38) more recently verified the use of the heterogen-
eous media theory for the diffusion of oxygen through red blood
cell suspensions. He suspended out-dated human red blood cells
in an agar gel, and studied the diffusion of oxygen ﬁurohgh this
red blood.cell-gcl mixture by means of an oxygen electrode.
His results could be explained by calculations based on the
Fricke theory. By measuring the average diffusion coefficient
of oxygen through the mixture and the diffusion coefficient of
oxygen through the plain gel, he could then ‘calculate the dif-
fusion coefficient of oxygen through the red blood cell. The
calculated value agreed within experimental error with the dif-
fusion coefficient of oxygen through a hemoglobin solution of
about the concentration of hemoglobin in the red blood cell. Un-
fortunately, the experimental errors were quite large.

Most of the methods used to study the diffusion of gases
in blood are of limited versatility. The method used by Stein
is severely limited by the number of measuring electrodes

available., The wetted wall column used by Hershey et al. (18)
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is limited to the study of gascous diffusion. The various
approaches taken by Spacth and Friedlander (37), Buékles et al,
(2), and Collingham et al. (7) are in general limited by the
solute resistance of the permeable membrane material used in.

the experimental apparatus.
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I1I. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Theory.
1. The Capillary Diffusion Method.

The capillary diffusion method was chosen for this investi-
gation. There are a number of reasons for using this particular
approach., The apparatus is uncomplicated and easy to opcrate, |
Results obtained by this method are both accurate and precise.
The number of substances which can be investigated’/ with fhis
method is limited only by the availability of suitable tracers.

The low volume requirements are a decided asset. These com-
bined advantages made it an ideal method for the present inves-
tigation.

When tracer amo@ts of a solute diffuse through a salt
solution, and’the concentration of a tracer is negligible com-
pared to the total concentration of other ions in the solution,
the diffusion coefficient of tracer is constant along the dif-
fusion path. The measured diffusion coefficient is then the
so-called ''differential' diffusion coefficient. This special case
of tracer diffusion is sometimes called self-diffusion (44).

By applying Fick's First Law, equation (3) can be re-
written as

Ons

1 = - ZYI&

(23)
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where Ni = 0. The diffusion coecfficient is not a function of n,,
in the casc of seclf-diffusion. To solve this equation, the
boundary conditions for the capillary tube configuration must
be known. With the tracer initially in the capillary tube of

length 1, the boundary conditions are

1. n. = n. t =0, 0 2x =1
i io

2. ani/'()x=0 t20, x=1

3, n. =0 t20, x=20

The solution of equation (23), given the above boundary_condi-

tions, is

n; s 5 1L | C2 Dot [
Do o *T;,.Z. G apE- Gn+D)T 1/.1] -

Dio 0=o

In equation (24), ;i is the average concentration of tracer in the
capillary at time t.

When the value Dt;/l2 exceceds 0.2, only the first term in
the expansion is necessary. In the present study, the first two
terms were used.

The above equation can only be used if the radioactive
tracer in use has a relatively long half life. For sodium-22,
with a half life of 2.6 years, it is quite satisfactory. But for
a tracer like potass.iu'm-42, with a half life of 12.4 hours, the

equation must be modified. Since the radioactive decay can be
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described by first order kinectics, the original ecquation must be

written as

on; 2 *

N Y v o o PR K'n; (25)

ot

wherc k* is the first order decay constant for the radioactive
species. The same boundary conditions still apply. Solving

equation (25) leads to

ni _ g A [_{nzD;( ndY, ¥
N, = ZY:—;o s &F -’zf::"l“)" !‘}t (26)

The boundary condition n, = 0 at x = 0 was maintained
experimentally as follows: First, the open end of the capillary
tube was in contact with a bath of sufficient volume so the
tracer concentration in it due to tracer loss by diffusion from
the capillary tube was negligible throughout the experiment;
secondly, the bath was stirred, fast enough to prevent accumu-
lation of tracer at the mouth of the capillary but slow enough
to prevent scooping out a large portion of fluid from the
capillary. Wang (44) describes a test which can be used to
determine if the scooping out is important. His results showed

that at modest stirring rates using capillaries with an approxi-
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mate diameter of 0.5 mm and lengths ranging from two to
four centimeters, the scooping out was necgligible during a
sufficiently long run., The work by Castleden and Fleming (6)
showed littlé change in the measured diffusivity between modest

stirring and no stirring conditions.

2. An Inquiry Concerning Di'

The avcrage diffusivity Di’ defined in equation (23) and
determined experimentally by the capillary diffusion method, is
based on the average concentration of species 1i. When species
i exhibits a partition coefficient in a heterogeneous system, the
value of its diffusivity in the medium depends on which concen-
tration, the average or continuous phase, is used in the calcula-
tion.

For example, consider the cylinder shown in Figure 2,
which is capped at the top and bottom by an infinitesimally
thick porous plug. The top porous plug is in contact with a’

large, stirred volume of salt solution of concentration ¢ The

1
bottom porous plug is in contact with a similar large, stirred
volume of salt solution of concentration 2% The cylinder is
filled with a mixture of the salt solution and a dispersed phase,
The salt is soluble in and can diffuse through the dispersed
phase. However, there is a partition coefficient K for the salt

between the disperséd and continuous phase which is not equal

to one.
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At stecady-state therc will be some constant flux J of
salt through the system. But depending on which concentra-
tions are used, the same flux J _will lead to different values
of the diffusion coefficient. Two ways of expressing the concen-
tration will be examined.
The steady-state expression for diffusive flux through this

system is

LC

J=D N (27)

The first approach is to base the diffusion coefficient on the

salt bath concentrations, <y and e Then

4 ~ J {
D = Cs-Ca (28)

On the two-phase side of each porous plug the concen-
tration of salt in the continuous phase is the same as the con-
centration. oi: salt in the solution in contact with the porous plug.
But because of the partition coefficient, the average salt concen-
tration on either side of the porous plug is not the same.

Consider a heterogeneous phase in the cylinder of dispersed
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Figure 2. Diffusion in Heterogeneous Media.
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phase volume {raction X. The average concentration "inside'

the cylinder is

C'= (-xX)Co + XCs (29)

where
¢, = the concentration of the salt in the continuous
phase,
¢, = the concentration of the salt in the dispersed
phase.
Since c, = Kco, equation (29) can be rewritten as
* _
or

For the special case where K =1, ¢c* = c_,

Therefore, basing the diffusion coefficient on the average

concentration inside the porous plug, we have

J._: :D* (1—O(+0(K)Cr —L Q-0+ xK)Ce,

(32)
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or
J = D*[txruk] izt
L (33)
Therefore
D = J1
(Cf' Cz)[i-CXHXK—_) (34)
Comparing equations (28) and (34), the result is
D [1-06-#0:1{} =D
(35)

This gives the rclationship between the diffusion coefficient
based on the average concentration and the diffusion coefficient
based on the continuous phase concentration. Generally, steady
state diffusion measurements involving the diffusion of gases
through liquids arec based on the continuous phase concentratioh.
Unsteady stgte, capillary diffusion measurements involving
radioactive tracers are based on the average concentration.

If the cylinder shown in Figure 2 is completely filled

with the dispersed phase ( X = 1), the equation (35) reduces to
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DK=D | (361

In this case D is the diffusion coefficient based on the apparent
concentration difference across the cylinder. From equation
(32) it is clear that D* is based on the actual concentration
difference across the medium in the cylinder. Thus D%* in
this case is the actual diffusivity in the dispersed phase.
Recall the modified Maxwell equation for the ayerage
diffusivity in a granular medium in which there is a disconu-
ity in the concentration at the boundary of the dispersed and

continuous phases.

{+ 20 [“Dz/D -
KDz /Dy 42

D=0
1 1 KD:./D,L ] (22)
D, /D2 ‘

Substituting ¢, = 1 in this expression leads to

D= D, K | (37)

A comparison of equations (36) and (37) indicates that the
average diffusivity in the modified Maxwell equation is based
on the continuous phase concentration and is related to the

diffusivity measured in the capillary method by the expression
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in equation (35). To test this conclusion, it is worthwhile to
examine any reported literature dealing with the diffusion in
heterogencous systems.

Wang (46) carricd out a number of diffusion c¢xperiments
using the capillary tube diffusion method to investigate the seif-
diffusion cocfficient of water in protein solutions._ The protecin
he used was ovalbumin, in weight concentrations up to 24.5 pér-
cent.

Tanford (39) states that rigid macromolecules,,those-
which possess internal bonding which allows little or no latitude
in the position of one part of the molecule relative to another,
can be considered as a solid particle. Osmotic and hydro-
dynamic experiments suggest that ovalbumin can be considered
as a rigid macromolecule, of almost spherical shape.

Thus, for the case of water diffusing through a protein
solution, the diffusivity of water through the protein ''phase"
should be zero. The protein ''phase' consists of the protein
macromolecule plus its bound water.

To plot the data in a characteristic ‘Fricke plot, the
measured diffusivities must be corrected for the bound tagged
water, i.e., the non-diffusible water. The protein weight
fraction must also be converted to the volume fraction of
"protein phase''.

Define H as the hydration of the protein in 'solution,

expressed as grams of bound water per gram of protein. Let
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CP be the concentration of protein in grams of anhydrous
protein per cc of solution, and w be the weight fraction of
protein in grams of anhydrous protein per gram of solution. If

the density of the protein solution is designated aslf , then

Ce= P (38)

The volume fraction, ( , of hydrated protein can now be

written as

O = Cp (QP + H/c[o> (39,

where Vp is the apparent spe‘cific volume of the anhydrous
protein in its aqueous solution, and do is the density of pure
water. Wang (45) gives a justification for this approach. The
solution ;lcnsity j) is found in Figure 3, obtained from data
of Goldstick (14) for the density of a general protein solution.
The equation to be used in describing the self-diffusion of

water in protein solutions is

dey, _ 2
e Dv Cy (40)
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where <, is the total concentration of water, and cq is the con-
centration of diffusible water. However, the data obtained from

an experiment of this type are described by an cquation of the

form

%’%_17 = D*Vzcv (41)

where <, is the amount of water (in grams or moles, etc.)
divided by the total volume. In order to solve equation (40)
and obtain the actual diffusivity D, an expression relating cq to

<, is necessary. This is obtained as follows

Cy = (I-X)Cs + K Cp (42)
where cg is the concentration of water in the continuous phase

and cp is the concentration of water in the protein phase. By

setting
4 : o
Ce= 3 Co (43)

equation (42) can be rewritten as

Co= [f-0+00g]) Cs

(44)
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Since the water in the protein phase is non-diffusible water,

and all the water in the continuous phase is diffusible,

(1-x) Cs (45)

O
o
||

Therefore

- -+ S |
Co= [ 1-% ]CA - (46)

and equation (40) can be rewritten as

oc | L Wil ¢

o " [TeeeE wocg k (&)

From equation (41)

p| SO ]
Dld=D .

and the true diffusion coefficient can be obtained by multiplying

the measured diffusion coefficient by the factor
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P

The quantity & is merely the grams of water in the protein phase
divided by the grams of water in the continuous phase. The
point should be stresscd that the corrected diffusivity is based
on the amount of diffusible water per total volume of protein
solution; it is not based on the concentration of diffusible water
in the continuous phase per unit volume of continuous phase.

It is an average, not a continuous phase concentration.

The corrected data of Wang et al. (46) are plotted in
Figure 4. The dashed line in figure 4 is the Fricke plot for
a zcéro diffusivity of water through the protein phase.

The experimental results are in excellent agreement with
the theoretical. The good correlation is also a strong verifica-
tion for the value 0.18 grams bound water per gram anhydrous
protein (45). It appears from this work that the average concentra-
tion of the diffusing species is the concentration to use when
determining the diffusivity which will subsequently be subjected
to a Fricke analysis.

The theorctical Fricke curve in Figure 4 has been correct-
ed for the non-sphericity of the protein macromolecules. The

axial ratio used to make this correction was a/b = 2.6. The
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correccted cﬁrve does deviate slightly from the curve for a
spherical particle. According to Wang (45), the equilibrium
assumption uscd in this analysis between bound and free tagged
water is valid.

Unstcady-state gascous diffusional studies have also becn
carried out on hcterogeneous systems. Goldstick (14) investi-
gated the unstcady-state diffusion of oxygen thrc;ugh protein
solutions. One detailed study was carried out using thgz'protein
BSA. The protein solution was held in a small cylinder which
had as its bottom an oxygen electrode. The electrode functioned
as an oxygen scnsor. The top of the cylinder was open to a
gas atmosphere of a particular oxygen partial pressure.

Wet gas of a known oxygen partial pressure was passed-
over the protein solution until the system was equilibrated. The
oxygen partial pressure in the gas stream was then suddenly
changed, and held at this new value during the remainder of
the run. The oxygen concentration at the sensor surface which
formed the lower boundary of the protein solution was continu-
ously recorded during the experiment,

The equation Goldstick used to describe the process was

op _ .~ Pp

—

x= D e - =
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The average concentration of oxygen in the solution is given by

the expression

CF = Co (-0 + & Cop (50)

where ¢ is the concentration of oxygen in the continuous phase

2

(X is the volume fraction of the protein phase, and <, p is
-

‘the concentration oxygen in the protein phase., It is,reasonable

to assume that ¢ = 0, in which case
o,p

Con = Cop 4-0) -~ (51)

Since

Co,= kB, - (52)

where k, is the Henry's law constant for oxygen, equation

(51) can be rewritten as

Co = R, G-X) (53)
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Multiplying through equation (49) by }6(5-00 gives

_?ikPG“O(?) = D 0% (keU-0d)) (54)
o - o

or

— —

o 9% ¢
;‘“D&%

(55)
In this case also, the measured diffusivity is based on the
average concentration of oxygen.

Again it is assumed that the diffusivity of oxygen through
the dispersed phase is zero. Goldstick reports the protein con-
centrations in weight percent, and they must be corrected to
volume percent of hydrated protcin. In the case of BSA, H
is now 0.34 grams bound water per gram anhydrous protein.
The data are plotted in Figure 5. In this case also, the dif-
fusivities based on the average concentration are in agreement
with the theorectically predicted curve. The data tend to fall
somewhat below the predicted curve.‘ This is probably because
the calculated volume of the protein phase is lower than the
actual excluded volume.

Two scts of independent experimental results indicate the
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average concentration should be used to determine the dif-
fusivity which corresponds to the average diffusivity in the
heterogencous media thecory. In both examples cited, the con-
centration of diffusing species was not continuous across the
phasc boundary betwecen the continuous and the dispersed phase.
The conclusion is that the heterogencous media theory, derived
for a continuous boundary condition, is also valid for a discon-
tinuous boundary condition if the measured diffusion coefficient
is bascd on the average concentration of diffusing sp,ecie.s ‘in
the medium. This is not in agreement with the previous con-
clusion based on a rederivation of the Maxwell equation taking
into account the discontinuous boundary condition. For the
examples just given, the measured diffusivities should be mulfi-
plied by the factor (l- X ) before they correspond to the dif-
fusivity predicted by the rederived Maxwell equation for which
KDZ/D1 = 0. The reason for this obvious inconsistency is not
known,

Since Fricke (13) has shown the heterogeneous media
theory to be independent of the size of the suspended particles,
the small size of the protein molecule should not be a complicat-
ing factor. Bull and Breese (3) investigated the conductivity of
protein solut;ions. Their experimental results can be fitted by.
the Maxwell equation if it is assumed that about 0.65 grams. of

water are bound per gram of protein. Since the conductance
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measurements yiecld an excluded volume, this somewhat high
value for the amount of bound water is not unusual. Because
the conductivities of protein solutions are consistent with the
Fricke theory, diffusivities in protein solutions would also be
expected to be consistent with the theory.

3. Bound Diffusing Speccies.

At this point it may be wisec to ask the question, if part
of the sodium in the red blood cells is bound, how will this
affect the measured diffusion coefficient? For according to
Troshin, who quotes nuxﬁerous authors, from 5 to 2,0 pc;rcent of
the cell's sodium (including erythrocytes, muscle fibers, and

egg cells) is not diffusible.

Again, the equation to be used is

0
5c = DV Ca (40)
where
c, = the total concentration of sodium,

cq = the concgntration of diffusible sodium.
Now, if g stands for the concentration of sodium in the con-
tinuous phasc¢ and Cdrbe stands for the diffusible concentration

of sodium in the red blood cell, then
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Cy= (4~0)Cs + KX Cuaippe (56)

Let Cdorbe - T Crbe’ where Crpe 18 the concentration of

sodium in the red blood cell, and ¢ = %C .
. rbc 97s

Then

Ca= (U-)Ce + KXVC pbe (57)
or

Cy = Q-oc) Ce + KTDZECs (58) .
and finally

Ca= Ci-x + x0e )Ce (59)

Now,

/

Ciy = (U-X)Ce + X Cppe

or
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c, = [4-x+ g Ce (61)
Therefore
Ce = Cx 62
Ci- oo+ o0 i
“and
~ 1- 00t DS
Ca = [ i ~0f 40, o (63)
Substituting this into equation (40) gives
0 -
ool o
P
or
oc,
or = DVvEcy (41)

where D is the experimentally measured diffusion coefficient.
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Therefore, the actual diffusion cocefficient is

I W 0 S 4= 4
D= | o O ©s)

Assume for the moment that the average concentration
of diffusing speciecs must be used to obtain a measured diffusion
coefficient which is consistent with the heterogeneous media
‘theory. A similar argument applies if the continuo,qs lzhasc
concentration should be used. The measured diffusivities will
be expected to correspond to a curve derived from the Fricke

thcory. Since

| D, 10,1 ]
+ 20|21
'1 [DZ/@A+Z

(DD (21)
! (X{Dz/D"rZJJ |

O =D,

it follows that

* J“Z‘X g;f/%:jz] (foeoa]  66)
D*- o EARR s

] - 0./1Ds-1 000G
DQ/O{"Z




i F=

The cffeet of the bound fraction on the diffusion coefficient
depends on the amount that is bound. Since the presence of a
bound fraction may not always be known in advance, it is worth-
while to know if its presence can be inferred from the mecasured
diffusivitics.

As an example, take sodium diffusing through blood where
¥ = 1/6. Assume that DZ/Dl '= 0.54 and that 0O , the
fraction of freec, diffusible sodium in the red cell is 0.6. The
Fricke curve is first determined for this system based on the
actual ‘DZ/DI ratio, and is given by the solid line i:x Fi.gurc 6. .
The expected experimental data based on O = 0.6 are then
determined from this curve, given by the circles in Figure 6.
Finally, the cxperimental data are fitted by another Fricke
curve given by the dashed line.

Although the complete range of experimental data cannot
be fitted by a Fricke plot, a sizeable portion can. In fact,
from the example, the data taken up to a hcmatocrit of 60 w.ould
not allow the conclusion that a non-diffusible fraction was present.
This would give a value for D2 lower than the actual value. A
non-diffusible fraction present would cause an underestimated
value -of D,.

At higher values of U , the effect is not nearly as pro-
nounced. For instance, at a hematocrit of 50, in the same
system where now T =0.8, D* = 1.03Dm, whereas if 0 =

0.9, D* = 1.01 D,. That is to say, if 90 percent of the
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sodium in the red blood cecll was diffusible, the measured
diffusivity and the actual diffusivity would only diff-er by onc per-
cent.

The cffcct is small because the concentration in the dis-
perscd phasc is so much less than that of the suspending
medium, This means that the amount that is non-diffusible is
a very small fraction of tl;xe total at the low hematocrits.

For a spccies which is i'xighly concentrated in the dis-
;pcrsed phase, e.g., potassium, cuite different resul}s rr‘xight be -

expected. As found previously,

1- 0+ 0%
L= D[ - X L0 (65)

Note that, whatever the species in question, Dm < D%, as
0< 7 =< 1.

As an example, consid.er potassium diffusing through
blood with DZ/D1 = 0.54 but with ¥ = 0.4 and § = 25, 1In
Figure 7, the dashed line is a Fricke plot corresponding to
DZ/DI = 0.54. The circles represent the expected experimental
data with the given T and ¥ . The solid line reprcsents4 the
Fricke plot for Dz/Dl‘ = 0.

B. Experimental Procedure.

1. The Capillary Tube Apparatus

Sclf-diffusion cocfficient measurements using the capillary.
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tube mecthod werce first made by Anderson and Saddington (1).
Their method has since been analyzed, perfected, and extensive-
ly used by Wang (43, 441).

Following Witherspoon and Saraf (31, 32), a special
capillary of variable length was used with an internal diameter
of about 0.10 em. The capillary "tube was a 50 tLl gas-tight
syringe manufactured by the Haxnilton Co., Inec,, Whittier,
California., It was modified by grinding flat the ncedle end of
the syringe at the zero mark (Figure 8). The tight,fitting
Teflon tip of the plunger effectively contained any liquid in the
capillary. The plunger allowed a convenient choice of ca'pillary
length up to about 7 cm. An optimum length of about 3 cm was
chosen based on the scooping-out effect investigated by Wang.
If the length was too short, the scooped-out portion of the cap-
illary was too large a fraction of the total capillary volume.
However, if the length was too long, too much time was re-
quired to obtain a reasonable’tracer loss. In calculating the
diffusion coefficient, it was convenient to use as few terms in
the series expansion as possible. Shorter experimental times
were preferred to minimize the biological decay of the fluid in
the capillary. |

A most critical dimension was the length of the working
portion of the capillafy. This was found by adding the length |

of the glass barrel to the length of the spacer, and then sub-
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tracting from this sun. the distance from the tip of the plunger
to the hub. Although the latter distance was difficult to obtain,
measurements made at different times were quite reproducible.

The Teflon tip first obtained from the Hamilton Co. fitted
snugly along its whole length and was used as obtained. Teflon
is subject to cold flow, and the tight fitting Teflon tip loosened
in time. Immersing the tip in boiling water rectified this
tendency, but not indefinitely. When new tips were ordered,
they were shaped somewhat differently, as shown in /Fig\fre 8
and had to be modified by cutting off the portion beyond the
raised part. It was necessary to grind a small portion of the
tungsten plunger since it fitted very deeply into the Teflon tip.
Thus the fluid in the plunger end of the capillary was not exposed
to a complete Teflon surface, but this did not seem to affect the
-results. The inner surface of the capillary tube was coated at
times with the preparation Siliclad, but it also seemed to have
né cffect on the results.

2. Radioactive Counting Apparatus.

Following Thompson (40) and Sachs (30), both the sodium-
22 and the potassium-42 were counted in a well type scintilla-
tion counter. Sodium-22, with a half life of 2.6 years, emits
gamma radiation with a peak energy of 1.274 Mev. Potassium-
42 has a half life of 12.4 hours. Its strong gamma radiation

(18%) is 1.53 Mev. It also emits a strong beta radiation.
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The counting apparatus consisted of a Baird Atomic Model
810B Well Scintillation Dectector. A two dram polyvial f{itted
snugly into the well. The detector was powered by a Model
409A High Voltage D.FC. Supply xna'de by the John Fluke Mifg,
Co., Inc., Scattle, Washington. The output from the detector
was fed into a Baird Atomic Model 250 Amplifier-Analyzer.
The amplified signal was finally passed to a Baird Atomic Modei
132 Multiscaler 1I, which recorded the counts per minute. A
Baird Atomic Model 960R Timer was used in conjun,ctiox.l with
the Model 132 Multiscaler. The power source for the Model
132 was a CV-1 Constant Voltage Transformer manufactured by
the Sola Electric Co., Chicago, Illinois.

The beta emitters were counted in a Beckman LS-100
Liquid Scintillation System.

3. The Diffusion Run.

The capillary tube was filled by first depressing the
plunger until the Teflon tip protruded slightly from the ground
end. This end was then immersed in the tagged solution, and
shaken to dislodge thc bubbles which commonly formed on the
Teflon tip. The plunger was then pulled up until the capillary
was slightly over-filled with respect to its final volume. The
tagged solution was completely wiped off the sides and tip of
the capillary. During this procédure some of the liquid right

in the top of the capillary tube was lost, which dropped the
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liquid level in the capillary below the ground face. The spacer
was then placed between the glass barrel and the hub of the
plunger, and the plunger depressed until the hub contacted the
spacer. This sect the capillary volume. At this point the fluid
protruded out slightly from the end of the capiliary tube. This
could be left to counteract the initial scooping-out when the
capillary was placed in the bath solution. The slight excess
was removed using the corner of an absorbent paper. In this
way, the liquid was absorbed slowly, and the procegs was
stopped at the exact point where the excess liquid disappeared.
A small poly‘cthylcnc bag was placed over the plunger end of
the capillary tube and secured to the glass barrel by means of
a rubber "O'-ring (Figure 8).

The filled capillary tube was then inserted into a Teflon
cylinder (Figure 9) ‘which was subsequently filled with the bath
fluid and placed in a water bath.

Three samples were taken before the run was started to
determine the initial concentration of tracer in the capillary.

The cylin.der was positioned so the end containing the
capillary tube was down. The top of the cylinder was then ﬁn-
screwed, and the prewarmed bath solution poured slowly down
the side of the cylinder from a flask until the cylinder was al-
most full. The tilnéx' was started the moment the bath liquid

came in contact with the open end of the capillary. The un-
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screwed top, with thcb stopcock open, was then replaced. ’A
10 ml syringe, fitted with a long ncedle, containing the bath
solution, was inserted through the stopcock into the cylinder and
completed the filling process. The stobcock was closed, the
cylinder was inserted into its holder and lowered into a water
bath.
| The cylinder was rotated horizontally; the capillary was
parallel to the lab bench. A weighted stirrer inside the cylinder
remained stationary as the cylinder rotated, “thus stirring the
bath fluid.

The bath fluid was the same composition and concentra-
tion as the continuous phase in the capillary tube, but did not
contain the tagged species. Therefore, the ‘only concentration
gradient in the system was in the concentration of tracer in the
capillary. | |

At the end of the run, the cylinder was removed from its
holder and positioned stopcock downward over a flask. The stop-
cock, was opened and the syringe carefully removed. The si.des,
of the capillary were wiped dry, and as much as possiblé of the
excess liquid on the ground end of th.e syrihge was removed,
Care was taken not to remove any liquid in the capillary tube
itself, The contents were then ejected into an appropriate
counting vial. To the vial was also added approximately one ml
of water which was used to rinsec the end of the capillary. This

insured complecte removal of all tracer. A .larger volume of
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rinsing fluid was found unnccessary. The timer was stopped
just as the capillary was removed from the Teflon cylinder.

4. Preparation of Blood.

To produce a suspension of any given hematocrit, the red
cells were first separated from the plasma by centrifugation and
then recombined with the plasma in the proper proportions. In
packing the cells they were centrifuged for 20 minutes at 2500
rpm in a Universal Model UV centrifuge made by the Interna-
tional Equipment Co. The original hematocrit was ?bse.rVed
directly by using graduated centrifuge tubes. The plasma was
decanted and the buffy coat always discarded.

Rabbi.t blood was obtained fresh from the Biology Division
of the California Institute of Technology. The anticoagulant used
was ACD. Citrated human blood was obtained from Hyland
Laboratories, Los Angeles, California.

When the red blood cells were to be suspended in an arti-
ficial plasma such as Earles' Solution, they were first washed
one or two times in an isotonic salt solution and then twice in
the artificial plasma. The stored blood was kept in a_ refriger-
ator at about 6°C.

5. Blood-Gel Mixture.

When the apparatus was originally designed, it was hoped
that the slowly rotafing, horizontal capillary tube would keep the

red blood cells esscntially stationary, but this did not turn out
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to bec the case. To avoid the problem of cell motion, a gel
suspension was preparcd using a technique developed by Stein
(38) for another geometry.

One gram of agar was dissolved in 90 ml of Earles
Solution A (Appendix II-2) by heating the solution to boiling.
After cooling the solution to 43°C in a water bath, 10 ml of
Earles Solution B (Appendix II-2) were added. The solutions
could not be combined beforchand due to the formation of a pre-
cipitate on heating. A volume of packed red blood ,cells was
also brought to 43°C. A certain amount of cach was added to
a vial containing the radioactive material, also in a 43°C water-
bath, to give a desired hematocrit, "I‘he contents were stirred
by shaking the vial and allowed to equilibrate for a éertain
length of time. Samples were taken from the vial for the experi-
ment. When using the blood-gel mixture, no excess liquid was
left on the end of the capillary. |

A sample was drawn into.the syringe and allowed to cool
and gel for 5 minutes. It was then brought to the correct‘
volume by mcans of the spacer, and the excess gel protruding
from the capillary was neatly removed by a double-edged razor
blade.

The b‘ath solution in the cylinder consisted of 10 ml of

Earles Solution B in 90 ml of Ear‘les Solution A.



-60-

6. Radiovactive Counting Procedure.

The well scintillation detector used in counting sodium
and potassium was calibrated using a Cesium 137 source. The
battery of instruments was allowed to warm up for approximately
one hour. The pulse-height selector knob on the Multiscaler
was turned to its maximum value. The high voltage supply was
set at 850 volts, positive polarity. The lower level on the
Amplifier-Analyzer was set at 6.62 (66.2 volts) and the
"Integral-Differential" switch set in the ''Differential)’ position.
The window was set at 2.00 (4.00 volts). The cesium sample
was placed in the well, and counts were taken over one minute
intervals. The coarse and fine gain settings were varied until
a maximum cpm reading was obtained. This completed the cali-
bration procedure.

To count a radioactive sample, the lower level was set
at 0.50 (5.00 wvolts) ‘and the '"Integral-Differential' switch moved
to the '"Integral'' setting. The sample was placed in the well
and counted for a given amount of time, generally 10 minutes.
A background count, with no sample in the well, was taken at
the beginning and ecnd of a series of sample counts. A sample
was generally counted twice to insure reproducibility of the

count. The samples were always less than one microcurie,
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IV, EXPERIMENTAL DATA AND ANALYSIS

A. Sodium Diffusion.

1. The Diffusion of Sodium in Potassium Chloride

Solutions.

Wang (44) made a detailed study of the self-diffusion of
sodium-22 in a potassium chloride solution, to determine how
the measured self-diffusion coefficient varied with increasing
solute concentration. It was decided to test the res’ults'o.f thel
present apparatus against his data.

An appropriate volume of radioactive sodium-22 solution
- was evaporated to dryness and redissolved in a small volume
of 0.100 M potassium ;hloridc solution. This solution was used
in the capillary tube. The bathing solution usedin the cylinder
was the 0.100 M potassium chloride solution. The water tem-
perature bath used in these experiments was maintained at 25°cC.

The first few runs lasted 48 hours. With this length of
run all terms after the first in the series expansion solution to
the diffusion equation could be dropped. The average self--
diffusion cocfficient of sodium-22 through 0.100 M potassium
chloride solution, based on three runs, was 1.320 (£0.013) x
10-5 cmZ/sec.

Since the goal was eventually‘( to use blood in thé apparatus,

a shorter run was desirable., With this in mind, three runs
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were made with the same system, but for only 29 hours. This
necessitated including the second term in the scries expansion
solution. The average sclf-diffusion cocfficient {for the three

2 cmz/scc. Since shorten-

short runs was 1.310 (£0.013) x 10~
ing the run time to 29 hours had no effect on the diffusion co-
efficient determinations, the duration of the run was further
rcduced to 24 hours for the remainder of the experiments.

The result obtained by Wang for the self-diffusion co-
efficient of sodium-22 through a 0.100 M KC1 soluti,on was 1.36
(£0.037) x 1'0-5 cmZ/sec. This result was in good agreement
with that found in the present investigation, which indicated the
capillary diffusion apparatus was performing well. Wang used
glass capillary tubes with an internal diameter of 0.5 mm, where-
as a 50 fk 1 syringe with an internal diamefer of 1.0 mm was
used in this work. The volume of his diffusion bath was one
liter, whereas the volume of the diffusion bath in this work was
approximately 80 ml. One concern was that the small bath
volume would invalidate the boundary condition of zero tracer
concentration at the mouth of the capillary. The shorter run
time would be favorable from this standpoint.  The results

which were obtained indicated the boundary condition was held

throughout the diffusion run. |
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2. The Diffusion of Sodium in Sodium Chloride

Solutions.

A few determinations of the self-diffusion coecfficient of
sodium-22 in 0.100 M sodium chloride solutions at 25°C were
also made. Averaging the results of four runs gave a value
of 1.344 (£0.012) x 10-5 cmz/sec. These were 48 hour runs,

Mills (28) measured the seclf-diffusion of sodium in sodium
chloride solutions at 25°C using the capillary tube apparatus.
Extrapolating back his results to 0.10 M NaCl gave a’va.ly.e‘ for

5 2
cm” /sec.

the self-diffusion coefficient of approximately 1.31 x 10~
Castleden and Fleming (6), using the same technique, ob-
tained a self-diffusion coefficient for sodium diffusion in a 0.10 M

5 2
cm’ /sec.

sodium chloride solution of 1.25 (£0.03) x 10~
The data of Slade et al. (35), although not obtained in a

capillary tube apparatus, confirmed the data 6f Mills. Their

measurements gave a value for the self-diffusion coefficient of.

5

sodium in a 0,10 M NaCl solution of 1,305 x 107> em?%/sec.
The diffusivitiecs obtained in this study were definitely higher
than those reported in the literature. |

It was soon discovered that the distance between the mouth
of the capillary and the stirrer was a critical factor in obtain-
ing reliable results. The stirrer could not be képt close to

the mouth of the capillary. Once the stirrer was properly

positioned at the far end of the cylinder, a value for the dif-
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fusion cocfficient of sodium in 0.100 M NacCl at 25°C, based
on two 24-hour runs, was found to be 1.316 (+0.00) x 10-5

cmZ/sec. This result was much more satisfactory.

3. The Diffusion of Sodium in Rabbit Plasma.

Fresh rabbit blood was diluted approximately 6:1 with ACD
solution (30 ml ACD to 200 ml blood), and immediately centri-
fuged. The plasma was dccanted and the red blood cells dis-
carded. A small portion of the plasma was added to a vial
containing the radioactive sodium. The remainder was used as
the bathing fluid in the capillary apparatus. Since t,he I;Iasma
tended to deteriorate rapidly at 37°C, the runs were carried
out at 250C. Based on five runs, the average self-diffusion
coefficient of sodiwm in the plasma was found to be 1.031
(£ 0.030) x 107> em®/sec.

The specific gravity of the plasma at 25°C was 1.025.
The ratio of the viscosity of plasma to that of water at 25°C
was 5/3 (1.667). If the expected diffusivity of sodium in the
plasma is calculated based on a viscosity correction of the

sodium diffusivity in water, the equation to be used is

DP — D HO
H.0 YlP (67)
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Therefore,

Dr = (1.3)167) %16% cm?/ s

n

079 % I6° om?/sic

and the actual is considerably higher than the expected. The

actual diffusivity ratio is

Do /Dyp= 1031 /1316
= 0%

This high ratio may be peculiar to sodium, which would
suggest a sodium diffusion augmentation mechanism in the plasma,
or may be due merely to the poor ability of a viscosity correc-
tion to predict diffusion behavior in fluid systems such as plasma.

Spaeth (36) compiled the available data on the diffusivities
of oxygen through water and plasma. From these data it
appeared as though the viscosity correction should be valid, and |
in light of this the results of the diffusion of sodium in plasma
found in this study become quite interesting. However, the
evidence is not conclusive.

Stein (38) also obtained measurements of the diffusion of
oxygen through water and plasma. From his work, a diffusivity

ratio of 0.75 was obtained. If his results are correct, the con- )
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clusion follows that therc is nothing peculiar in the diffusion of
sodium through plasma. Unfortunately, he did not give viscosity
data for thc plasma he used, so a more concretc conclusion can
not be formed.

4, The Diffusion of Sodium in Rabbit Blood.

The determination of the diffusion of sodium through rabbit
blood was only slightly more involved than the determination of
the diffusion of sodium through plasma. A sample of blood was
centrifuged and the piasma decanted. A given volurhe of i)acked
red blood cells was added to a certain volume of plas‘ma to give
a desired hematocrit. This blood sample was then placed in a
vial containing the radioactive sodium and eventually drawn up
into the capillary tube., Plasma was used as the bath fluid; the
presence of red cells in the plasma bath was not considered
necessary.

The capillary tube was set in a horizontal position and
rotated at approximately 10 rpm. Calculations, taking into
account both the settling velocity and the centrifugal force on
the red cells, indicated this configuration and rotational speed
would minimize the red blood cell movement.

The results of this experiment indicated the convection
problem had not beerf completely eliminated (Figure 10). Except
for the case of packed cells, this method does not appear valid
for measuring the diffusivities of solutes in blood. Only one

approach remained; the cells must in some way be immobilized.
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The work of Stein (38) indicated an agar gel would be an
effective sé)lution to this problem. Since the liquid used to
make the gel solution must be hcated to the boiling point of
water to dissolve the gel, plasma could no longer be used.
Earle's Solution was chosen as the artificial plasma. An arti-
ficial plasma has the advantage over regular plasma of being
chemically reproducible.

5. The Diffusion of Sodium in an Agar Gel.

The preparation of the gel has already been dc;scri.bed.
The hot gel solution was drawn into the capillary and allowed to
set before the run was initiated. The liquid in the Teflon cylinder
was Earle's Solution.

The results for the diffusion of sodium through the agar
gel at 25°C ar.e given in Table I. The two sets of experiments
were made at different times of the year with slightly different
capillary lengths. The results evidence good reproducibility and
negligible variation in time. The overall average value for the
self-diffusion cocfficient of sodium through the one percent agar

-5 cm2/sec. This is the value

gel (w/v) was 1.254 (£0.025) x 10
for D1 which will be used in the succeeding calculations.

6. The Diffusion of Sodium in an Agar Gel Suspension

of Rabbit Red Cells.

As was stated earlier, the rabbit blood was obtained fresh,
by means of a small incision in the ear of the rabbit. The

rabbits were New Zcaland Whites, and were kept by the Biology
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Table I. The Diffusion Cocfficicnts D1 of Sodium in a One

Pcrcent Agar Gel at 25°C.

Date D x 105 (cmz/sec)
Oct. 1968 1.255
it 1,250

" : ' 1.264

April 1969 1.235
" 1.254
" 1,266
7 _ 1.254

" 1.258

Average value 1.254



-70-
Division of the California Institute of Technology. Some of the
experiments were made with the blood the day it was collected,
others with red blood cells stored for a‘ few days in Earle's.
Solution at 6°C.

The diffusional data obtained in this phase of the inv.es’ciga-
tion are plotted in Figure 11, These experimentally determined
diffusion coefficients are based on the average concentration of
tracer in the capillary as defined in equation 23. The unrevised
experimental diffusion coefficients presented in this lwor}< are
always of this form. They were calculafed by means of equation
24 from the initial and final cohcentrations of tracer in the cap-
ilary.

The scatter in the data is quite pronounced. Referring to
the data in Table VI (Appendix III-1), Dz is calculated as 0.54
(£0.10) x 1073 cmz/sec. This is the effective diffusivity of
sodium through the rabbit red blood cell based on the average
concentration of sodium in the red cell-gel mixture,.

Kreuzer (22) determined the value of the diffusion co-
efficient of oxygen through red blood cells as 0.43 (*¥0.07) x

1072

cmz/sec at 37°C. Keller (21) determined the diffusivity
of oxygen through a concentrated hemoglobin solution (33 weight
percent) as 0.86 (£0.21) x 10”5 cmz/sec at 25°C. Therefore,

the lack of reproducibility in this work is not extremely large

comparcd with the deviations presented by other investigators.



=l

10

O-?- \\ \pj\

g
O 0.4 AN :
\ :
N
D./D=0
" 2 n
02 1 ~
N
No
N
0O l ! ! ! N
O o2 0.4 0.6 0.8 1.0

VOLUME FRACTION OF
RED CELLS

Figure 11. Diffusion Coefficients of Sodium in Agar
Gel Suspensions of Rabbit Red Cells at 25°C.



" 1.
However, based on the excellent reproducibility of results
obtained in this investigation on the diffusion of sodium through
salt solutions and the agar gel before the rabbit blood work,
and that done afterwards on the diffusion of ions through human
red blood cell-gel mixtures, the lack of precision here stands
as an enigma. No single reason seems convincing.

The striking aspect of this work is the value 0.54 x 10-5
cm2/sec for the diffusivity of sodium through the red cell. This
diffusivity is slightly more than half that through plisme}, -and
much higher than expected. All studies dealing with the transport
of sodium across the cell membrane, as discussed in Chapter II,
indicate the membrane is very impermeable to this ion. Because
the membrane appears so impermeable to sodium, the average
- diffusivity of sodium through the red cell (membrane plus interior)
would be expected to be orders of magnitude less than the dif-
fusivity of sodium in plasma.

The obvious answer is that the results should be inter-
preted differcntly. The modified Maxwell equation discussed
earlier indicated that the diffusion coefficients should be based
on the concentration of diffusible species in the continuous phase.
Revising the data accordingly, the results given in Figure 12
are obtained. To obtain these diffusivities based on the concen-
tration: of sodium in the continuous phase, it must be assumed

that the ratio of the concentration of tagged sodium in the red
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cell to that in the gel remains the same throughout the run.
This ratio is 1/6. Figure 12 indicates the value for DZK is
esscntially zero. The actual diffusivity of sodium through the
rabbit red cecll is six times the value for D2 in the DZ/Dl curve
which best fits the data in Figure 12, but because of the experi-
-mental error and tBe uncertainty in the red cell shape factor, a -
precise value for the diffusion coefficient of sodium through the
~red cell can not be obtained. The value does appear to be much
less than D,, the diffusivity of sodium through the/gel.

This second approach is consistent with the expectation
expressed above of a relatively low diffusivity of 'sodium through
the red cell. This approach is strictly valid only if the concept
of the physical state of the cell held by Troshin is correct,
where the concentration discontinuity of sodium between red cell
and plasma is the result of a phase solubility. If, on the other
hand, this concentration discontinuity is the result of an active
transport mechanism, this approach may be only approximately
valid.

The sccond approach is not without its shortcomings, how-
ever. As discussed previously, the diffusion .cocfficients based
on the continuous phase concentration for the self-diffusion of
water and the diffusion of oxygen in protein solutions are not
consistent with thosé predicted from thc; Fricke theory. The
calculated diffusion coefficients are consistent with_ the theory

when based on the average concentration,
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Reccall the work reported carlicer on the diffusion of sodium
in rabbit blood. The obscrved diffusivity lhrougvh the packed
cells was 0,527 (£0.014) x 10“‘5 cmz/sec. This agrees well with
the effective diffusivity of sodium through the rabbit red cells
based on the average sodium concentration found in the red cell-
gel work,

By assuming a reasonable void fraction in the packed red
blood cells of six percent, the value of D, in the red blood cell-

5

gel experiment is recalculated as 0.50 x 10 cmz/sefc. “The

Fricke analysis must now be used to obtain D, in the packed red
blood cell-plasma run. It is now calculated as 0.50 x 10-5
cmz/secv. The agreement is still excellent.

This consistency in the value of D, over the full range of
hematocrits, for two different red cell environments, is a strong
argument in favor of the value for the diffusivity of sodium in

the red cell as 0.5 x 10-5

cmZ/sec. This consistency’wéuld not
be expected if the analysis was not correct,

If the high effective diffusivity of sodium through the red
blood cell really exists, it is most interesting. There ‘are two
factqrs which could contribute to this phenomenon. One is the
actual diffusivity of sodium through the red blood cell and the
other is a surface diffusion of sodium around the red cell. The
present analysis only >allows the statement that there is an effec-
tive diffusivity of sodium through the red cells It does not give

any information concerning the actual diffusional mechanism,
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It has been shown by a previous discussion that if a pbrtion
of the spclium is reversibly bound in the red blood cell, it would
give an obscrved diffusivity through the red cell which is less
than the actual diffusivity, Therefore, the high diffusivity ob-
served for sodium in the red cell is not an artifact caused by
any internal binding of sodium. In fact, it does appear as though
the whole of the cell sodium is exchangecable (47), and this ex-
change is essentially complete in 15 minutes for rabbit blood (16)..

To determine what effect the active transpbrt mechanism
might have on the sodium diffusional behavior, four experiments
were completed. The red cells used in three of these experi-
ments were incubated for 24 hours at 25°C in a dextrose defi-
cient Earle's Solution. This procedure depleted the intracellular
ATP, and halted the active transport mechanism. The ratio of
intracellular to extracellular sodium should be much closer to
one for these cells than for fresh red cells. One experiment |
used red cells which had been incubated in a dextrose-deficient
media at 25°C for 17 hours, then in Earle's Solution for 5 hours
at 37° C to restore the ATP.

The data are_giveh in Figure 13 along with the average
result for fresh rabbit cells, Depleting intracellular ATP
appears to have no discernible difference on the behavior of
sodium diffusion in thé suspension, 'Incubating the cells in a

dextrose deficient media would not be expected to appreciably
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incrcase the diffusion coefficient of sodium in the red cell. If
the diffusion cocfficient of sodium inside and outside the cell
remains the same, changing the ratio of intracecllular to extra-
cellular sodium should, according to the modified Maxwell
equation, change the average diffusivity of sodium through the
medium. This docs not seem to be the case. The results are
more consistent with the assumption that the Maxwell equation
holds regardless of any concentration discontinuity at the phase
boundary.

Because of the method used in determining the diffusivities
in this investigation, care must be taken in the application of
these results. The sodium ion diffusivities calculated here are
based on that fraction of the total sodium ion concentration which
is exchangeable with the added radioactive sodium. If, for in-
stance, a sizcable portion of the red blood cell sodium was
essentially nonexchangeable with the added ré,dioactive sodium
over a 24-hour period, using this diffusivity and the total amount
of sodium in blood to calcx'llate expected sodium fluxes would
give erroneous results. Since it does appear as though the
sodium is completely exchangeable, the applications should be
straightforward.

7. The Diffusion of Sodium in an Agar Gel Suspension

of Human Red Cells.

Human blood was obtained from Hyland Laboratories, Los

Angeles, California, for this work.  The blood was approximately
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two days old when it was obtaincd.

Experiments were made at 25°C for hematocrits of 20,
30, and 50. The results basced on the average concentration of
sodium in the red cell-gel medium are given in Figure 14, .Thev
results are weli described by a curve derived from the Fricke
t'heory for DZ/Dl = 0.35. The calculated valﬁe for the effec-
tive diffﬁsivity of sodium through human red blood cells, based
on these results, is 0.44 (£0.02) x 10"5 cmZ/sec. This -is
somewhat lower than the value obtained in. the rabbit’bloc:d,‘ but
not enough to suspect the diffusional mechanism is not the same
in both cases.

The diffusivities based on the concentration of sodium in
the continuous phase, assuming ¥ = 1/6, are plotted in Figure
15, In this form, the data are consistent with the ass'umption
of zero diffusivity of sodium through the red cell. Since the
célls were cold stored prior to the diffusion runm, the value of
¥, could easily have been‘ somewhat larger than 1/6. This
might in part account for the experimental values falling below

the line for D, = 0.

Z
Li and Gainer (23) have presented an equation which pre-

dicts the diffusivity of a solute through a protein solution.

Their equation is

2 (D[ 2k,) o«
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wherc
D, . = diffusion cocfficient for a solute diffusing
through a polymer solution,
Dab = diffusion coecfficient for a solute diffusing
through pure solvent,
A = solute,
B = solvent,
s = polymer solution (solvent B plus polymer),
M = molecular weight, .
Vv = molar volume,
AHm = heat of mixing of the polymer with the solvent,
AHvap = heat of vaporization of the pure solvent.

This indicates that for a given dilute polymer solution, the ratio
of the diffusivity of any solute through the given polymer solution
to that through pure solvent is always the same, since it is only
a function of the properties of the polymer and the solvent. It
may be worthwhile to extend this idea to the limit of the red
blood cell, which is no longer a dilute polymer solution, to sce
what information can be obtained.

The diffusivity of sodium ”through"' the human red cell is
0.44 x 10™° cm®/see. Its diffusivity through a 0.100 M sodium

3 cmz/sec. The rétio of these

chloride solution is 1.316 x 10~
two diffusivities is 0. 33,

Stein (38) measured the diffusion of oxygen through packed
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human red blood cells. His result for the diffusion of oxygen

& cmzlsec. At relatively low

through water was 2.03 x 10~
oxygen partial pressures, he obtained three results for the dif-
fusion of oxygen through packed red cells which averaged out to
a value of 0.53 x 10-'5 cmzlsec at 25°cC. With 100 percent
oxygen above the sample, he obtained two results which aver-

. cmz/sec. This gave a diffusivity ratio

aged out to 0.80 x 10~
of 0.26-0.39, which brackets the sodium results presented in
this study. This supports the idea that, if the calculated effec-
tive diffusivity of sodium through the red cell is no::. an‘ artifact,
the diffusion mechanism is probably not surface diffusion, but
a.ctual diffusion through the red cell.

All the sodium experiments were made with the same
batch of blood. The first experiment was made with the blood
approximately three days old, the last on approximately the
expiration date. The results indicate the aging of the blood had
no effect on the diffusional behavior of sodium throﬁgh the red

blood cell-gel mixture.

8. The Diffusion of Sodium in an Agar Gel Suspension

of Fixed Human Red Cells.

Fixed, osmotically inactive human red cells were kindly
supplied by Dr. Meiselman of the Thomas Laboratory at the
California Institute of Technology. The cells were washed twice
in Earle's Solution prior to use. The shape of the fixed cells

appeared normal when viewed under the microscope.
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To test whether the cells slowly adsorbed radioactive
sodium, a dilute solution of the cells was mixed with a solution
of radioactive sodium. Immediately after mixing, a sample was
taken and centrifuged. A one ml aliquot was removed from the
supernatant, The dilute suspension containing the radioactive
species wasvallowed to sit with occasional stirring for 24 hours
at room temperature. After this time, another sample was
removed and centrifuged. Again, a one ml aliquot was taken
from the supernatant. The two aliquots were countgd in the well
scintillation counter. The count rate in the initial sample was
8524 cpm, while that in the final sample was 8529 cpm. The
rcsults were negative,

The measurement of the volume fraction presented a
problem. The fixed cells, when packed, formed a fairly solid
mass, which could not be drawn up in a syringe. An accurate
volume of packed cells could not be measured, and the volume
fraction of cells in the capillary could not be determined in the
manner used with fresh red cells. To circumvent this problem,
the hematocrit was determined after the run was started.

A two dram polyvial was partially filled with a radio-
active sodium solution. The solution was evaporated to dryness,
and the vial placed in a 43°C water bath. A certain volume of
hot gel solution (agar gcl-Earlefé Solution) was added to the vial.
The cells were washed, packed, and heated to 43°c. A volgme

of warm, packed cells was added to the gel solution and thor-
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oughly mixed.,  Samples were taken and the diffusion run was
initiated. A 100 ml volumectric flask was partially filled with
warm (45-50°C) water, to which was added 0.5 .ml of the hot
gel-fixed cell suspension. The flask was allowed to cool to
room temperaturé, then filled to the mark. The pipet deliver- |
ing the suspension was completely rinsed with warm water into
the flask to offset the volume loss of the suspension on cooling
to room temperature. Since the dilution was 200:1, the contents
' of the flask coulci be introduced directly into a standard hema-
cytometer. In this work the Bright Line Counting Chamberv,
manufactured by the American Optical Company, Buffalo, New
York, was used. The volume of the red cell was assumed to
be 85 p° .

The resultsare presented in Figure 16, The curve pre-
dicted from the Maxwell equation for zero diffusivity is given
as a reference. The data lie somewhat above this line.

The void fraction of these fixed cells in a packed condition
is approkimately 40 percent, and it was probably closer to .50
in this investigation. The gel solution was significantly diluted
when the packed cellvs were added, and the value of the diffusion
coefficient for sodium in the suspending medium was larger than

3 cmz/sec used to calculate the diffusion co-

that of 1,254 x 10
cfficient ratios in Figure 16. Also, rinsing the pipet possibly

overcompensated for the volume decrease on cooling, making
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the measured hematocrits too high. Both cffects just stated
would tend to drop the results closer to the curve for zecro
diffusion through the dispersed phase.

Since the fixed red cell is a gelled mass of protein, the
diffusion of sodium through it is cxpected to be zero. The
results, bascd on the average concentration of sodium in the
suspension, are close to the curve predicted by the Maxwell
equation for zero diffusivity through the dispersed phase. A
comparison of these results with those-in Figure 14, for_the
diffusion of sodium through an agar gel suspension of human red
cells is interesting. It is obvious that the washout of tracer is
greater for the suspension of fresh cells than it is for the sus-
pension of fixed cells.

Fixing the red cells should poison the active transport
mechanism, which would tend to equalize the intracellular and
extracellular sodium concentration. Thus, the discrepancy be-
tween the sodium diffusional data with fixed and fresh red cells
would not be in opposition fp expectations based on the modified
Maxwell equation.

9. The Diffusion of Sodium in an Agar Gel Suspension

" of Glass Spheres.

A secrics of experiments were made on the diffusion of
sodium through a gel suspension of glass spheres. The spheres
were the 29 }1 Superbrite Glass Beads manufactured by the 3M

‘Company, Minneapolis, Minnesota. By adding a known weight
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of glass spheres to a known volume of hot gel, the volume
" fraction of sphcres could be calculated.,  The gel was one per-
cent (w/v) agar gel in Earle's Solution (Appendix 1I-2).  The
glass spheres scttled rapidly in the hot gel, and the ge‘l-g’lass
sphere suspension containing the radioactive tracer had to be
shaken vigorously immediately prior to filling the capillary.
The void fraction for the packed spheres was 40 percent.

The results are plotted in Figure 17, The Fricke curve
for zero diffusivity of sodium through the spheres is also_given
in Figure 17. In this case it seems as though the only explana-
tion for the observed phenomena is surface diffusion of the
sodium ion. The shape of the curve is quite peculiar. A glass
sphere volume fraction of five must be exceeded to obtain an
enhanced diffusion. This behavior is not predicted by previous
analyses (26, 33, 34). The reason for this apparently anomalous
behavior is not understood. Possibly, a certain critical distance

between the spheres must be attained for the surface diffusion

mechanism to operate,

B. Potassium Diffusion.

1. The Diffusion of Potassium in an Agar Gel

Suspension of Human Red Cells,

The short half life of potassium-42 made the experiments
more difficult than those previously described. The rate of

decay of the radioactive potassium had to be accounted for to

obtain meaningful results,
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One millicurie of radioactive potassium, as KCl, was
ordered per shipment from the International Chemical and
‘Nuclear Corporation, Nuclecar Science Division, West Mifflin,‘
Pennsylvania. The liquid sample was diluted to five milliliters
on delivery. For a given run, one milliliter of this hot solution
was diluted to give a final solution concentration of four milli-
curies per liter. One-half milliliter of this solution was evapo-
rated to dryness and used in the experiment. The potassium
experiments were carried out in exactly the same way as the
sodium experiments. Three initial samples were taken before
the run was initiated. The run was concluded 24 hours later.
In this case, howcver, not only was the time recorded when the
experiment started and when it finished, but also when each vial
was counted in the well scintillation counter. Each vial was
counted thrce or four times. Knowing the decay constant for
potaésiurn-42 and the time between the beginning of the run and
the counting of each initial sample vial, the counts per minute’
in the capillary at the begi.nning of the experiment could be cal-
culated. The counts per minute in the capillary at the end of
the experiment from the final sample vial were similarly cal-
culated. From thesc corrected count rates, the diffusivity was
calculated, using that form of the diffusion equation which took
into account the radioactivc decay.

To solve for the diffusivity, an accurate value for the
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radioactive decay rate was necessary.  Merrit and Taylor (27)
recently determined the value for the half life of potassium-42
to be 12.358 hours. This number was accurate enough for this
investigation. The deccay constant, calculated from the half life,
is 1.5580 x 107> sec™l.

A potassium sample was counted for 10 minute intervals
over a period of a few hours. From a plot of the counts per
minute versus time, the decay constant was calculated, whicim
was found ta be 1,591 = 10°° see”l, - This 48 in excellsat agree-
ment with tﬁc literature value.

A two-run average gave a value for the diffusion coefficient

. cmz/sec. Two experi-

of potassium with the gel of 1.890 x 10~
ments in the red blood cell-gel mixture at a hematocrit of 20
gave diffusivity ratios of 0.564 and 0.540 respectively (Table X,
Appendix III-1). These diffusivities are based on the average
concentration of radioactive potassium in the red cell-gel medium.
Referring to Figure 16, it is observed that this value is below
the line for zero diffusivity through the red 5lood cell.

As indicated in Chapter II, if a significant amount of
reversible binding of the potassium in the red cell occurred, the
observed results would not be surprising. However, such results
do not unambiguously show pecnctration of potassium into the red

cell. The results could be described by postulating the added

‘radioactive potassium does not penetrate the red blood cell but
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oﬁly adsorbs to the cell surface. In terms of the membranc
ccli the‘ory with Z low perimeability of the recd cell membrane
to potassium, somewhat similar rcsults might be expected,
Since the cecll potassium is cffectively contained by the mem- '
branc, only the plasma potassium would be diffusible. Thus,
the diffusivity ratio predicted by the Fricke analysis for no
diffusion through the dispersed (red biood cell) phase should
result. But since a potassium adsorption mechanism is opera=~
;tivc, the experimental value would be even lower. This is an |
explanation. 'Based on numerous results of potassium uptake :
by red cells, however, it is probably not an adequate explana-
tion.

If the red cclkl is covered by a membrane which is very
impermeable to potassium, but not completei’r impermeable
over thg time scale of the diffusion run, a somewhat different.
explanation than that of the previous discussion would result,.
'During the diffusion fun, the red cells would act as sinks for
the radioactive potassium.’ The ratio of the diffusivity of pétas-
sium through the red cellvto that through the plasma would still
be mﬁch less than one, or eséentially zero on the Fricke curve
because the membrane is only .slightly permeable ;co potassium.
Since the radioactive potassium is in a sense being irreversibly
bound by the red cell, éimilar data to that reported in this in-

vestigation should result,
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In the light of Raker's work (29), this description secms
quite plausible. He believes the cell membrane is quite im-
permeable to potassium and calculates a half time of exchange
of approximately 35 hours. Since in this work the experiment
lasted only 24 hours, and the final potassium concentration (on
a non-deccay basis) was greater than half the original concentra-
tion, the red cells should, on the average, have acted as a sink
for potassium throughout the run. Analyzing this would involve

solving an cquation of thc form

oct 2 |
5 = Dv* (cp-x)) - Key (69)
where
¢, = total concentration of potassium,
k* = radioactive decay constant for potassium,
x(t) = amount of bound potassium.

Information about the complicated term x(t) is not available and
this equation can not be solved.

The potassium experiments were started within an hour
from the time the blood-gel mixture was added to the vial con-
taining the radioactive potassium. If the above explanation is
correct, cquilibrating the red blood cell-gel mixture with the
radioactive potassium for a loﬁgcr'pcriod of time before be-

ginning the run should trap morc radioactive potassium in the
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red blood cells. This would leave less outside the red blood
cell to diffuse and thcreby give a lower diffusion coefficient.

A special run was made to test this hypothesis. After
the appropriate volumes of packed red blood cells and gel solu-
tion were added to the vial containing the radioactive potassium,
it was allowed to equilibrate for 17 hours at 43°C. After this
cquilibration time, a 24-hour run was initiated. The hematocrit
was again 20. A diffusivity ratio of 0.52 was obtained. This
is not significantly lower than the previous results. The ex-
pectations were not fulfilled. |

Since an equilibration time prior to the diffusion run did
not appreciably change the results, it is probable that the red
cells did not act as sinks for the radioactive potassium during
the whole experiment. ‘Therefore, it is not unreasonable to re-
calculate the diffusion coefficients in terms of the concentration
of potassium in the continuous phase. When this was done for
the sodium work, diffusivities were obtained which, according to
tl‘:c Fricke analysis, indicated the effective diffusivity of sodium
in the red ccll was at least two orders of magnitude less than
timat in the gel. As similar results were cxpected for potassium,
it was easiest to calculate the concentration difference of potas-
sium between the red cell and the gel which would give the

expcctcd. diffusi\}ity. '
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At a hematocrit of 20, the ratio of the diffusion cocfficient
in. the heterogencous medium to that in the continuous phase for
D2 = 0 is 0.73. To make the diffusion cocfficient based on the
continuous phase concentration of potassium correspond to this
value, when the experimental values based on the average con-
centration of potassium are 0.54 and 0.56, a value for ‘é of
thrce was found necessary. Thus, to make the potassium
results consistent with the sodium results, a value for the ratio
of the concentration of potassium inside the red cell to that out-
side was found to be three. This is surprising sinc/e th.e ex-
pected value is 25. Possibly, only a fraction of the total amount
of potassium in the cell is exchangeable with the tagged potassium.

Since the assumption that the av.crage diffusivity in the
Fricke analysis was based on the average concentration of diffus-
ing species and the resulting substantial diffusion of sodium in
the red cell could not be entirely ruled out, the consistency of
the sodium and potassium results was investigated from this point
of view,

It seems reasonable that, if the red blood cell membrane
is quite impermeable to potassium, it will also be qu‘ite im-
permeable to sodium. Red cell influx and efflux studies with
potassium and sodium seem to verify this. But if this is true,
the sarﬁe qualitative behavior should occur for both sodium and

potassium. The red cells should also act as a sink for the added

radioactive sodium, giving diffusion results which would lie below



-96-
the Fricke curve for zero diffusivity through the red cecll. The
cffect should not be nearly as pronounced for sodium as for
potassium, since the amount of potassium in the red cell is so
much greater than sodium, but it should nevertheless be quali-
tatively the same. Obviously, it is not. Possibly, it is a sur-
face diffusion of sodium which causes the difference. This seems
rcasonable, and bears further inquiry.

Dennis (10), studying the diffusion of salts in silica gels,
obtained results which indicated quite strong surface ,diffﬁsion of
the salts through the silica gel, since the diffusion coefficients
in the gels \;/ere greater than those in water.

The enhanced diffusion was found for both sodium and potas-
sium. Not only are both ions involved in surface diffusion, but
also the amount of enhancement for both ions is essentially the
same.

Cremers and Laudclout(8) studied the diffusivities of many
cations through clay suspensions., They too observed surface
conductivities of the cations in the clay suspensions. Again
when a surface diffusion of cations was observed, both sodium
and potassium (as well as other cations) were involved. In
this casec also, the surface diffusiviti.es for sodium and potas-
sium are almost the same. |

From these results it is probable that, if a cation surface
diffusién mechanism exists, it works for both sodium and

potassium with almost cqual c¢fficiency. This leads to the con-
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clusion that, if the red cell exhibits a surface diffusion for the
sodium ion, it would also cxhibit a surface diffusion for the
potassium ion.

Postulating a surface diffusion for potassium also would
not preclude the observed results. Since the red cell is a
much better sink for the added potassium than for the added
sodium, the sink effect for potassium might well outweigh the
surface diffusion effect and still give the observed results. If
a red cell surface diffusion for the sodium and potaésiurn -is
postulated, and the red cell membrane is assumed to be rela-
tively impermeable to both ions, recognizing the high ratio of
internal to external potassium and the low ratio of internal to
external sodium, qualitatively the sodium and potassium results
are consistent with one another.

The diffusivity data for potassium can also be analyzed /in
terms of equilibrium binding, as was done for the water diffus-
ing through the protecin solution. Since the equilibration time
prior to the experiment made little difference in the result, this

may be a valid approach. As found earlier

-0+ 0% -
D= [ 1-O<.+065§] > ==

A
where D is the measured diffusivity based on the total amount
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of potassium in the system, D 1is the cxpected diffusivity based
on the diffusible potassium, and 0 is the fraction of red cell
potassium which is diffusible. The hematocrit is X and )

is the ratio of red cell to plasma potassium. Thus
Cd—rbcz’g Crbe
Crbe = % Cs

If ¢ 1. From the vz’xlue.of

derbe = Cp’ it follows that 0
D*/D = 0.62, the value for *5’9 is calculated to be four. This
again is rather low, unless there are two fractions of potassium
in the red cell,

Basing the potassium diffusional data on either the aver-
aged or continuous phase concentration gives results which
seem equally consistent. In either case, the ratio of internal
to external potassium is surprisingly low. |

Storing the cells at 6°C would tend to decrecase the
internal concentration of potassium. This may, in part, explain
the results. Also, some early work by Hcvcsy and Hahn (16)
indicates that for rabbit, dog and rat ecrythrocytes, only 30-35
percent of the total cell potassium is exchanged for potassium
‘of the plasma. This might be true of human red cells also.

The two effects working together would be consistent with the

observations.
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C. Chloride Diffusion.

1. The Diffusion of Chloride in an Agar Gel Suspension

of Human Red Cells,

The radioactive chloride (chlorine-36) was obtained from
the Nuclear Chicago Corporation, Des Plaines, Illinois. It was
rcceived as NaCl and diluted to a workable activity of one
M c/ml. The chloride experiments were done in exactly the
samec manner as the sodium experiments.

The samples were counted in a Beckman LS-IQ/O Liquid
Scintillation System. The gel was ejected from the syringe into
a vial, and the tip of the syringe washed with one ml cf water.
The washings were added to the vial., The capped vial was
allowed to sit for a day before 10 ml of the fluor solution was
added (Appendix II-2).

The results of the chloride phase of this investigation are
p.lotted in Figure 18. As in the case of sodium, the chloride
results can also be fitted by a curve predicted from the Fricke
theory. The ecffective diffusion coefficient of chloride through
the red cell based on the average concentration of chloride in
the medium, is 0.34 x 10-5 cmz/sec. Strangely enough, the
effective diffusivity of chloride through the red blood cell is less
than that for sodium. On the other hand, the diffusivity of
sodium through the gel is less than that for chloride. As stated

previously, the ratio of the diffusivity through the red cell to
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that through the continuous phase for various specics should be
the same. For sodium it is 0.35, but for chloride it is only
0.19. They arc definitely different.
Of course, if this is a surface diffusion phenomenon, the
ratio would not be expected to be the same for all species.
But if there is an actual diffusion through the red blood cell,

the results do look somewhat strange. A second look may help

to clear some of the confusion.

The conclusion that the diffusivity ratios should be the
same was based on the assumption that the diffusing species
" did not interact in any way with the protein solution. But
according to Ling's fixed charge hypothesis (24), this may not
be so for the red blood cell. Under his hypothesis it is not
impossible to conceive a negatively charged ion experiencing a

force which retards its diffusion through the red cell relative

to a positive ion, or vice versa. Thus, the possibility that

actual diffusion through the red cell occurs for both sodium and

chloride can not be ruled out.

It is evident that at least for the chloride ion, a substan-

tial value for the effective diffusion coefficient in the red cell

does exist., The work of Harris and Maizels (17) indicates that

for this investigation, in which cold stored cells were used, the

_ratio of the internal to external chloride concentrations was

approximately 0.9. The diffusion coefficients recalculated on

the basis of the continuous phase concentrations are given in
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Figurce 19. The difference in the two methods is slight. The
chloride ion is not involved in the active transport mechanism
and its partition coefficient is closc to unity. The application
of the heterogencous media thcory should be straightforward;
the conclusions should be meaningful.

As presented earlier, the half time for exchange of
chloride in the red cell is 0.2 seconds. The permeability
constant corresponding to this half time is 2 x 10"4 cm/sec.

This constant is defined by the equation

—— — l)___ ( “—<,n 0

where dCin/dt is the rate of increase in the concentration of
solute in the cell, Cout is the outside or plasma concentration,
A is the area of the cell membrane and V is the cell volume.

If the diffusivity of chloride across the membrane is mu;:h
smaller than its diffusivity in the interior of the cell, the effec-
tive diffusivity through the red cell may be quite low. The
derivation given in Appendix I-2 gives an approximate analysis
‘of how the diffusivity across the membrane influences the aver-
age diffusiv.ity across the whole cell.

This analysis indicates that, based on the results present-

ed here, a lower limit for the permeability of the red cell mem-
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branc to chloride is 10-2 cm/sec. This is two orders of mag-
nitude higher than expected (2 x 10‘-4 cm/sec), based on chloride
equilibration timcs.

As an o.xt.ra precaution against any bactcrial growth,
streptomycin and penicillin were added to the Earle's Solution
used in the chloride investigations (Appendix II-2). Although
these antibacterial agents had not been used in the earlier work,
test runs showed no change in the results when streptomycin
and penicillin were used.

D. Bicarbonate Diffusion.

1. The Diffusion of Bicarbonate in an Agar Gel

Suspension of Human Red Cells,

Radioactive bicarbonate (Carbon-14), as an aqueous solu-
tion of sodium bicarbonéte, was obtained from the Nuclear
Chicago Corporation, Des Plaines, Illinoié. The solution as
received was diluted to an activity of 0.1 mc/ml.

Because of the equilibrium

' NaHCQ@ NaoH + C—’bz’r (71)

the radioactive sample could not be evaporated to dryness as

was done with. the previous radioactive compounds. Approxi-

mately 0.01 ml of the 0.1 mc/ml solution was added to the two
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ml of hot gel red blood cell mixture and allowed to equilibrate,
The samples were then taken for the diffusion experiment,

Since the vial containing the radioactive sample was not
in cquilibrium with radioactive carbon dioxide, therc was a
continual loss of radioactive carbon dioxide during the time the
samples were taken. Thus, the initial concentration in the
capillary at the beginning of the diffusion run was unknown. The
loss from onec vial to the next was substantial.

In the calculation of the diffusion coefficients, the ini'tia.l
concentration of bicarbonate was obtained by subtracting the
average decrease in the samplé vial concentration from the final
sample vial concentration. Since the drop in the sample concen-
tration betwecen the first and second and the second and fhird was
not generally consistent,' the calculated value for the initial con- '
centration of tracer in the capillary was only approximately
correct. The determined diffusion coefficients are not accurate,
but certain important trends can be observed in the results.

The vials were treated in the same manner as those in
the previous chloride experiments. They were counted in the
Beckman LS-100 Liquid Scintillation System. ‘The mouths of the
vials were coated with a high vacuum grease to minimize the
loss of radioactive carboﬁ dioxide.

Table II gives the results for four experiments which

could be analyzed. The diffusion coefficients are presented based
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Table II. The Diffusion Cocfficients of Bicarbonate in a
One Percent Agar Gel Suspension of Human Red

Cells at 25° C.

Volume Fraction of D x 105 (cmz/sec)
Red Cells
0 1.20
0 1,13
0.30 1.34

0.50 1.58
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on the average concentration of bicarbonate ion. The con-
clusion from these results is that the red cell enhances the
diffusion of bicarbonate in the medium, since the diffusion co-
efficients for & > 1 were larger than those for X = 1,
Since the loss of carbon dioxide when | & >1 would not be
expected to be greater than that when (X = 1, the inaccuracies
in the individual diffusion coefficients should not be a factor in
the observable trend of increasing D with increasing O . |

Spacth and Friedlander (37), in their work on tKe cbn;
vective diffusion of carbon dioxide in blood, found experimental
transport rates which. were higher than those predicted by the
local equilibrium model. They assumed the ratio of fhe diffusion
coefficient of carbon dioxide in the red cell to that in the plasma
was the same as the ra’cilo for oxygen. Since the local equilibrium
model which incorporabted the assumed average diffusion coefficient
predicted results lower than those experimentally obtained, they
also suspected the presence of an augmented diffusional mech-
anism for carbon dioxide in blood. The results presented here
appear to confirm their suspicion. Although the general augmen-
tation mechanism is expected to be similar to that for oxygen in
hemoglobin solutions (21), the inaccuracy in the bicarbonate results
found in this investigation prevents an analysis of the detailed
mechanism of augmentation. A method similar to the one used
by Stein (38) would be better for further im.restigation of this

phenomenon.
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V. SUMMARY AND CONCLUSIONS

Intercst in the transport of solutes in blood has been
greatly stimulated by the successful development of artificial
organs. In view of this, the aspect of the transport process
dealing with the influence of the red cell on the diffusion process
was investigated. This study was limited to the non-convective
diffusion of sodium, potassium, chloride and bicarbonate, ions.

A method was developed for measuring the diffusion co-
efficient of solutes in agar gel suspensions of red cells. The
capillary diffusion method was used to measure the self-diffusion
coefficients. The diffusion coefficient was calculated from the
initial and final concentrations of tracer in the capillary. The
method is limited only by the availability of suitable tracers.

The diffusion of sodium in an agar gel of fixed red cells
and 29 },\ glass beads was also investigated. The diffusional
loss of tracer in the capillary was found to be greater for viable
than for fixed cells. The glass beads exhibited a surface dif-
fusion mechanism for sodium.

The results of this study indicate the ratio of the diffu-
sivity in the red cell suspension to that in the agar gel varies
considerably with the ion. This ratio, except for the bicarbon-
ate ion, decrcased as the volume fraction of red cells increcased.

The bicarbonate results indicated a diffusion augmentation
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mechanism is operative in a red cell suspension. At any
hematocrit, the diffusivity ratio for chloride was less than
that for sodium. Depleting intracellular ATP appearcd to have
: /
no significant effect on the sodium diffusion in the red celsd sus-
pension,

A modified form of the Maxwell equation for the average
conductivity in a granular medium was derived to account for the
discontinuous concentration at the continuous-dispersed phase
boundary. The average diffusion coefficient in the modified form
was shown to be based on the concentration of diffusing species
in the continuous phase. The capillary diffusion method gave
diffusion cocfficients which were based on the average concen-
tration of diffusing species inthe heterogeneous medium. The
factor ( 1- &+ &g) vwas used to convert the measured diffusion
coefficients to coefficients based on the concentration of diffusing
species in the continuous phase. This assumes the ratio of the
concentration of diffusing species in the dispersed phase to that
in the continuous phase was constant during the experiment,

This equilibrium assumption is questionable for unsteady-state
experiments in which the diffusion coefficient in the dispersed
phase is much less than that in the continuous phase.

Using the modified Maxwell equation to interpret the
sodium diffusional data for rabbit and human red cells gave

results which indicate the effective diffusion coefficient of sodium
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in the red cell is much less than that in plasma. Sodium
efflux rates from the red cell would predict this behavior,

The modified Maxwell equation could not explain the data
found by other workers on the seclf-diffusion of water and the
diffusion of oxygen in protein solutions., The diffusion coeffi-
cients werc based on the average concentration of diffusing
species in the medium. Although partition coefficients of unity
were not expected in cither casc, the data were consistent with
the unmodified form of the Maxwell equation. In all: cases of
sodium and chloride diffusion, the! mcasured diffusion coefficients
could be fitted by a curve derived from the unmodified Maxwell
equation. Using the Maxwell equation to determine D2 for
sodium diffusion in agar gel suspensions of rabbit red cells and
for sodium diffusion in .rabbit blood at hematocrits close to 100
gave consistent results. Changing the partition coefficient for
sodium by depleting the intracellular ATP in the rabbit red cells
did not significantly change the diffusional behavior of sodium in
the suspension.

Thus, in numerous instances, the measured diffusion co-
efficients appear miore compatible with the unmodified Maxwell
equation, despite a partition coefficient other than unity. 1In
either case, a substantial diffusion coefficient for chloride in
the red cell and augmented diffusion for bicarbonate in the
presence of red cclls appear to exist. Either approach is

equally consistent with respect to pota.ssliuxv'n. For engineering
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applications, it is probably best to proceed according to the
modified Maxwell equation.

The method developed in this report has certain interest-
ing applications. Perhaps the most important will be to deter-
mine what effect certain substances in the red cell suspension
have on the transport of solutes in the suspension. The effcct
of gascous pollutants, pesticides, and various drugs on sblute
transport in blood would be an important contribution to some |
pertinent problems being faced today. The effect of jphysical
disturbances of the red cell on the transport process can also
be investigated. The method is also useful for studying diffusion

in other heterogeneous systems, such as clay suspensions.
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APPENDICES
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APPENDIX I

1. The Modified Maxwell Equation

In the derivation of the average condﬁctivity in a granular
medium given by Maxwell (5), one of the boundary conditions is
that the temperature is continuous at the boundary betwegn the
continuous and dispersed phases. When concentrations are used
instcad of ternperatures, this boundary condition signifies the |
partition coefficient is unity. For systems in which’ the” p.artition
coefficient is not equal to unity, the derivation should not be
valid. To determine the effect of a partition coefficient,
Maxwell's result will be rederiyed for a discontinuous boundary

condition.

If a temperature gradient is imposed on a homogeneous medium
of conductivity k , the temperature distribution in the medium

is given by

Q’- -.-.\/Y‘Cose— | | ; (72)

where(U' is the temperature at any position, and V is the tem-
perature gradient in the medium. If a sphere of radius 2 and
conductivity k,’ is inserted into the medium, it will distort the

temperature distribution in the medium immediately surrounding
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the sphere. The temperature in the medium is now

@ = Vrcose -+ E_r%c@e,e. (73)

whereas the temperaturce in the sphere is

le-:: AV‘COSG"

(74)

A and B are unknown constants, and t;‘, © are spherical
polar coordinates. These satisfy Laplace's equation, C)" is
finite as "= 0O and é)‘—“r\/%- as ™0 , as required. The
boundary conditions are-

L. g=pu’ / at =2 BT

2.  ROplor=Kopler . r-2a
There is a discontinuity of temperature at the boundary, but no

buildup of heat there. These give, from equations (73) and (74)

@Aa’5 = V33+ B

(75)
k (Vaz_28)= K Aa>

Solving for A and B , gives
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g= Ve[1+ & ok ) (76)

@'l =) Ska\/z- ‘ (77)

Defining

== R | ' (78)

equation (70) becomes

2 k-k' |
o= Veli+ Z, ol (19)

The temperature distribution in the discontinuous media
can be reduced to that of a continuous media (5) if an effective
conductivity is defined for the dispersed phase.

If N spheres of radius A and effective conductivity
k,” are now inserted into the medium, the temperature at

large distances due to the spheres is
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= k _k‘ll
= V'Z. C +- rla —_— 80
@- 1 r2 Zkﬂ}’{f’ (80)
The volume containing the p) spheres is then replaced by
a large sphere of radius !O and conductivity ko . Here
ha®>= OC'O?’ , where (X is the volume fraction of small spheres.
By equation (79), the temperature at great distances due to this

 sphere is

] kel
gVl B LY w

Since equations (80) and (81) must be equal, equating the two

leads directly to the result

{+20 [‘&iﬁi’:ﬂ ]
k= k RT/RA2: -
bn/;,,j ( )

{- o "/k’-lz

The result is independent of the radius of the small spheres.
This derivation implies that if the equilibrium concentra-
tion in the dispersed phase is less than that of the continuous

phase i <4 , then the average diffusive flux through the system



-117 -
for a given diffusivity in the disperscd and continuous phase will
be less than for the situation where '!@‘:] . A partition co-
cfficient less than unity causes the effective diffusion cocfficient
in the dispersed phase to be less than the actual diffusion co-
efficient. This can best be illustrated by considcrihg the
following example.

Consider a membrane of thickness | separating two salt
solutions of different concentrations, C1 and CZ' There is a
partition coefficient K< for the salt between the membra;ne and
the solution. The diffusivity of salt in the membrane is D.

The actual flux of salt across the membrane is

_ kCz"' kci
J- D Mempk

g i o R

If the partition coefficient is unity, the flux of salt across the

membrane would be

\—]l = :D CZ_:{_CA’] ' .(27)

Since K¢l , the presence of a partition coefficient reduces
the flux through the membrane by the factor k relative to

what it would be if K=)]. The opposite is true if K3} .
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APPENDIX I

2. The Effect of the Red Cell Membrane on the Diffusion

of Chloride through the Red Cell

To determine how the diffusivity across the red cell
membrane influences the average diffusivity across the whole
cell, the red cell can be approximated as a three-layered
;diaphragm in a diaphragm diffusion cell. The avera,ge dif-
fusivity across all three layers can be calculated knowing the
thickness of and the diffusivity in each layer.

If the flux through the diaphragm is \7- and -the area of-

the diaphragm is A , it follows that

AJl= Dyacg A

Ang =Di AC A

Vide, + D—‘f (&s- ¢ Ydt =0
4 (84)

Vades D—i—A CRALIERe
| .



Figure

-119-

Lz

9 ' %___
J
C
Vs o, D, D, —_—
—pm ﬂb b . ™ i

20. Diaphram Diffusion Cell.




-120-

\/1dc1 -+ I)——;?z': (Cj—ci)d't =0
(85)
Vsdes + DEQA (ci;cj)dtso
Vides + B2A (¢, cydv=0
L= (86)
Vedey + 'Dz{‘ (Ca- C)dE=0
>

Combining, gives

- = U d .
Aq dCs" ..Q':_\ (VJ + i)(cj’cijé-t
(JCi— C}C‘/a

1

A
L (*i“ & —@\75) (c;- c.-DCH; (87)

de; - deg = .DQ_A <1 -+ ',\‘/F>(.Ca’ c)dt

which leads to

dc_&— dcg_‘.—";

DA __ dc, des de- des
aﬂz Vg}@/\(i 'L)Atc e (_P)Atcj] dt (88

Let

o= % ’ﬁ—% ,'sttD_ia ‘ %sA(%i4'173>
2 3
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then

dem den = des-des dey-dos _ 8
des= FS1-SGER O ey C}At .

= (sgcca cHdt - (6[06*01(&; ~dez)  (90)

Let
-1
o= [.OC_:I_G
xD
then
ng-dC§= f)‘%(%"‘ CI}dt - —?O (c}C‘—dca) (91)
and

Acx—dc:r = |
(erem = T wlg ]clt (92)

Therefore

ace _ _ [ wes . -
ln = [5??]_,6 (93)
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For the diaphragm cecll with a single diaphragm, the final

cquation is

h A..-C-F = - iD
= 2 v (94)

Thus, for the three-layered diaphragm

D= éﬁ% SEIETEY (95)

and finally

D= (4 +Qm+ﬁa){o(ﬁ%§%@ (96)

For the red cell

OC’;- 6 ) /Qj =103

therefore

D= (24+0) {z%goc } (97)
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or

D = (al+0,)) 20

ZQ21+D:I£Z
For the case when
Qz 7 Qﬁ
D = Qz DiDz
ZDZQQ"_D‘/‘QQ.
Let
D= %D
then
D _ oy o2x

D?: B ’Qz =X

(98)

(99)

(100)

Now ’DZ’ the diffusion of chloride through the interior of the

red cell, is probably less than the diffusion of chloride through

agar gel. By assuming them to be equal, a lower limit on X

is found to be 0.2 from Figure 18.
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Thus
2% N _ 1
<£-><)" 2
and
Di _ 4 b
D2 2

(-] &

Take for the thickness of the red cell ,e_j*—‘-S'OA , &nd for
o

the interior Qz;gxxS‘A. Then

[/ { 50 — 4
Z ’ch 2, g;é}— = S %\0
and
‘9‘ = 5Sx10
2
Since
 EF
D, 2 ix10 cwrleec
Dy & cx1d? e leac
P =

%‘4 = 1 x16% cm[sac
This permeability is two orders of magnitude higher than the
expected value (2 x 10"4

cm/sec), which is based on equilibration
times for chloride.
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APPENDIX II

1. Hemolysis Analysis

The hemolysis analysis was a sliglllt modification of the
method used by Sachs et al. (30), where the percent hemolysis
is given as the ratio of the absorbance of the supernatant before
complete induced hemolysis divided by the absorbance of the
total volume after induced hemolysis. The initial sample must
be separated into two parts for this; one part ccntriéugezl for
the supernatant and the other hemolysed. The absorbaace was
recorded at 540 m with a Bausch and Lomb Spectronic 20
colorimeter.

Sachs measured the absorbance of the solutions directly,
but this does not give valid results because the absorbance of
hemolysed blood is not linear with increasing dilution. The
hemoglobin in this work was converted to acid hematin. A five
ml sample of blood was diluted to 50 ml with distilled water.
A 20 ml aliquot of this was again diluted to 50 ml with 1.0 N
N.CL. The absorbance of this solution was linear with increas-
ing dilution.

Red cells. were kept in Earle's Solution for 24 hours atv
25°C. The amount of hemolysis was found to be apprbximately
0.3 percent.l This slight Hcmolysis should not significantly affect

the experimental results.
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APPENDIX II

2. Solutions

Earlce's Solution A
sodium chloride
potassium chloride
calcium chloride
magnesium sulfate
sodium monophosphate
dextrose

distilled water

Earle's Solution B
sodium bicarbonate

penicillin G

sfreptomycin sulfate

distilled water

6.8 grams
.400 grams
.200 grams
. 100 grams

.140 /grams
1.00 grams

700 ml

2.200 grams

2 million
units
2 grams
300 ml

Earle's Solution is formed by adding seven parts of A

to three parts of B.
Liquid Scintillation ''Cocktail"!
PPO

toluene

6 grams

1 . liter
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Mix two parts of PPO solution to one part of Triton
X-100 (Rohm and Haas, Philadeclphia, Pecnnsylvania). Ten ml

of resulting solution will dissolve one ml of aqueous sample.
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APPENDIX III

Diffusion Cocfficients of Sodium in a

0.100 M KCI1 Solution at 25°C.

48 -hour runs

Average

24-hour runs

Average

D x 105 (cmz/sec)

1.298
1.320
1.310

1.325

1,280

1.313

1.330
1.301

1.307

1,312

* 0.024
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Table IV, Diffusion Coefficients of Sodium in
0.100 M NaCl Solutions at 25°C.

5

Dx 10 (cmZ/sec)

1,316

1.316

Table V. Diffusion Coefficients of Sodium in
Rabbit Plasma at 25°C.
D x 105 (cmZ/,sec)_
1.071
0.980
1.064
1.021

1.017
Average 1.031 + 0.030

Table VI. Diffusion Coefficients of Sodium in Agar

Gel Suspensions of Rabbit Red Cells at 25°C.

Volume Fraction 75 % 10" (cmZ/sec)
of Red Cells

20 1.096
u 1.056
23 1.073
30 1.021

" ' 1.075.
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40 0.978
" 0.960
. 0.988
50 0. 885
70 0.586

ATP depleted prior to run

20 1.089
30 0.916
" 0.976

ATP depleted-restored prior to run
20 ' 1.082
Table VII. Diffusion Coefficients of Sodium in
Agar Gel Suspensions of Human Red

 Cells at 25°C.

Volume Fraction D x 10° (cmZ/sec)
of Red Cells

20 1.151

L 1. 064
30 0.968
" . 0.956
R0 0.792

" 0.817
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Table IX.
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Diffusion Cocfficients of Sodium in
Agar Gel Suspensions of IFixed Human

Red Cells at ZSOC.

5

Volume Fraction D x 10 (cmz/scc)

of Red Cells

10 1,097
19 . 998
24 . 934

Diffusion Coefficients of Sodium in

Agar Gel Suspension of Glass SpheTes

at 25°C.
Volume Fraction D x 105 (cmz/sec)
of Glass Spheres

5 1.159

10 1,221

L 1,228

15 1.260

i 1,245

20 E 1.275

30 1,320

60 1.579
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Table X. Diffusion Coecfficients of Potassium in

Agar Gel Suspensions of Human Red Cells

at 25°C.
Volume Fraction D x 10° (cmz/sec)
of Red Cell
0 1.894
0 1.887
20 1.021
20 1.064
Potassium equilibrated for 17 hours
20 0.983

Table XI. Diffusion Coefficients of Chloride in
Agar Gel Suspensions of Human Red Cells
at 25°C.

Volume Fraction D x 105 (can/sec)
of Red Cells

0 1.785
- 1. 794
i 1.752
20 1.457
30 1,257

" 1.268

50 ‘ 0.938
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NOMENCLATURE
radius (cm)
arca (cxnz)
concentration of species i (moles/1)
density of water (g/cc)
diffusivity of species i (cmz/sec)
hydration of protein in solution (gm/gm)
diffusional flux (mole:s/c:rn2 sec)
radioactive decay rate (sec-l)
thermal conductivity (cnmzlsec)
partition coefficient

length (cm)

concentration of species i in the form (moles/l)

total concentration of reversibly bound species

(moles/1)
partial pressure (atm)
radius (cm)
net chemical reaction of species i
time (sec)

o

temperature ( C)
temperature

volume (cm3)
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NOMENCLATURE
= specific volume of protcin
= distance (cm)

= volume fraction

Ve

X

x

g, = partition coefficient

T = f{raction of diffusible species in a phase
!

= viscosity (gm/cm sec)

Subscripts:

d = diffusible
i o= species i
k = reaction with species i

P = protein

Ptbc = red cell
S = continuous-phase
t = total

I = continuous phase

Z = dispersed phase

Superscripts:

% = Dbascd on average concentration
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PROPOSITION 1

The Interpretation of Adsorption of Metal Cation
versus pH Data

This proposition will deal with a method of interpreting
metal ion adsorption daéa. The method was presented by Dr,
T. W. Healy in a seminar given in the W. M. Keck Labora-
tories at the California Institute of Technology during the .
summer of 1969. The method is shown to be valid lonly under
certain conditions.

The adsorption of iron (III) on quartz surfaces was one
topic discussed by Dr. Healy. His results, plotted as the per-
cent adsorption of iron (III) on quartz versus pH, showed a very
strong pH dependence. A typical curve is given in Figure 21.
The results were significant in that the large increase in per-
cent adsorption of iron (III) over a narrow pH range occurred
at the pK1 value for iron. ' Other experimental results showed
no drastic change in the surface properties of quartz over the
pH range of interest. |

At pH values far below the p.Kl value for iron (III), the
predominant iron (III) species in solution is the free (aquo) ion.
As the pH approaches the value for pKl, the concentration of

the first hydrolysis product of iron (III), Fe(OH)+2, becomes
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significant., Since the sharp rise in the percent adsorption
versus plH curve occurred at the pKl value for iron (III), Dr.
Healy concluded that the predominant iron species involved in
the adsorption mechanism was Fc(OH)+2.l He also felt the
percent adsorption versus pll data for other metal cations
could be uscd to determine the principal hydrolyzed species
involved in the adsorption process,

O'Melia and Stumm (1), investigating the coagulation of
silica sols by iron (III), observed stoichiometric bebavior. The
minimum concentration of iro‘n (III) necessary to induce coagu-
lation was proportional to the total surface area of the silica
particles. The adsorption data they obtained was in accord
with a curve preducted by the Langmuir equation. They showed
that if KY,‘,,S(I—G)‘DJ in their rearranged form of the Langmuir
equation, then the equation is consistent with the stoichiometric
relationship they observed.

The Langmuir equation is

ca _ Imkee
S 7 {+KCe - (1)

where C¢ and (C, are the concentrations of residual and
sorbed species (moles/liter), respcctively; Q is the sorption
capacity (moles/mz); % is the surface area of the sorbent

(dispersed phase) in the suspcnsioh (mz/l) and K is a constant
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(the equilibrium constant for the adsorption-decsorption recaction

in the Langmuir modecl).

If in the adsorption of iron (III) on quartz, Ff:(OILI)-f2 is

the principal sorbate, then Ca is the concentration of adsorbed
Fe(OH)-*-2 and C, is the concentration of Fe(OH)-‘-2 in solution,
If the total concentration of iron originally added is Cy, , and
the concentrations of the‘ other hydrolysis products of iron (III)

are assumed negligible in the low pH range, then

Ct = G+ Ce + Co (2)

where €, is the concentration of the free (aquo) ion.

We know that

Fc+a+ H20 =‘ FcL(OH)m+ S K\ (3)

Thus

Ct = Ca + Co + Ceo Lt{_t—-‘ . (4)
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Rearranging the Langmuir cquation to

¢ = Ca /SR
K [§-Calorin]

(5)

Equation (4) now becomes

- (4], L |
Co= G 1+[ == )KGP} “

Since CGa/G is the percent iron (III) adsorbed, we have

-
Ca/Ct = Li‘%[ujg-»i k‘é‘i— ] (7)

Ga(1-e)

where

£0 f-.f) (8)

This gives an expression for the percent iron (III)

adsorbed versus pH. For stoichiometric behavior, K3f) (i-8)n{
If this is true, |
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[[ﬁj_] N 1] A
K, ¥SG-0)

For valuecs of the pH in the neighborhood of pKl,- and from
cquation (7), G /Cq =1 (100 percent). This is not consis-
tent with the data Dr. Healy presented.

From O'Melia and Stumm (1), for iron (III) interacting

with Min-U-Sil 5

I

2.3 x 10-6 molcs/m2

2 = 167 I Jusle
S = 158 m L (20 g/1 of Min-U-Sil 5)
and KS(L = 400. For © = 0.4, KSL0-8) = 240. From

equation (7), where K = 6.8 x 10-3, we find that for Ca/Cy

0.5, [H'] = 1.63. The rise in the curve of percent iron (III)

adsorbed in Min-U-Sil 5 versus pH for a silica concentration
of 20 g/l should occur at a pH much lower than the PK, value
for iron (III).

It is obvious that the plot of CaflCt versus pH is very
sensitive to S. If S were 1 mz/l in the above example,
instcad of 168 m%/l, KSML(\=e) = 1.4. At (H)=K, , the
value for Ca/Ct 1is now 0.42. This would qualitatively

agrec with Healy's results. The method proposed by Dr. Healy
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is only valid if KSQ((-O} = 1. Then equation (7) becomes

7
\

CalCy = [1 4 [‘f].,.j})—j -

and a curve similar to that in Figure 21 will result.
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PROPOSITION 1I

A Mecthod for Stripping Interfering Gaussian Pcaks from Complex

Envelopes by an On-line Computer with Limited Storage Capacity

This proposition describes a method for stripping over-
lapping pecaks from a complex envelope which can be used in on-line
computer analysis of data acquired from any system generating
- Gaussian curves as a function of time.

Several methods have been suggested for separating the
intcrfcring pcéaks (2). In general, the most accurate met}lmods employ
a nonlincar least-squares technique. Such techniques are relatively
easy to use on the large off-line computer, but must be. simplified
before they can be used on a small on-line computer. A simple,

yet efficient, means for analyzing multiple peak envelopes has been

devised to meet this problem.

Mathematical Treatment

| ‘'For the case of multiple peak envelopes, the determination
of the beginning and end of the envelope by éhe computer has been
‘previously described (6). The envel§pe is analyzed by fitting the
cx'1‘rve with the number of individual peaks corresponding to the
number of pairs of inflection points detected within the envelope.
In this procedure, individual peaks must be first represented by a
suitable mathematical model. Many can be adequately described

as Gaussian or modified Gaussian curves. The initial choice of
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paramecticrs of the assumed Gaussian pecaks comprising the envelope
(c.g., pcak position, mean value, and standard d.cvia.tion) are obtained
from the envclope. Corrections to the initial choices are calculated,
and the area and posi.tion of the peaks in the enveclope are computed.

A brief mathematical description of the method is given below.
If the pcaks in the chromatogram are assumed to be Gaussian in

shape, then the envelope can be described by

noo__ o A .
A= j[? Aj o [-(r-17) /zon (1)

where
A = the total absorbance value at T,
AJ = the maximum absorbance of individual peak j,

= the elution time,

T

:I—:'I- = the value of T at i

'GJ the standard deviation of the peak j,
n = the number of interferi;‘xg pevaks.

Equatioh (1) can be rewritten as - '

A=ACT; fu o ) 2

o— e
——

where {Z refers to the parameters AJ j » and GJ' . The

experimental data points are denoted as

‘(ﬁ;.’hﬁ) SRAIIRER (3)



-148~

*

Lict A" denote the predicted value obtained for A when,
for the ith data point, the value for the independent variable is
substituted into ecquation (2). The estimates of ‘5,, (5,'..., ‘@‘h- will

be denoted by [9., b;,---, b;,.. Thus

A’ﬂ* = A(—TT.I b‘) bil"'l bk‘v . | (4)

For the conventional least squares analysié of the problem,

the unknown parameters are varied until

¢ =2

k - A w2
[L4-AT] (5)

-3

is a minimum (4). Since the function A in equation (2) is non-
lincar in the parameter, equation (4) is expanded in a Taylor series
about the unknown parameters. " The Taylbr series is truncated
after the linear terms and substituted into equation (5). Corrections
to the initial cﬁoices of the parameters are found by seciting the
partial derivative of 45 with respect to the corrections to the
parameters equal to zero. New estimates for the parameters are
found, and the process is repeated unt.il the corrections become
négligible. Since the initial estimate of the parameters must be
quite good to ensure convergence, more sophisticated approaches
have been devised (1,5). However, for the purposes of envelope
analysis by an on-line computer with limited storage capability, a
simple, yet efficient, approach which utilizes a minimal amount of

fast memory is imperative.
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The simplest approach is to dispense with the iteration
procedurc in the least squares analysis and assume the initial
estimates of the paramecters, once obtained, are sufficiently accurate,
This, however, has been found to give unacceptable errors in the
arca determinations.

The next approach is to use the truncated Taylor seriecs expan-
sion of equation (4) to ob.tain corrections to the initial estimates of
the parameters. This method appears to work very well., For this

simplified analysis the assumption is made that
Ao = AX
T Mg - (6)

where

¥ * 7
1‘0 = A-‘, ’l’AA\ (7)

LR o
The quantity A A; is a correction to A-‘, obtained from the

~

truncated Taylor series expansion of A . Therefore,
A . 24 ‘
= AF s 2 . tw
Ai—- A\ + %} AﬁJ 3(21 J l l)..-’ko (8)

¥ o
where A; and the partial derivatives faA/’D@J are evaluated
A
at I; and [DJ , the initial estimates for I@J . The quantity
A(:’J is the correction to the initial estimate of ‘6'} .

Satisfactory results were obtained when only the initial

estimates of A' and || were corrected. Thus, in this dis-
) J
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cussion, }2.7- 2N , and a convenient choice of experimental points
is thc valuc of A and | at cach inflection point in the envelope,

PROSEY

The initial choices of the paramecters A) and ’TJ are

' N A
Aj = (A,L'* Aal—l>/z ) [- l)yan
(9)
. A
"TJ = C'T;g’* T;(—D/Z j [’— [N
The assumption is also made that each peak in a given
envclope has the same O . This assumption appears to be
justified in the case of high resolution chromatography of body
ro.

fluids, as nc‘ar-ncighbor pecaks have almost identical standard

deviations (6). Therefore, the choice of &' is

‘e (—?——w\f\— Jf_?m—l) /2‘ (10)

where 2m-i and ’)«M- are the data points on either side of the
envelope max1mum. :

-The corrections to AJ and ’Tf are found by solving the
set of 11ncar, simultaneous, algebraic equations given in equation
(8). The equations are solved by mee;ns of a process of elimina-
tion, an efficient method for a small, on-line computer (3). A flow
diagram for the stripping routine is given in Figure 1. Thus, the

position of peak j in the envelope is

=TTj + &7 (11)

.:“
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SPECTRAL STRIPPING ROUTINE

Figure 1. Flow Diagram of the Stripping Routine.



and the arca S of the pcak is

sl — 3 (12)
Q= 25066 (& +aA) S

Results

For evaluation purposes, a computer program was written in FOCAL
languace end added to an existing program used to analyze data from
a high-pressure ion~cxchﬁnge colum. The program was written in such
& vay that the stripping routine was used only when more tﬁan one
pair of inflection points were found between any two consecutive
minima on the chromatogram. A Digital Equipment Corporation
Model PDP-8/I digital computer (Maynard, Mass.) equipped with a
8K-12 bit core memory and a 32K-12 bit disk storage was used to
evaluate the program. This computer system was coupled to an ASR

33 Teletype for input/output.

. Table 1 shows the comﬁuter aﬁalysig of four envelopes comprised
of Gaussian curves. For each envelope, 500 data points were calculated.
Thc computer anslyzed the synthetic data and printeq out the position
of the envelope maximum., Ji also printed out the position of the
pédks comprising the envelopes and their respective.areas. The com-
puter, using this method, was able to analyze up to three Gaussian
pcaks in an envelope with an error less than 5%, based on the peak

areas.



Table 1. Computer Analysis oF‘Synihaiic Data
Data Computer Analysis
Pcak Peak  Infl. Peak
No. A T o S \ No. Pt.  Maximum  Position  Area
1 150 150 10 3760 1 142 150 3714
2 250 170 10 6266 155
2 160 170 6309
| 167
180
133
! 100 150 20 5013 1 16) 150 5006
RV
2 150 190 20 7520 2. 199 190 7488
' 212
3 700 230 20 10026 3 249 222 230 10145
100
1 100 " 120 10 2507 1 131 119 119 2510
. o |
2 200 180 10 5013 2 191 181 180 5115
| 198
3 100 200 10 2507 3 . 208 200 2393
) 100 150 20 5013 1 131 151 4974
159 |
: i 199
2 200 200 20 10026 2 217 200 10564
| 242
3 100 250 20 5013 3 270 249 4891
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Summary

A computer program that is capable of effective and efficient
peak stripping of complex envelopes has becn developed for use with
a small on-line computer., The program determines both the area
and position of ecach interfering peak in the envelope. Envclopes
with up to threc interfering pcaks can be analyzed with this method,

yiclding errors bascd on the area dctermination of less than 5%.
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PROPOSITION 1III

The Relationship Between the Distribution Coefficient and the

Gradient Substance in Gradient Elution Chromatography

This proposition derives a theoretical relationship between
the distribution cocfficient and the concentration of the gradient
substance in gradient clution chromatography.

In chromatography, mass is transferred belween a flowing
fluid and a fixed phase. If only the elution positions of the peak
‘maxima are considered, a simple mathematical model of this -
system can be derived. This- model, presented by Drake (1) and
others (2,5,6,7), is obtained by integrating the overall differential

mass balance equation

Y ' y
c%\/ A
sl = A z = AZ =\/ (1)
Alz)ee
b)) o
where |
A = total cross-sectional area of the column,
v =_eluent volume,
v = elution volume of peak maximum,
V = geometric volume of the column,
z = height of the column measured from the entrance,
Z = total column length
€ = void fraction

A = distribution coefficient



This simplified approach ncglects the dispersion in the column.

The complexity of equation (1) resides in the term }\ (v, z).
Since, in the case of gradient clution chromatography, 7\ is a
function of the concentration of gradient substance (4), the exact
relationship is worth secking.

If we let R stand for the fixed ion in the resin, A for
the counter ion and B for the gradient substance (also a counter

ion), then we assume that for the exchange reaction

AT, k= KA1 @

kA1 (8]
D(fg]ﬂt Z;A] (3)

~we have

Since >\ is defined as the ratio of the concentration of the sample -

ion in the stationary phase to that in the mobile phase,

o Tek] ,, [kel
i “

We assume that the concentration of B in the resin compared to
that in the flowing fluid can be described by a Freundlich isotherm.

Thus,

-[;@5] - EBJM | (5)
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In view of the discussion by Diamond and Whitney (3), this should

be a rcasonable assumption, at least for strong anion-ecxchange resins.

Thercfore,
4 .
[ :
/[E,_ 1 g Almt) .
A=K Bﬂ« = K'B (6)
Since

the concentration of gradient substance versus time in

the column can be determined, and can in general be predicted based

on the type of gradient generating device employed (4), equation (1)

can now be successfully integrated.
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