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TECHNICAL MEMORANDUM

CONTINUOUS -FLOW ELECTROPHORES!S: -‘MEMBRANE-ASSOCIATED
DEVIATIONS OF BUFFER pH AND CONDUCTIVITY

~ 1. INTRODUCTION

First describoed by Svensson amd Brattsten {1}, contivuous-flow electro-
phoresis is characterized by a tilm of buffer moving through a direet current
electric field placed normal to the divection of Now, The sample mixture is
injected into the buffe. curtain as a narrow streak, and separation of the charged
sample {fons occurs as a function of their surface charge density, the electrical
field strength, and buffer curtain flow vate, The separated zones ave colledted
by an array of tubes which {ractionate the buffor curtain after its passage through
the field. The principle is fllustrated in Figure 1, Originally designed for use
with support media such as filter paper and glass powders, continuous -flow
olocttophoresis has more recently hoen adapted {or free=-flowing buffe: systems
by Rarrollior ot al, {21 and most notably by Hannig 1 3],
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Figure 1. Principle of continuous-~-fow electrophoresis,
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Effective removal of the Joule heat generated by the passage of elec~
trical current is of primary importance in electrophoresis. In continuous-flow
electrophoresis, the buffer curtain is confined to a thin film between thermo-
statted surfaces approximately 1-mm apart; the resulting high surface~to-volume
ratio provides very efficient cooling.

Attempts to eliminate or minimize electrophoretic thermal convection
arising from Joule heat have focused on the use of solid support media such as
starch or polyacrylamide gels, density gradients, Sephadex, or glass beads.
While these stratagems are successful and widely used oan the analytical scale,
they are all difficult to scale up and are largely unsuited for cell separation.,

In continuous~flow electrophoresis, anticonvectional stabilization is accomplished
without the use of solid support media. The separation buffer flows through the
narrow space between the electrodes at a velocity sufficient tc overcome the
effects of gravitation and convection, especially in the bulk of the medium

remote from the walls. The use of a free-flowing buffer allows separation of
living cells which are too large to migrate through the pore structure of anti-
convectional gels, while the rapid flow of buffer minimizes sedimentation effects.
In addition, continuous-flow electrophoresis allows uninterrupted withdrawal of
separated zones as long as the sample mixture is injected into the buffer curtain,
The amount of material to be processed is limited only by the long-term stability
of the apparatus itself and the time available.

The disadvantages of continuous-flow electrophoresis are related to
sample streak stability and the effectiveness of gravitational stabilization at
low curtain flow rates, which are desirable for optimum resolution. Strickler
and Sacks [4] have defined two phenomena which lead to sample band broadening
and distortion. First, the parabolic flow velocity profile of the buffer curtain
results in sample ions near the walls having a longer residence time in the field
and, consequently, experiencing a greater lateral displacement than ions near
the center of the chamber. Secondly, sample ions near the walls are entrained
in the electro-osmotic flow of buffer towards the cathode. The net results of
these perturbations is distortion of the sample streak into a crescent shape, with
attendant loss of resolution.

More recent studies [5, 6,7} have considered the specific effects of
transverse and longitudinal temperature gradients on the overall stability of the
bufter curtain in an effort to determine whether continuous-flow electrophoresis
in zero-gravity would show benefits over terrestrial electrophoresis. The
present study suggests the existence of a hitherto overlooked convective insta-
bility which is laterally oriented in the buffer curtain. This instability is
generated as a result of changes in buffer pH and conductivity near the electrode
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membranes which distort the otherwise uniform electric field, thereby giving
rise to temporature gradients across the width of the chamber. The data pre-
sented in this report seek to describe the preceding pH and conductivity gra-

dients and their relationship to electric field strength, In addition, a mechaniam

for the formation of the gradients is proposed,

I, APPARATUS

A. Beckman Continuous-Flow Electrophoresis System

Figure 2 shows a schematic diagram of the Beckman charged particle
electrophoresis (CPE) instrument. The electruphoresis chamber is defined by
a pair of Lucite plates separated by a Teflon spacer and sealed with an O-ring.
The chamber dimensions are 1.5 mm thickness, 44-mm width, and 50-cm
length. Platinum wire electrodes 30-cm long are housed 12 vertical recesses
machined into both sides of the back plate. In this study, celluicre acetate
dialysis membranes (Spectrapor 2, which is 25-um thick, has a molecular
weight cutoff of 12 000-14 000, and is sealed in place with O-rings) separated
the electrode recesses from the electrophoresis chamber. Both recesses are
equipped with platinum electrodes which sense electric field strength across
the curtain. An electrode buffer pump circulates cold (4°C) concentrated
electrophoresis buffor through the electrode recesses to remove electrode
decomposition products and Joule heat. A peristaltic pump circulates curtain
buffer through heat exchange coils, immersed in a water-ethylene glycol bath
at 4°C, to a pressure equalization bottle and thence through a 0, 45-um millipore
filter and flow rate meter into the electrophoresis chamber. Curtain buffer
leaves the chamber via 48 ports 1-mm apart located across the bottom of the
electrophoresis space. The ports discharge their fraction of the buffer curtain
into an array of test tubes. The front Lucite plate incorporates a milled recess
through which water at 4°C is circulated, thus removing Joule heat from the
flowing curtain buffer. A window located 5-~cm above the collection port is
illuminated from behind by a straight-line incandescent filament equipped with
a lens and horizontal slit which images the light source in the plane of the buffer
curtain, This optical device allows visual examination of the cross-sectional
profile of sample streaks. A controlled-rate syringe pump (Sage Instruments,
Inc., Model 353) injects the sample through a stainless stecl needle located
above the olectrode space in the central upper third of the chamber,
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Figure 2, Schematic diagram of Beckman CPE.

B. Hannig FF-5 Free-Flow Electrophoresis Separator

This instrument differs only in detail from the Beckman CPE previously
described and is adequately discussed in the literature {8). The FF-5 was used
in this study because its electrode compartments are designed to take ion-exchangu
membranes rather than the dialysis membranes fitted on the CPE, In accordance
with the procedures of Hannig [8), the anode compartment was fitted with a
cation exchange membrane, while the cathode ' as fitted with an anion exchange
membraune (Ionics Inc., Watertown, Massachusetts).
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C. Continuous-Flow Electrophoresis Buffer

A well-characterized phosphate buffer, formulated by Seaman [9] for a
proposed zero-gravity continuous-flow electrophoresis separation of polystyrene
latex particles [10], was used in this study. During terrestrial evaluation of
the proposed Space Processing Applications Rocket experiment, this buffer was
found to undergo pH and conductivity changes similar to those reported by
Brattsten {11]) with veronal and acetate buffers, by Zeiller et al, [12] who used
triethanolamine/glycine and HEPES/glycine media, and by Strickler [13] using
Beckman B-2 veronal buffer at pH 8.6,

The composition of R-1 buffer is given in Table 1, and its properties
were as follows:
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Conductivity at 25°C ~ 3.49 x 107 mho/cm

Py

pH at 23°C — 7.21

Viscosity at 256°C — 0,898 cp

Osmolality — 56. 5 milliosmoles /kg.
All reagerts used in making up the R-1 buffer were of analytical reagent grade,
with acs~' s of 99-percent purity by weight. Distilled water was obtained by a
two-stage distillation in Pyrex warc and had a conductivity of 1.75 x 10~% mho/cm
at 25°C.

TABLE 1. COMPOSITION OF R-1 BUFFER

Molecular 10X 1X
Substance Weight (gmAliter) | (gm/liter) (Millimolarity)
NaHPO.*7TH,0 | 268,07 4.72 0,472 1.76
KH, PO, 136.09 0.50 0.05 0.367
Na,EDTA"2H,0 372,24 1.251 0.125 0.336

[#]
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Hil. METHODS

The continuous-flow electrophoresis apparatus was filled with R-1 cur-
tain buffer and 10X concentrated R-1 electrode buffer. The flow rates of both
buffers were adjusted to required values using variable flow meters. Curtain
fractions were collected after 10 min for baseline measurements of buffer pH
and conductivity. Following establishment of the electric field, and its adjust~-
ment to required values of voltage and current, the apparatus was allowed to
equilibrate for an additional 10 min. Curtain fractions were again collécted for
10 min or more, depending on curtain flow rate. After equilibration to room
temperature, the pH and conductivity of all collected fractions were measured,

using a Radiometer PHM 64 | ~ meter equipped with a Radiometer GK 2321C

combination electrode, and a YSI Model 31 Conductivity Bridge, calibrated with
KC1] standards.

IV. RESULTS

Over a wide range of field strengths, curtain {flow rates, electrode
buffer flow rates, and time, the pH/conductivity profiles of the fractionated
buffer curtain showed the general form illustrated in Figure 3, which comprises
a selection of experimentally obtained pH /conductivity profiles ineasured under
a variety of conditions. All curves obtained using the Beckmar C' ¥ fitted with
cellulose acetate membranes showed the following characterisiic features:

a) A small drop in pH and conductivity in fractions 1 and 2, with a

gradual increase in pH and conductivity over the next 10 through 12 fractions
(Region A in Fig. 3).

b) Constant pH and conductivity values in the next 30 fractions (Region
B in Fig. 3).

c) A further increase in pH and conductivity in the last 3 through 4
fractions (Region C in Fig. 3).

Region C, while showing a clear trend towards higher pH's and conductivities,
was not sufficiently well resolved by the fractionation procedure to allow analysis
of gradient formation as a function of variations in the experimental conditions,
The present results are, therefore, analyzed and discussed with reference to
changes in pH and conductivity nonr the cathode membrane only (Region A,

fractions 1 through 14) where goc. resolution of the fractionated curtain was
obtained.
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Figure 3. pH and conductivity profiles of R-1 buffer collected
from the Beckman CPE under a variety of conditioua.
(For regions A, B, and C, see Section1V.)
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The initial emall decrease in pH and conductivity evident in fractions 1
and 2 of all the curves shown in Figure 3 was considered an artifact caused by
the Poiseuille flow velocity distribution of curtain buffer adjacent to the cathode
membrane. Thus, fractions 1 and 2 were contaminated with slow-moving buffer
originating near the bottom of the electropl: ‘esis chamber, and since this was
not exposed to the electric field, these fractions showed pH/conductivity values
closer to the standard values of the R-1 buffer. Similar considerations apply
to other fractions sampled in these experiments, since parabaolic flow velocity
distributions occur also at the front and back walls of the electrophoresis |
chamber. Although the effect is less promipent some distance from the mem-
branes, some uncertainty remains in the measured pH - conductivity values.

Figures 4 through 7 show the effect of four variables on the formation of
pH/conductivity gradients near the cathede. The gradients were quantified in
two ways: (a) total change of pH in Region A {ApH A) and (b) distance of

migration (in millimeters) of the pH discontinuity. defined as the boundary
between Regions A and B, Figures ¢4 and 5, showing the influence of time and
electrode buffe. ilow rate respectively, indicate that, within the ranges explored,
these parameters had a minimal effect on pH gradient formation. The influence
of curtain flow rate was more pronounced (Fig. 6), showing an inversely pro-
portional relationship between cuitain {iow rate and pH gradient formation,

This result was not unexpected since iacreased curtain flow rates tend pro-
gressively to swamp out the pH changes occurring near the electrode membranes.
More interesting was the effect of electric field strength (Fig. 7) which was
almost directly proportional to ApH A and wmigration distance of the pH discon-
tinuity, .p to 50V/cm,

Figure 8 shows the pH profile measured in an experiment where electro-
phoresis buffer (R-1) replaced the 10X concentrated buffer generally circulating
through the electrodes. Plateau values of pH were not attained until fraction 14,
equivalent to 14-mm distance from the cathode membrane. In contrast, experi-
ments carried out with concentrated R-1 buffer in the electrode compartments
under similar conditions of electric field strength and curtain flow rate showed
that plateau pH was established by fraction 8, only 8-mm distant from the
membrane,

Figure 9 illustrates the pH /conductivity profile of curt ur buffer in a

continuous-flow electrophoresis experimen; using the Hannig FF-5. The presence

of an nnion exchange membrane at the cathode reversed tae slope of the pH gra-
dient on the curtain sids of the mambrane,

- R R a5,
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V. DISCUSSION

The final result indicated that the cellulose acetate membranes were
causing the observed pH conductivity changes in the Bechman CPE, At neutrd
pH, these membranes bear negative charges vesulting {from ionization of
carboxy! groups throughout the membrane, the degree of polarization of the
membrane being dependent on the electric field strength | t4),. Thus, the depend-
ence of the pH -conductivity gradients on field strength {(Fig. 7) can be interpreted
as resulting {rom membrane polarization,
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Fgure 8. Conductivity and pH protile of R-1 bufifer collected from
Hannig FF-5 olectrophoresis apparatus.

It is known that charged membranes reject ionic solutes by the phenome-
non of Donnan ion exclusion. When a cation exchanger is placed in a ditute solu-
tion of a strong electrolyte, concentration differences occur between the two
phases; cativns predominate in the membrane, while free anions are concentrated
in the solution. Since these jons are charged, simple diffusion tending to equalize
the ionic concentrations would disturb the principle of electro-neutrality. There-
fore, migration of cations into the solution and of anions into the membrane results
in the accumulation of positive charges in the solution and of negative charges in
the membrane. ‘Thus, a potential difference, the Donnan potential, s established
between the two phases. For a membrane containing fixed negative groups, the
effoct of Donnan potential is to exclude anjons from the membrane, Since the

12
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force exerted on an lon in an electric field is proportional to the ionic charge,
the Donnan potential needed to balance counter-ion diffusion into the solution
decreases with increasing counter-ion valency. Conversely, the efficiency of
co-{on exclusion at a given Donnan potential is directly proportional to co-ion
valency. Bhattacharyya et al. [15] have explained the rejection behavior of
certain simple ions using Donnan theory. More recently, l.onsdale et al.

[ 16] have published a model of ion rejection which extends Donnan's original
equilibrium treatment to the nonequilibrium situation occurring in hyperf{iltra-
tion. Indeed, this model has been applied to the separation of heavy metal saits
by charged membrane ultrafiltration [17]). In this method, solute rejection
increases with a decrease in the solute concentration on the high pressure side
of the membrane.

Thus, the data presented in Figure 8, the effect of dilute electrode buffer,
were interpreted as confirming solute rejection by the membrane. Reducing the
electrode buffer concentration led to the formation of more pronounced cathodic
pH gradients, in terms of lower pH and greater migration distance of the dis-
<continuity into the buffer curtain.

Since the pli of the following buffer curtain is dependent on the Henderson-
Hasselbalch equation,

tHPO, |
pH PR €10 luzm‘ l

the reported changes in pH could only have resulted from adjustments of the
relative concentrations of proton acceptors and donors in the buifer solution,
i.e., divalert phnsphate ions and monovalent phosphate ions. In the presence
of an electric -ield, the mobility difference between these two ions could not of
itself mo«'+*, their relative concentrations in the electrophoresis buffer.

These considerations sugypested a possible mechanism for the formation

of he observed pH and conductivity gradients. In continuous-flow electrophoresis,

negatively charged cathode membrane inhibits the passage of buffer anions by
the Donnan exclusion mechanism. The divalent phosphate ions are more highly
retarded than the monovalent ions since they possess approximately twice the
charge of tho latter. Therefore, on the curtain side of the cathode membrane,
there ocears a relative decrease in divalent ion concentration, disturbing the
He..le. son-Hasselbalch ratio of buffer ions in the direction of decreased pH.
In addition, the fall in divalent ion concentratiown in this region is reflected in a




decrease in the measured conductivity, which is a function of the total number
of current-carrying ion species present. At a negatively charged anode mem-
branv, a similar selective retention of buffer ions occurs, this time resulting
in a relative increase in divalent ion concentration on the curtain side of the
membrane, leading to increased pH and conductivity measurements in this
region,

The condition of this mechanism that buffer pH and conductivity should be
lowered near the cathode, and elevated near the anode, was fulfilled by the data
shown in Figure 3. The effects of replacing the negatively charged cathode
membrane with an anion exchange membrane (Fig. 9) further support the
mechanism, since in this case the Donnan potential has reversed polarity.

Anion exchange membranes are characterized by the presence of basic groups
(e.g., -NR, or =NR) which at neutral pH are positively charged, thereby favor-
ing passage of divalent buffer ions over monovalent ions. Consequently, curtain
buffer pH was increased, rather than decreased, in the presence of an (n
exchange membranes at the cathode.

The deviations in buffer pH and conductivity discussed in this report have
several consequences for the separation of charged species by continuous-flow
electrophoresis, Zone electrophoresis, in contrast to isoelectric focusing and
isotachophoresis, calls for constant buffer pH and conductivity in the separation
medium. This requiren.cnt ensures that the electrophoretic mobility of the
separands is invariant during the separation, Samples to be separated by
continuous-flow electrophoresis generally occupy only the central portion of the
buffer curtain, where pH and conductivity are constant; however, with samples
which display a wide range of differing electrophoretic mobilities, the need to
confine the sample streak to the center of the buffer curtain dictates the use of
low field strengths, and subsequent loss of resolution. For this reason alone,
the development of nonpolarizable membranes could be significant for
continuous-flow electrovhoresis.

Another consequence of buffer instability near the membranes is the
generation of lateral temperature gradients at the edges of the buffer curtain.
The fall in buffer conductivity to approximately 100 umho /cm near the cathode
increases the resistance in this region and, consequently, the temperature of
the buffer. Under these conditions, the temperature difference between the mid-
portion of the chamber and the cathode membrane is approximately 10°C. This
temperature gradient is analogous to the longitudinal gradients encountered in
capillary isotachophoresis, where higher temperatures prevail in the terminating
buffer adjacent to the cathode than are attained in the leading buffer adjacent to
the anode. In continuous-flow electrophoresis, however, the temperature

14
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gradient is normal to the gravitational vector, and convective disturbances are
likely to arise at the edges of the buffer curtain, especially at the low curtain
buffer flow rates necessary for optimal resolution. It is possible that the slow
drift of sample streaks characteristic of continuwous~flow electrophoresis owes
its existence at least partly to the membrane-associated thermal convection.
Certainly the phenomenon should be considered in all theoretical modeling of
the fluid dynamics of continuous-flow electrophoresis.

Lastly, the stability of the membrane-generated pH gradients with time
suggests a possible application in continuous-flow iscelectric focusing. The
high cost of Ampholines (LKB, Bromma Sweden), hitherto widely used to
establish pH gradients, and their unpredictable conductivity courses have
recently encouraged investigators [18, 19} to re-examine the possibilities of
pH gradient formation using simple buffers. The present study indicated that
stable shallow pH gradients can be formed in the region of charged semi-
permeable membranes. The presence of a linear conductivity gradient in such
gradients, while running counter to the accepted requirements for isoelectric
focusing, may conceivably add another separative parameter to the technique,
although further experiments are needed to clarify this point.
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