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INTRODUCTION

For a long time, the electrokinetic behavior of biological materials has been an
active and productive area of research. As early as 1860, Kuhne and Jurgensen, in
separate publications, demonstrated the electrokinetic properties of muscle tissue and
biological cells. Since that time, biologists have shown that the electrical double-layer
properties at the cell wall/liquid interface often reflect the biological characteristics of
the cells. Electrophoresis, therefore, represents a potentially powerful tool for
separating biological cells according to their biological properties.

It has long been recognized that electrophoretic separation in space would alleviate at
least two major problems of ground-based separations which are due to the effect of
gravity.. The first and most sérious problem is thermal coavection, which is btrought™
about by the joule heating resulting from the electric current in the liquid medium. The
second problem is the settling of large biological particles of high density. A microgravity
environment, such a8 exists in‘an earth orbit véhicle, is Sufficierit to eliminate Both of
these problems. The-problems which remain .are of an experimental nature and primaxrily
involve the design of the clectrophoresis cell so as to attain maximum resolution of
separation along with the physical capability of efficiently collecting the separated fractions.

The major effort described in this report has been to analysis the Apollo 16 electro-
phoresis experiment results and to recommend to NASA the design features for the
electrophoresis cell planned for the ASTP experiment which would increase the resolution
of separation. This latter aspect of the program included a theoretical analysis of the
resolution of free-fluid electrophoretic separation, the development of a low-electroosmotic-
mobility coating to control electroosmosis in the electrophoresis cell, and a method for
experimentally evaluating electroosmotic flow in the cell. The progression of this work
has gradually led to 2 more thorough appreciation of not only free-fluid electrophoresis,
but of all types of electrophoretic separations.



CHAPTER 1

ANALYSIS OF THE APOLLO 16 ELECTROPHORESIS EXPERIMENT

A. Introduction

The Apollo 16 electrophoresis experiment was designed to demonstrate that colloidal
particles of different surface charge could be separated more efficiently in space than
on Farth. Although the eventual objective of this program is the separation of biological
cells, monodisperse polystyrene latexes were chosen as model colloids for this
experiment to simplify analysis of the experimental results. The objective of our work
was to analyze the results of the Apollo 16 electrophoresis experiment and to help

design future electrophoresis experiments.for space. This chapter degcribes the analysis ... .

of the results of the Apollo 16 experiment.

B. Expemm ental Details’

=

1) Apollo 16 Dlectrophorems Cell

The Apollo 16 electrophoresis cell consisted of three parallel 10. 2 em-long Lexan
tubes separated from the electrode compartments by semipermeable membranes. The
two mornodisperse polystyrene latexes (The Dow Chemical Co.) selected were Lot #1LS-
1200-B (0. 80um diameter) and Lot #1.8-1047-E (0. 23um diameter). Prior fo the start
of the experiment, the latex samples were isolated in a cylindrical chamber separated from
the cathode by a fixed semipermeable membrane and from the Lexan tube by a removable
Kapton film. To start the experiment, the Kapton film was removed so that the latex
particles were free to migrate up the Lexan tube. The inside radii of the Lexan tube and
the sample chamber were 0. 318 ¢m and 0. 238 cm, respectively. The dispersion medium
was a solution containing 0. 008 M boric acid and 0. 0016 M sodium hydroxide as buffer, as
well as 0. 1% formalin preservative and 0. 02% sodium lauryl sulfate emulsifier. The
potential applied across the platinum electrodes (11.5 cm apart) was 300 volts.

2) Electrophoretic Mobility of Polystyrene Latex Particles

The electrophoretic mobilities of the 0. 80pm and 0. 23um diameter polystyrene latex
particles were measured in a microcapillary electrophoresis apparatus (Rank Brothers Ltd.)
at an applied potential of 1.7 volts/cm. The dispersion medium was various modifications
of the borate buffer dispersion medium used in the Apollo 16 experiment. The cylindrical
2-mm diameter microcapillary cell had extremely thin walls (less than 0.1 mm), thus
giving distortionless viewing at all levels without the necessity for any optical corrections.
The zero-solvent-flow level in this cell was defined accurately by measuring the parabolic
velocity profile across the diameter of the cell for particles of different electrophoretic
mobility. The usual light source was a quartz-iodine lamp in the dark-field configuration.
Since the 0. 23pm diameter particles could not be detected with this light source, a 5 mv
He:Ne laser (Model M1411, Metrologic Instruments, Inc.) was used as the light source for
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this sample, with remarkable success in detecting the primary particles. The advantage
of the microcapillary electrophoresis is that the electrophoretic mobilities of a large
number of individual particles can be measured directly

3) Potential Gradient in the Apollo 16 Electrophoresis Cell

An important parameter for evaluating the Apollo 16 electrophoresis experiment is
the potential gradient E. Since a potential of 300 volts was applied across a distance of
11.5 cm, the calculated potential gradient is 26 volts/ecm. Two possible factors that could
reduce this value of E are the semipermeable membranes that were used to close hoth
ends of the channel and the presence of bubbles both inside and outside the channel. An
attempt was made to measure the potential gradient within the channel by inserting two
electiodés into the channel ofan éléctrophoresis cell identical to that used for the Apollo 16™
experiment and measuring the potential across these electrodes. The value of I varied
from 15 to 23 volts/cm because of the bubbles that were always present in the electrode
compartments, these bubbles were ihe result of poor circulatién of buffer (the circulafion
equipirent uged on the Apolls 16 flight wad not gvailabte for-this study).”

A simplified electrophoresis cecll was constructed from Lexan tubing to more easily
eliminate bubbles from the channel and electrode compartments. The main features of
this cell were identical to that used for the Apollo 16 experiment as shown in Figure 1.
The three probe electrodes (A, B and C) were used to measure the potential gradient at
different positions in the Lexan tube when a potential of 300 volts was applied across the
main electrodes.

4) ZElectroosmosis in the Apollo 16 Electrophoresis Cell

The electroosmosis at the Lexan channel wall/buffer solution interface was measured
by placing the apparatus shown in Figure 1 on a microscope stage and observing the particle
velocity at 250 X magnification. Although the optical properties of the Lexan tubing were
improved greatly by polishing the top surface to a flat configuration, some difficulty was
encountered in observing the particles at different depths in the channel. Monodisperse
polyvinyltoluene latex particles of 2um diameter with an electrophoretic mobility of 1Qum
cm/volt sec were used to measure the velocity of the medium near the channel wall.

C. Theoretical Aspects of Electrophoresis

The observed velocity Vobs of a colloidal particle subjected to an applied potential in a
closed cylindrical charnel is defined by the equation:

VobS = Ve +V (1)

where V e = the velocity of the particle due to electrophoresis,
V = the solvent velocity due fo electroosmosis.

3
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The solvent velocity V under these conditions is defined by the equation:

V=U ;((21'2/0.2) - 1J @)
where r = the distance from center of channel,
a = the radius of channel,

U= the electroosmotic velocity of solvent at the channel wall (i. e., where

r=a.

Combining Equations 1 and 2 yields:

[

- 2/,.2
vobs =V, + Ui_(Zr /a%) - 1] 3)

FISFRRE NN E R TR [Py 5o . . I L R L T - e
Eqmuon 3 predlcts thut the observed partlcle velomty isa sensu:lve function of r and
is described by a parabola that is symmetric about the center of the channel. Since infor-
mation obtained from the Apollo 16 experiment was in the.form.of. photographs iaken
every 20 seconds, the position that could be followed and mcasured accumtely was the
apex of the p’lrabola at the center of the channel, i.e., at Ir= 0. At r= 0, Equation 3
reduces to:

A potential of 300 volts applied to a cell of these dimensions gives a potential gradient
of 26 volts/cm. However, there are "a posteriori" reasons for suspecting the constancy
and absolute value of this potential gradient during the course of the experiment.

The potential gradient may be separated from the right hand side of Fquation 4 as
follows:

Vobs ~ (Ue - Uos) E )
where Ug = electrophoretic mobility of the particle,
Uos = electroosmotic mobility of the solvent,
E = potential gradient.

The particle velocity in the center of the channel, therefore, is a function of the elec-
trophoretic mobility of the particles, the electroosmotic mobility of the solvent at the
channel wall, and the applied potential gradient.

D. Ground-Based Experimental Resulis

1) Microcapillary Electrophoresis

The electrophoretic mobility of the 0. 8um (Sample A) and 0. 23um (Sample B) diameter
polystyrene latex particles were 9. 2 and 6, 5um cm/volt sec, respectively, in the standard

~
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borate buffer solution. There was no detectable change in the electrophoretic mobility
of these latex particles after storage for two weeks.

2) FElectroosmosis in Lexan Tubes

The electroosmotic flow in Lexan tubes was determined by measuring the velocity of
latex particles near the tube wall by means of the apparatus shown in Figure 1. The
results showed that the particles changed direction near the channel wall, indicating-that
the electroosmotic velocity at the Lexan/buffer solution interface was greater than -10um
em/volt sec. The negative sign indicates that the solvent moves toward the anode, as
opposed to the negatively-charged polystyrene particles, which move toward the cathode.
The experiment was repeated using Lexan tubing coated with collodion, which reduced,
but did not eliminate, the electroosmosis.

LY

3) Potential Gradient in the Apollo 16 Electrophoresis Apparatus

The potential gradient mexsurements obfained from the apparafus shotwn in’ Figute®l
~with-ne bubbles present in the-ehannel indieated-that the semipermeahle membranes useil
in the Apollo 16 experiment did not affect the potential gradient. When bubbles were
introduced into the channel intentionally, the potential gradient was decreased by as much
as 5%, depending upon the size of the bubble. When the bubble was inserted at the end

of the channel in contact with the semipermeable membrane, the potential gradient was
decreased by as much as 10%. These values may be in error, however, because of the
tendency of the bubbles to rise and flatten out against the top of the channel, thus offering
less resistance than would be expected in space where the absence of gravity allows air
bubbles to assume a spherical shape.

Glass beads of 5 mm diameter were placed in the channel to approximate more closely
the air bubbles of the Apollo 16 experiment. The results showed that the spherical glass
heads had a much greater effect in reducing the potential gradient within the channel and
that the decrease in E (A E) was inversely proportional to the cross-sectional area of the
channel minus the cross-sectional area of the glass beads according to the equation
AE = K/(dzl - d%) where K is a constant, dq the diameter of the channel, and do the diameter
of the glass bead or air bubble. Since AE was found to be 2. 5 volts/cm for dg=10.5cm,

K =0.4

The photographic record of the Apollo 16 experiment showed that the bubble diameters
were 0.6 cm or greater. The foregoing equation predicts that the value of A E will be
10 volts/cm when the bubble diameter is 0.60 cm and 15 volts/cm when the bubble diameter
is 0.61 cm. Apparently, E decreases rapidly as the bubble diameter approaches the
inside diameter of the channel. Experimental verification with glass beads larger than
0.5 em in diameter was not possible because the geometric tolerances of the available
beads were about 25%, with the result that the larger beads would not fit into the channel.
Nevertheless, the foregoing theory and experimental results suggest that the air bubbles
present in the Apocllo 16 electrophoresis apparatus could have drastically reduced the
potential gradient within the channel.
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4) Analysis of Results of the Apollo 16 Electrophoresis Experiment

The details of the experimental apparatus and the flight photographs, which were the
source of all experimental results, are not included in this report and can be found
elsewhere (1). The photographs, numbered sequentially beginning with frame 17001,
were taken automatically every 20 seconds. The experiment was initiated (i.e., time = 0)
at frame 17003, and the current was first reversed at frame 17017 (280 seconds after
the start of the experiment) when the fastest-moving particles approached the end of the
channel. Although 52 photographs were taken during the four traversals of latex particles,
the useful information for analysis was in the first 14 frames after the current was
turned on.

-.The initial appearance of fthe-latex.particles (frame 17005.-time = 4Q seconds)..shoswed S
that the observed velocity of the latex particles was influenced by electroosmotic solvent
flow as evidenced by the sharp parabolic particle profile. The position of the apex of the
parabola.as a. funetion of time iswshown in TFigure 2. Tube 1 contained the mixture of 0. 23un:
.and 0. 80um diameter particles, while tube 2 contained the 0.80um diameter particles and
tube 3 the 0. 23um diameter particles. The linear variation of position with time for the
first three minutes of the experiment shows that the particles were traveling at a constant
velocity during this period. Extrapolation of the results to zero time, however, indicates
that the latex particles in tubes 1 and 3 were delayed in the sample chamber for 7 and 9
seconds, respectively. The change in slope beyond three minutes indicates a sudden
decrease in the potential gradient of all three tubes. This phenomenon can be explained
by the presence of three large bukbles that were located initially at the center of each tube:
when the current was turned on, the bubbles migrated toward the anode and reached the
end of the tube three to four minutes later; when the bubbles contacted the semipermeable
membrane, the resistance increased, resulting in a decrease in the potential gradient.

The observed particle velocities at the center of each tube (i.e., at r = 0) calculated from
the data of Figure 2 are given in Table L.

An evaluation of the Apollo 16 flight films requires the use of Equation 5 which predicts
the observed particle velocity V g in the center of the channel as a function of the
electrophoretic mobility of the latex particles Uy, the electroosmotic mobility at the channel
wall/liquid interface Uyg and the potential gradient E:

Vobs ~ (Ug " Upg) B (6)

Although V s and U, are known accurately (Table I), there is some uncertainty in the values

of both Ho and E. The value of U,g was found from laboratory experiments to be at least
~10mm cm?volt sec (or -0. 06 cm“/volt min), while E was found to be less than the theo-

retical value of 26 volts/cm. IEquation 5 was solved for E. 1 EZ’ and ES’ the potential gradients
in tubes 1, 2, and 3, respectively, and the following ratios were set up, to estimate which

tubes, if any, had identical values of E:



Position, cm

iube

1
1 2 3 4
Time., minutes

Figure 2 Position of Apex of Parabola as a Function of Time




Table 1

Electrophoretic Mobilities and Observed Velocities of Latex Particles*

Sos aap o APttt T lesden b ow AReg % aes

“"Observed Particle o
Velocity, ecm/min .
_ Latex Electrophoretic
Tube No.- * Particles Initial . Final Mobility #* em'z/ volt min
¢ . om 2% ' wi gt k3 . ¢ it oo d LY e _ ‘ 2: '; - . S beee _
1 0.23pm + 0. 80um 1Vobs 1.7 1V obs 1.45 AUe 0. 0552
2 . =1. ! =1, = 0. 0552
0. 80um Zvobs 1.79 2V obs 1.43 AUe 0. 055
.23 =1.49 ! =1.2 . = 0. 03
3 0. 23um 3Vobs 3‘V obs 1.26 BUe 0. 0392

* The observed particle velocity Y—o is taken at r = 0.

bs

*k AUe and BUe are the electrophoretic mobilities of the 0. 80um and 0. 23/um diameter

latex particles, respectively.
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Fguations 10 and 11 may he eguated and rearra:

v
2 obs A

T S " “ w e
~0.06 em /volt min. is substifuted into Fouations
ana

and ¥ )/I

These results show cleaxrly

= 1,03. 1
now be scived for I in

qulu.a on :) JESEEAYS 3

1o
0o8)

sged 1o solve for U
—0Ss

0S8 A\

Aa

Substiluting the data in Table [ gives gos = -0.
sec, in 'mod ment with the experimoental
Using this v&lu U s (md k01‘711*0 Fquation 5

3 obs 1

193
- ‘.r Bl

~r

0644 cm /\'olt min. or =10 7nm em/volt
approximation presented ‘;“evf ou%’iy
for I, the potentia adient may be cal-

culated separate ly Lor .abe.s 1, 2, and 3 as follows (sec Table I for pe-. ti ront uata)
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2 oht .
B, = -——-,_———i"3~-—— = 15.0 volis/cm
5 (U -U_ .
A e 0s)
\4
o h,
B_ == 5 onS = 14.4 volis/cim
3 (LU L -U )
B 0s 0s

-

The potential gradient I beyord 3 minutes (past the infleclion points of the curves of
Tigure 4) may be caleulated for each tube from the following series of equations (see

I for pertinent data):
R N AL R T et i3 PR 5 ., < "j.i EY > % - w2 gem AT 5 . . .
1 obs o - .
o= -~ = 12.1 volis/cm
i (.U _-
. . ATe , 08 . .
VA
. 2" ¢bs
T o= ~— = 12,0 volis/cm
2 (U -U )
A C 0s
Vl
3 obs
B! = - T oU ) = 12.2 volis/cm
X - ¥
(B c oS

Furthermore, the six Equations 13a-c and 14a-¢ ¢

that is not constant

The resulls

)

—~~
ot

ryv. 1
Tainle

. P ot

(}.43)
14Dh)

(14e)

can be shown fo be internally cousistont.

,.\
o

Tuation 3 may now he expressed in terms of a potential gradient
for 211 three tubes:
2
2y
Vv =UE+U E{f—5 -1
obs e 0s a
Since the values of all the parameters in Equation 15 are kno\.'n, the particle velocity may
be caleulated as a function of position r in cach tube where a = 0. 318 cm.
for the observed particle veloeity V - expre essed in em/min are as follows:
—OCi
Initial 3 minutes (frames 17004 -17012)
Tube 1: V=172 - 18.3 ¢
1 obs
Tube 2: =1.79 - 19,1 »*
2 obs
Tube 3: v = 1,49 - 18 ¥t
37 obs o 18.3 3

11



Final 100 sce of first traverse (frames 17015 - 17017)

Tube 1: V', =145 - 154 rz (19)
1 obs
2
Tuhe 2: 2-‘/"0,13g =71,43 - 153 ¢ (2())
Tube 3: V', =126~ 1552 21)

Fquations 16-21 give the parabolic shape and position of the latex particles in each

tube as a function of time. The length of the 1ail of each parahola, however, requires a

knowledge of how close the latex particles approach the clhinnnel wall. Since the yadius
1.1

of the sample chamber is smaller than the chaancl radius, the positicn of the particles in
the channel is a funetion of the dimensions and solvent flow conditions of the sample

h’U‘lLL.]‘, i.¢. . at some 3. aximum. distance frpm the cent pr of thg gai wple c_han.mer _the
pzxrucle veloeity will e zero so that o*ﬂy tuc, particles at smaller disiances may 70%\1 Lhe
sample chamber. Iquation 15 may be utilized o predw' the maximum Gl': ANCC Xy sy OF
e particlas measured [rom the center of the chamnben, by setting the ebserved velocity . -
v equal to = 4210 ‘md .uolvmu for r :

"""ObS“"’ RS 2t nd_\ e T . o e &y n -, + e Re. v . R fu By %
e
A
: i '
¥ = e oy i1 - - 22
max } j( U ) (£2)
i 2 Y 0Ss

where the radius of the sample chamber a is cqual 1o 0. 238 cm. Thereflore, Fquation 22
predicts that the maximum distances of i ho latex particles from the center of the channel

will be 0.229, 0.229, and 0. 234 cm for tubes 1, 2, and 3, respectively. These results,

along with Equations 16-21, allow the latex-particle profile to be predicted as a function of
time. ¥igure 3 compares the predicted profiles with the results of the Apollo 16 experiment
for tubes 1, 2, and 3 at the indicated times of 1, 2, 3, and 4 minutes. The agreement hetween
experiment and theory is remarkably good; however, the theory cannot explain the irregular
particle profile obscerved in tube 3.

Another important parameter that can be evaluated from theory and compared with
experiment is length of the latex parabolic profile as a function of time. The velocitly of
parabolic growth may be caleulated by subiracting the velocity of the porticles at the tail of
the parabola (i.e., at ¥ = r .. from the velocity of the particles at the apex of the parabola
(i.e., at r = 0). Tor the case of tube 1, Fquation 16 is used to calculate particle velocity
atr= 0, while Tquation 18 is used to calculate the particle velocity at ¢ - j Equetions
17 and 18 are used to calculate this difference in velocity for tubes 2 and 3, respectively.
The results show that the lengtihs of the parabolas grow at a rate of 1. 19, 1.00, and 0. 83 em/
uin for tubes 1, 2, and 3, respectively. These r‘csultb, of course, are only valid lor the
first three minutes of the experiment, at which point the potential gradient decreases to a
Tower value. Xquations 19, 20, and 21 may subsequently be used in a similar fashion to
calculate the growth velocities of 0.89, 0.80, and 0.70 cin/min for tthes 1, 2, and 3, respee-
tively, for the final 100 seconds of the first {raverse. Figure 4 presents the theoretical

4
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14




(solid lines) and experimental parabolic lengths measured from the Apollo 16 flight films.
Although there was some difficulty in measuring the lengths of the parabolas from the
photographs because of the fuzzy nature of the tails, the agreement with theory is very good.
It should be emphasized that the particle velocity near the channel wall is a very sensitive
function of the distance from the channel wall, so thal small errors in r max €20 lead to
relatively large errors in the minimum particle velocity and the parabolic length as a
function of time. The qualitative agreement between the experimental points and theory
shown in Figure 4, therefore, may be taken as a reasonable confirmation of the validity of
the theoretical approach and assumptions used in this report.

The concept of the separation actually taking place in tube 1, by means of the parabola
of the slower moving particles being nested within the parabola of the faster moving
particles, was further verified by a color densitometric scan of the photographic results
“Hfter'S thinutes of separatidh (carried oit by NASAY, Tlgure 5B $hows the ¢ileulated -

results corresponding to experimental results after 3 minutes of separation (Figure 5A).
A black-and-white reproduction of the color densitometric scan of Figure 5A (Figure 5C)
“shows a high-density area in the region of the predictéd overlap,” which derionstrates that
~the separation of the {we latexes did inhdeed take place. oy mE e e

Conclusions

1. The potential gradient in each channel was reduced by approximately 40%, probably
because of the presence of bubbles.

2. TElectroosmosis was pronounced at the Lexan/buffer-solution interface and was the
primary factor that controlled the parabolic shape of the latex particles.

3. The latex particles behaved entirely according to the theory of electrophoresis and
electroosmosis in closed cylindrical channels.

4. The separation of the 0. 23um and 0. 80um diameter latex particles in tube 1 did in fact
occur according to theory, even though the separation was not in the desired practi-
cable form.

5. A practicable separation of this type is greatly simplified in a gravity-free environ-
ment, but requires the development of 2 low electroosmotic coating.
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CHAPTER I

LOW-ELECTROOSMOTIC-MOBILITY COATINGS

A, Introduction

The Apollo 16 Electrophoresis Experiment demonstrated the need for a low-electro-
osmotic-mobility coating in a free-fluid electrophoretic separation. Although the
theoretical treatment of the resolution of separation as a function of electroosmosis in free-
fluid electrophoresis (FFE) is derived in Chapter III, the photographs of the Apollo 16
experiment showed parabolic particle profiles that are characteristic of electroosmosis
in the cell and which render a practical separation impossible. Therefore, a major effort

-was ipitiated to.deyelop a. conting that would.redyce the zeta.potential at.the cell-wall/liquid, ..
interface to zero or near-zero, to eliminate the driving force responsible for electroosmotic
flow in the presence of an applied electrical potential. The initial work was directed

~ -towards.the electrokinetic behaviox of different coatings on.a variety of surfaces in the

. presence of different buffer systems, becguse neither the buffer nor the clectrophoresis cell
material were dec1ded upon until very late in the developmc,nt of the ASTP experiment.

B. IExperimental Details

1) IElectrophoresis Cell-Wall Materials

The cell-wall materials which were coated and investigated for their electrokinetic
properties during the course of this study included glass, Plexiglas, and Lexan. The glass
was available in small capillaries with an inside diameter of 1. 0 + 0. 05 mm and a wall
thickness of 0. 15 mm. Lexan and Plexiglas were not available in small capillaries, but
tubes were obtained with an inside diameter of 6 mm and a wall thickness of 1 mm. Shects
of Plexiglas and Lexan of 1.6 and 1. 0 mm thickness, respectively, were also obtained.

2) Buffers

The electrokinetic properties of the coated materials were investigated under a variety
of ionic conditions. The buffers generally used were: (i) the borate buffer which was
identical to that used for the Apollo 16 clectrophoresis experiment; (ii) a phosphate buffer
which contained 4. 32% glucose, 0.18% Na HPO4, and 0. 02% KHyPOy; (iil) the A~1 buffer, a
modification of the phosphate buffer, which was used for the biological ASTDP electrophoresis
experiments.

3) Experimental Method of Measuring Electroosmotic Flow in Cylindrical and Rectangular
Channels

Several methods are available for measuring electroosmosis which depend upon the
physical configuration of the sample under investigation. The method developed in this
program was to construct both cylindrical and rectangular microelectrophoresis cells from
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the materials under investigation and to measure directly the velocity of individual particles
in an applied electric field as a function of position in the cell. Under these conditions, the

observed electrophoretic velocity —Y-obs is equatl to:

= N 2'
Vo =V +V (23)

where V, is the true electrophoretic velocity, which is constant, and V is the solvent velocity
due to electroosmosis, which is a function of position in the channel. When the channel is
cylindrical, the solvent velocity may be expressed as:

212 ,
Lo R AT iy ee o A% nae s e V F-‘U :-‘,‘--E‘-"‘a 1 3 e L S TN e a2 e (2?&»),-,.{‘ A wdess

a2

AN

where.r isthe.distance fram the center of the channel, a.is the.channel radiusy and Y is: the . .
electroosmotic, velocity at the chanpel wall, i.e , at xr =a. When the channel is. rectangular,
the solvent velocity may be expressed as:

V/U=1-3 {1 - (yz/bz):i/? [1 ~(192/ 75 K)] (25)

i
where V is solvent velocity at the center of the channel, K = a/b the ratio of channel width/
channel height, a is one-half the channel width, b is one-half the channel height, and y is the
height measured from the center of the channel.

The experimental design for these electrophoresis cells requires that the instrument have
the channel be easily removable from the cell. TFigure 6 shows a diagram of an electro-
phoresis cell designed for small capillaries constructed with threaded nylon caps and O-rings
which seal the capillary channel into the cell and allow for quick disconnection and replacement
of the capillary The platinum electrodes are similarly sealed in place to give a completely
closed system. Standard glass capillary tubes with an outside diameter of 1. 0-1. 5 mm are
coated as desired and inserted in the cell for determination of the electroosmotic flow under
standard conditions. A metal cell holder was constructed to clamp the elecirode compart-
ments in a fixed position to support the cell. This cell was designed to fit into the constant-
temperature bath of the Rank Brothers electrophoresis apparatus, replacing the conventional
microcapillary electrophoresis cell. This apparatus was also modified to observe the
particles in the dark-field configuration using a He-Ne laser as the light source.

Figure 7 shows a diagram of an analogous cell with a replaceable rectangular center
channel constructed from 0. 8 mm-thick Lexan or Plexiglas sheets. The replaceable channel
was constructed by glueing strips of Lexan or Plexiglas sheets hetween two larger plates
using ethylene dichloride as adhesive. The replaceable channel with a height of 0. 8 mm and
a width of 20 mm fits tightly into the two electrode compartments and is sealed into position
with RTV. The channel can be replaced by simply stripping away the RTV rubber seal and
separating the parts. Several replaceable channels were constructed and coated in various
ways; each in turn was cemented into the cell and its electroosmotic mobility was measured,

18
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Tigure 8 shows a diagram of the apparatus constructed to measure the electroosmotic
mobility in the split columns of the ASTP electrophoresis experiment. The Lexan electrode
compartments comprised two halves with rubber gaskets over the areas of contact. The
end pieces of the split columns fit into the electrode compartments, which are clamped
together with pressure plates. The filling ports are positioned so that the dispersion can be
loaded into the cell without introducing air bubbles. The cell holder is designed so that the
seam in the split columns does not interfere with the light source or the observation of the
particles in the column. The whole assembly fits into the capillary constant-temperature
compartment of the Rank microelectrophoresis instrument. The 5-mw He-Ne laser in the
dark-field-configuratiomis used as the light source in place of the usual tungsten-halogen
lamp, which does not have sufficient intensity to penetrate the thick-walled columns. The
particles were more easily discerned when a flat was ground in the tubes so that the wall
- -thickness-at the peintrofichgervation wad tess than I mm. A similar-apparatus was con-=# i~ =
structed for measuring the electroosmotic flow in thick-walled Lexan and glass tubes which
were not split.

. The.electrophoresis capillary cell: (Figure.6) was tested by measuring the velocity prafile -
of 0. 8um-diameter monodisperse polystyrene particles (LS-1200-B) in uncoated capillaries.
Figure 9 shows the results for the latex particles dispersed in the borate buffer (pH = 8),
the boric acid component of the buffer (plI = 4), and distilled water. The results are given
as the velocity—disfancez plot, which converts the parabolic velocity~distance relationship to
a straight line. Only one half of the parabola is shown in Figure 9, although measurements
of velocity were made across the entire width of the channel. This method of plotting allows
comparison of straight lines with an intercept at the ordinate equal fo the electroosmotic flow
velocity and an intersection with the stationary level (height = + 0.35 mm) equal to the
clectrophoretic mobility of the latex particles.

Tigure 10 shows the results obtained with latex particles of known electrophoretic
mobility in an uncoated rectangular Lexan channel in the electrophoresis cell shown in Figure
7. Figures 9 and 10 show that the plots of the electrophoretic velocity vs. the square of the
distance are linear, indicating that the solvent velocity flow profile is parabolic, in agree-
ment with Equations 24 and 25.

C. Experimental Results

1) Glass Surfaces

The rationale for the pretreatment of the glass capillaries depends upon an assumption
of a mechanism of electrical double layer formation at the capillary wall interface. Since
the capillary wall exhibits a negative charge over a wide pH range (as shown by experiments
in this laboratory) the surface charge can arise from the adsorption of cations on the proion
of silanol groups (}SiOH) or desorption of the silanol proton. The initial approach, therefore,
was to render the active surface silanols inactive by specific chemisorption techniques,
i.e., by alkylation of surface silanols according to the following mechanism:

N e D as
/810H+ ROH -—, SiOR + HZO
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A number of experiments were performed with methanol (i.e., R = CHs) by heating
the glass capillary at 300° C in high vacuum and exposing the capillary %o 30 mm of
methanol vapor, Although the glass surface was rendered hydrophobic, the reaction
appeared to be reversible in the presence of water, as evidenced by a steady decrease
in hydrophobicity and an increase in surface charge.

Surface silanols can also be rendered hydrophobic by surface silylation. One of the
more common silylating agents is hexamethyldisilazane (HMDS) which reacts with silanols
according to the following mechanism:

H
~as . . Nas . !
ZlSlOH + (CH3)3 ~S8i-N-8i-~ (CH3)3--———> 2/Sl—0—51—(CH3)3 + NH3.

-, Eeapn 1Y - " 3 L. . : . Py v . .,
I e R I S I L N PR O ftedtaed ¥ I Y Wartate x

EO

This reaction is expected to be quantitative., A number of glass capillaries were treated
with HMDS and .although fthe surface charge wags nominally reduced the resulls were not .
consistent. ’

.

Another organo-silane coating which was evaluated was 3/ ~Aminopropyl-triethoxysilane
(Union Carbide Co., A-1100; Pierce Chemicals). The coating procedure comprised rinsing
the capillary with the A-1100 solution, drying, and curing at 150°C. The values of elcctro-
osmotic mobility for these A-1100-coated capillaries were erratic. Some capillaries
showed extremely low mobility values, actually approaching zero, while others showed
values corresponding to uncoated capillaries. This anomalous behavior was investigated
further by taking two capillaries coated with the Union Carbide and the Pierce Chemicals
coating materials, respectively, and measuring their electroosmotic flow profiles after
exposure of the coatings to different ionic media. The results are shown in Figure 11, in
which the order of measurement of each capillary is desighated by the appropriate numhber,
A negative slope indicates a reversal of the parabola velocity profile, which means that
the surface has changed from negative to positive values. These results show that the zeta
potential is dependent upon the pH of the media and the pH history of the sample. The
uncertainties involved in the use of this coating were found to he unacceptable for a low~
electroosmotic-mobility coating.

Glass capillaries were coated with methylcellulose (Dow Methocel) with molecular
weights in the range 11 x 10% by drying an aqueous solution of Methocel and baking for 15
hours at 150°C to reduce its solubility (Methocel is insoluble in hot water and soluble in
cold water)., The media used were distilled water, borate buffer with and without sodium
lauryl sulfate (pH=8), and borate buffer without sodium borate. i. e., boric acid (pH=4).

Samples of monodisperse polystyrene latex (LS-1200-B; 0. 80pm diameter) showed little
or no movement at the stationary level in the microelectrophoresis, independent of voltage
gradient, solvent composition or pH, or the type of Methocel used for coating (e.g., see
Figure 12). However, the diluted latexes were usually allowed to stand in the coated
capillary for about 30 minutes before the measurements were made. The zero or near-zero
electrophoretic mobilities, along with the 30 minutes elapsed time between loading and
measuring, suggests that the methylcellulose molecules desorb from the capillary walls and
adsorb on the surface of the latex particles (the adsorption of nonionic or steric stabilizers
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is known to reduce the electrophoretic mobility).

Therefore, a technique was developed to begin the measurements within five minutes
after loading the cell with the diluted latex. TFigure 13A shows that the electrophoretic
mobility of the latex particles was initially unaffected by the presence of the methylcellulose
coated capillary walls, but gradually decreased to essentially zero upon standing in the
capillary. Thus, the methylcellulose is very effective in reducing the zeta potential of the
capillary wall-liquid solvent interface and, hence, the electroosmotic flow within the
capillary; however, it must be crosslinked or otherwise chemically-bound to the capillary
wall so that it cannot desorb and adsorb on the surfaces of the particles in the dispersion.

In comparison, Figure 13B shows the results of allowing the latex particles to stand in

a capillary treated with the Union Carbide A-1100 coating. The results after 15 hours are
comparable‘to the initial resultss- In‘this case the A~1100 ecating-is-trreversibly adseorbed - ---
onto the glass surface.

Anothér appréach used (suggested by H:" Biirrell, Inmont Corp.) to reduce the electro-
-osmotic mobility. was to coat.the glass with a selution of polyvinyl acetate, allow the solvent to
evaporate, leaving a thin film of strongly-adherent polymer, then surface-hydrolyze the
polymer film to form a thin layer of polyvinyl alcohol (uncharged and normally water~soluble,
but, in this case, chemically-bound to the underlying polyvinyl acetate film). A 4% solution
of polyvinyl acetate in methyl ethyl ketone was prepared, and the glass capillary was dipped
into this solution for one half hour and then dried in air. The polyvinyl acetate-coated glass
surface was then hydrolyzed by heating at 110°C for 30 minutes and then exposing the
surface to a 5% sodium hydroxide solution for 10 minutes. Three different molecular weight
grades of polyvinyl acetate (specified only as "high, intermediate, and low", obtained from
H. Burrell, Inmont Corp.) were applied and hydrolyzed with 5% sodium hydroxide. The
results summerized in Table II show that the low-molecular-weight polyvinyl acetate coating
(LMW-PVAc) reduced the electroosmotic mobility only slightly; the medium~-molecular-
weight coating (MMW-PVAc) reduced the electroosmotic mobility to a greater extent; the
high-molecular-weight coating (HMW-PVAc) was less effective than the MMW-PVAc. In
general, the polyvinyl acetate coating was not sufficiently effective in reducing the electro-
osmotic flow in glass capillaries.

The most effective material for reducing electroosmosis was found to be methylcellulose,
which was shown, however, to desorb from the surface in less than an hour (Figure 11).
Therefore, the methylcellulose was irreversibly-adsorbed or chemically-bound to the glass
surface by treating the surface with v - glycidoxypropyltrimethoxysilane (Dow Corning
7Z-6040), which binds to the glass, then using the epoxide graoup to link with the hydroxyl
groups of the methylcellulose molecules. The mechanism proposed (L. H. Lee, J. Colloid
Interface 27, 751, 1968) for the binding of this and other trialkoxysilanes to glass surfaces
is as follows:

1. hydrolysis of the trialkoxysilane to the corresponding silanetriol;

2. chemisorption of the silanetriol on the glass surface (interaction between a
hydroxyl group of the glass with one of the hydroxyl groups of the silanetriol);

3. formation of hydrogen bonds between hydroxyl groups of adjacent chemisorbed

silanetriol molecules;
28
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4. polymerization of adjacent silanetriol molecules during drying by splitting out
water from hydrogen~bonded hydroxyl groups.

For the Dow Corning Z-6040 , such a process would give a polysilanetriol chemisorbed to

the glass, with an exposed surface of epoxide groups, which are free to form bonds with
compounds containing active hydrogen , such as methylcellulose. The methylcellulose

(Dow Methocel MC) is applied over the Z6040-treated surface and heated to form chemical
bonds between the epoxide groups of the Z6040 and the hydroxyl groups of the methylcellulose.

Part of this methylcellulose coating can be removed by rigorous washing--this is referred
to as "physically adsorbed"--and part is removed only with difficulty--this is referred to
as "chemically bound". This distinction is important because the "physically adsorbed"

methylcellulose apparently-is governed by -an‘adsorption-desorption -equilibrium-and thus, -~ < v

when a colloidal sol with partially covered surfaces is added to the cell, the methylcellulose
can desorb from the cell wall and re-adsorb on the colloidal particles, reducing their
electrophoretic mobility to that of methylcellutose (zero). Such desorption and re-adsorption
would obviate the electrophoretic.separation.. . Fortunately, the "physically adsorbed" ..
methylcellulose can be removed by rigorous washing, leaving the "chemically bound"
methylcellulose, which does not desorb under these conditions.

The methylcellulose forms a layer of uncharged hydrated polymer on the surfaces of both
the colloidal particles and the cell walls, and thus effectively reduces the zeta potential to
zero. The mechanism proposed for this reduction in zeta potential comprises an increase in
viscosity at the distance J from the surface (usually the distance of the slipping plane) such
that the slipping plane is moved outward from the surface to a distance where the potential
is close to zero.

This report presents results for this Z6040-MC coating system which show that the
electroosmotic mobility of glass capillaries (used in microcapillary electrophoresis cells) is
reduced from the usual 3.5 pm-cm/volt sec to about 0.1 pm cm/volt sec.

The procedure used to coat the glass capillaries with the Z6040-MC combination was as
follows:

1. prepare the Z6040 solution by adding 80 gm of methanol to 20 gm of water, then
adding 3 gm of Z6040 (as received) and one drop of glacial acetic acid;

2. immerse clean glass capillary tubes in this Z6040 solution for one hour;

3. remove glass capillary tubes from Z6040 solution, position vertically with lower
end in contact with an absorbent paper towel, and dry under vacuum at 60°C for
one hour;

4. prepare MC solution by adding 0.175 gm of Dow Methocel HG (8000 cps) to
100 ml of distilled water, stirring for 5 hours, allowing to stand for one hour, and
then decanting the clear supernatant layer;

5. immerse Z6040-coated glass capillary tubes in MC solution;
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6. remove glass capillary tubes from MC solution, position vertically with lower
end in contact with an absorbent paper towel, and dry under vacuum at 60°C for
three hours;

7. rinse coated glass capillary tubes with distilled water until "physically adsorbed"
methylcellulose is removed and only the "chemically bound" methylcellulose
remains.

The glass capillary tubes coated with different variations of the foregoing procedure
were inserted in the electrophoresis cell shown in Figure 5 and their electroosmotic mobil-
ities were determined from the parabolic électrophoretic velocity profiles.

. Table III shows the results for glass capﬂlary tubes coated with different variations of
the Z6040-MC combination and tested using 0. 80pm-d1am eter monod1sperse polystyrene
latex particles (LS-1117-B). Although many more measurements were made than are listed
in Table III, the resulis given are representative and reproducible to within + 0. Inm cm/
volt sec. The charges on the glass caplllary tube walls and on the latex partlcles were
always negalive. * ~ .

These results show that uncoated pyrex glass capillary tube walls (Run No. 1) have a
strong negative charge (U, g = 3. 5pm cm/volt sec), which is halved by coating the surface
with 26040 (Run No. 2).

Coating the glass surface with methylcellulose but omitting the Z6040 undercoat (Run
No.'s 3 and 4) gave a low electroosmotic mobility initially, but the introduction of-a 1%
dispersion of the monodisperse polystyrene latex resulted in complete removal of the methyl-
cellulose from the wall within 2 hours. (These experiments were carried out to determine
the feasibility of using a sacrificial polystyrene latex to decrease the rinse time required to
remove the excess methylcellulose from the cell; although the experiments were successful,
this approach was not developed further because the rinsing procedure was effective and
there was a possibility that some polystyrene particles might adhere to the coated glass
capillary tube walls).

The pyrex glass capillary tubes that were coated with the Z6040~-MC combination
according to the foregoing procedure (Run No.'s 5 and 6) showed after extensive rinsing
stable low-electroosmotic-mobility coatings that did not lose methylcellulose by desorption,
as indicated by the unchanged electrophoretic mobility of polystyrene latex particles in
phosphate and A-1 buffers stored in the tube for long periods of time. Similar results were
observed when distilled water was stored in the coated capillary tubes for 7 months (Run
No.'s 7 and 8); although the electroosmotic mobility was increased somewhat, it did not
exceed lum cm/volt sec. This Z6040-MC coating was as effective for Kimax glass capillary
tubes (Run No.'s 9 and 10) as it was for the pyrex capillary tubes.

All of the foregoing measurements were made in glass capillaries with an ID of one mm
because the measurements of the parabolic particle velocity profiles are more precise for
small capillaries. The glass columns used on the ASTP electrophoresis experiment,
however, had an ID of 6. 3 mm. Therefore, a series of measurements were run in large

32



e e s .

WCITFOAPAYBIIO} s (005 1104 /T

- o o

s e o e e o oy

o w1) MIIIGOW OIIOWSO0IJO[O 4 (058 1]0A/ WO Wt

Epe——

0%

- . e 950 VR G D N Tt T B e B D o

7y £riiqowt orexoydoa1nale «

- - o - -

0T "0~ 081 4 JI9JIng I~V ur 9981038 JooM~§
0T 0+ 06°T 0T IXBWIY pouTa]o-IHL T~V OIW-0709Z 01
0Z 0~ 61 'g 0T OSULL ‘ay-7
0g ‘0~ 012 0t : XTWS] POUBIIO~ e L HL I-Y DIN~-0%09%Z 6
“ Jqo38Mm Ul
08 ‘0~ 883 or 0881098 YIUOW--), ‘OSUL "Iy 0g ‘xorAd -V ON-0%09Z 8
I938M Ut
SL0- S0 '2 0T 9981018 Yuow J f9SUIL IY-0¢ ‘Xaxhd ajeydsoyd OIN-0%09% L
0g 0~ a8 T 07T | "
0% "0~ 003 0T ¢ ¢ Iejng T~V U aBero)s JM-g
gg 0~ 913 or fosulx ay-1 ‘xoxhd -V OIN-0%09% 9
0T 0-  0%'T 03T £ ,
g0 "0~ 09°'T 0vg . ;
g0 "0~ 09°T 0T osul ‘xy-Q¢ ‘xoxid ojeydsoud OIN=-0%092Z g
0T ‘0~ 0L°0 0zl
0T 0~ 0€°T 0T * asurl “ay-9f ‘xoxid oyeydspyd O P
H 3
08 ‘b= 0% 2 0T : 9SULL "IY~-F
0% ¢~ 08T 0T hsult ay-T 'x93e] %T Ul say g ‘xoxsd ojeydsoyd O g
08 I~ 0y ¢ 0T * asurx ou ‘xoxAd ojeydsoyd 07092 2
0% ¢~ 082 ot : 10a300 xoxAd I~V auou I
#2500 O UIW OqnJ, ulXejery JuamI}Baxy], WNIPaIN Ja9jng auryeod ‘ON unyg

auaafyshtod Jo
oW aangodxy

mmn&. ﬁﬁmamo SST[D) po3toD JO AHIIICOIN OT}OULS00a3091T

%
Y

iy

o F19V.L

33



e

glass columns in order to verify the coating procedure and especially the rinse procedure
developed for the capillaries.

The major problems associated with the measurement of electrophoretic velocities in
these relatively large glass columns result from their optical characteristics: 1. the wall
thickness is relatively great (about 2 mm), which makes it difficult to determine the exact
position of measurement in the channel; 2, the electrophoretic velocity of the particles can
be measured down only to the center of the channel because of the limited working distance
of the objective. Accurate microcapillary electrophoretic velocity measurements require
that the measurement of particle velocities as a function of distance across the capillary
be in a plane that intersects the longitudinal axis of the capillary, i.e., the measurements
must be made through the exact center of the channel Since the refractive index of glass

) Mlcrocapﬂlary electrophore31s cells usually have Walls S0 thm (1. e. , less than 100,um) that

this optical displacement is small enough to be neglected.

The geometry and Wall thlckness of ’che glass electrophoreszs columns used in these

" "measurements were not known accurately enough to make precise corrections for thé optical

displacement. Moreover, the particle velocities could not be measured from one wall to
the other. Therefore, the procedure used was to measure the particle velocities from the
wall to the approximate center of the channel, where the fastest moving particles were
selected for measurement (the fastest moving particles should be in the exact center of the
channel). The uncertainty in the values of the electroosmotic mobilities was estimated to
be + 0. 3pm cm/volt sec.

Table IV gives the electroosmotic mobility resulis for pyrex glass columns coated with
the Z6040-MC combination according to the procedure described above and filled with A-1
buffer containing monodisperse polystyrene latex particles. As expected, the uncoated
control column (Run No. 1) showed a high electroosmotic mobility and a high electrophoretic
mobility of the polystyrene particles placed in it. The coated column which had been
subjected to a 4-day static rinse with no water change (Run No. 2) showed a relatively low
electroosmotic mobility (0. 8pm cm/volt sec), but also the presence of "physically adsorbed"
methylcellulose, which at first gave erratic electrophoretic mobilities of the polystyrene
particles stored in it and, after 24 hours, a greatly decreased electrophoretic mobility.

In comparison, the columns subjected to the other rinsing procedures (Run No.'s 3-7)
all showed electroosmotic mobilities of 0. 5um cm/volt sec or less. A 7-day static rinse
with daily water changes (Run No. 3) removed the "physically adsorbed” methylcellulose,
while the 4-day static rinse with no water change (Run No. 2) did not. The combination of
a dynamic rinse (a continuous flow of water through the column at a rate of bne liter/hour)
with a static rinse (Run No.'s 4 and 5) also removed the "physically adsorbed" methyl-
cellulose effectively. The dynamic rinse alone (Run No.'s 6 and 7) was effective only if it
was continued for a period of at least two days (e.g., a 30-hour dynamic rinse § Run No. 7
still left some "physically adsorbed" methylcellulose).

These results show that a period of at least 3 days is necessary to remove the "physi-
cally adsorbed" methylcellulose. The rinsing may be dynamic or static provided that the
water is changed frequently, especially in the early stages of the rinse. In these early
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stages, 1-2 hours is sufficient for the solvent to become saturated with desorbed methyl-
cellulose. After one day of efficient rinsing, several hours are required for the desorbed
methylcellulose to attain an equilibrium concentration, which is lower than that of the
earlier stages.

The concentration of methylcellulose which desorbs from coated and extensively-rinsed
columns filled with A-1 buffer was determined as follows. Two sets of three coated columns
were filled with A-1 buffer, sealed, and stored for periods of 3 and 4 weeks, respectively.
The A-1 buffer in each set of columns was collected, a small concentration of polystyrene
particles was dispersed in each solution, and after a time their electrophoretic mobilities
were measured in the Rank microcapillary electrophoresis cell. No significant decrease
in electrophoretic mobility was found, which indicates that the concentration of methyl-
cellulose. in the A~1 buffer. was.very small. b ok b At et et e e e

S Spe va TR

2. Plastic Surfaces

Plemglas was con51dered by NASA as a poss1b1e matenal Of constructlon for electro-—
phore81s cells in space. Therefore, prehmmary expenments were initiated to develop a
low-electroosmotic-mobility coating for Plexiglas similar to those developed for glass. The
binding of molecules such as methylcellulose to Plexiglas substrates involves different
chemical reactions than the corresponding binding to glass or Lexan. Plexiglas is essentially
polymethyl methacrylate, sometimes with small proportions of other methacrylate or acrylate
esters, or acrylic or methacrylic acid in the case for the high~heat-distortion grades. The
obvious method of chemical binding is the partial hydrolysis of surface methacrylate ester
groups to form the carboxylate salt, followed by neutralization to the carboxyl form; this
would give a random distribution of carboxyl groups over the Plexiglas surface. Possible
reactions of these carboxyl groups (and the functional group on the molecule to be chemically-
bound) include: (1) esterification with elimination of water (hydroxyl group); (2) hydrogen-
bonding (carboxyl group); (3) anhydride formation by heating of hydrogen-bonded carboxyls
to eliminate water; (4) salt formation with a di- or trivalent metal ion (carboxyl group);

(5) amide formation (amine group).

Rectangular electrophoresis cells of the same configuration shown in Figure 6 were con-
structed of 1.6 -mm-thick Plexiglas G sheet (Rohm & Haas). These cells have an inter-
changeable center section that can be used to evaluate the electrokinetic properties of
different coatings on the Plexiglas as well as other plastic materials which are available
only in sheet form.

The interchangeable center sections were treated in the following ways:

1. the cell section was merely rinsed with distilled water and dried, to establish
the electroosmotic mobility of the untreated Plexiglas surface;

2. the cell section was filled with 0. 01% aqueous Methocel (molecular weight 110, 000),
allowed to stand for 30 minutes, drained, and dried for a few hours in air at 50°C;

3. the cell section was coated with Dow Corning Z6040 as described earlier;
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4, dilute Methocel solution was applied to the Z6040~coated surface as described
earlier;

5. the cell section was filled with 0. 1N sodium hydroxide, allowed to stand for one
hour, drained, rinsed first with 0. 1N hydrochloric acid and later with distilled
water, then filled with 0. 01% aqueous Methocel solution as described above;

6. the cell section coated with Methocel as described above was heated in water at
70°C for 30 minutes.

Table V gives the measurements of electroosmotic mobility for the variously-treated
Plexiglas surfaces in distilled water, borate buffer, or phosphate buffer. The Dow Corning
. 76040 coating had very little effect.on the.electroosmotic mobility md;catmg that little or
no reaction with the Plexiglas surface had occurred. All Methocel coatings showed ss.gm-—
ficant decreases in electroosmotic mobility. The best results in phosphate buffer (electro-
osmotic mobility of 0. 6um cm/volt sec) were. obtained by hydrolysis. of the Plexiglas surface
. with sodium hydroxide,, followed by neutrahzatlon and reaction with the Methocel. The
frreversible physmal adsorptlon of Methocel observed with glass surfaces was not observed
with Plexiglas, indicating that, in those cases where a significant reduction in electroosmotic
mobility was observed, there was some chemical binding of the Methocel to the Plexiglas.

D. Water Permeation Through Lexan and Plexiglas Plates

The Apollo 16 electrophoresis experiment showed that air bubbles had formed in the Lexan
tubing during the two-week period from the loading of the cell to initiation of the experiment.
Further experimentation in this laboratory demonstrated that Lexan is permeable to water
to an extent which is consistent with the size of bubbles found in the Apollc 16 electrophoresis
apparatus. This problem of water permeation through plastic materials used in the
construction of electrophoresis cells, and the inevitable formation of air bubbles in the cells,
has resulted in the initiation of an experimental program to coat and measure the rate of
water permeation through plastic materials.

The experimental approach adopted for measuring the rate of water permeation through
plastic plates was as follows. A standard glass container, which had an opening of 5 cm
was first half filled with water. The specimen to be investigated was then epoxied to the top
of the container and stored in a desiccator. The weight loss was then followed as a function
of time. It was found that after an initiation period of two or three days the rate of weight
loss, or of water permeation, remained constant for several weeks.

One material which is known to have a very low water permeability is a vinylidene
chloride copolymer which has the trade name Saran. Samples of Saran lacquer resin were
obtained from the Dow Chemical Company. The main experimental problem was to find a
suitable solvent for the Saran, which would be a poor solvent for the Lexan and Plexiglas
plates which were being investigated. A variety of solvents were used, such as 1,4 dioxane,
N, N dimethylformamide, and tetrahydrofuran, all of which attacked Lexan fo varying
degrees, which were sufficient to destroy its optical properties. Cyclohexanone, however,
was found to be an excellent solvent for Saran and, although it does swell Lexan, the rate
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Table v

Flectroosmotic Flow in Coated Plexiglas Cells

\ / \
Cell Coating* Solvent U, ;—5?;2;“‘\; Uos f\ ;ﬁ—% U, s Ratio { ﬁ%ﬁ-—;’d)
X c : 7 T ;

None Water 2.60 -3.50 —_——

MOC Water 4.05 -1.50 0.43

76040 Water 4.10 -6.90 1.95

..26040.4 MOC = Water . . 22,85 . 51.95 PN 17551 R

S.T. + MOC Water 2.60 -2.65 0.76

H.T. +MOC. . Water., ; - ..3-00 . -0.20 .. 0.06
None Borate Buffer 5.00 ~5.80 ————

MOC Borate Buffer 5.25 -1.80 0.31

26040 Borate Buifer 5.40 ~5.60 0.97

76040 + MOC Borate Buffer 4,45 -3.85 0.66

S.T. + MOC Borate Buffer 5.10 -3.20 0.55

H. T. + MOC Borate Buffer 5.40 -2.10 0.36

None Phosphate Buffer 3.15 -3.25 ——

MOC Phosphate Buffer 3.20 -1.00 0.31

Z6040 Phosphate Buffer 2.75 -2. 55 0.78

76040 + MOC Phosphate Buffer 2.50 -0.75 0.23

S.T. + MOC Phosphate Buffer 2.50 -0. 60 0.18

H T. + MOC Phosphate Buffer 2.80 -1.00 0.31

*Coating Identification:
MOC - methylcellulose (Dow; 110,000 M.W.)
76040 - 7—glycidoxypropyltrimethoxysilane (Dow Corning)
S.T. - surface treated with 0.1M NaOH then 0.1M HC1
H.T. - heat treated in HyO at 70°C for 30 min.
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of attack was relatively low with very little loss in optical properties.

Table VI summarizes the results on coated Lexan and Plexiglas plates which were
0.10 ecm and 0. 16 cm thick, respectively. The dioxane and tetrahydrofuran (THF) solvents
had the effect of attacking the Lexan to a much greater extent than the Plexiglas. This
results in both of these solvents being suitable for Plexiglas, as opposed to Lexan, both in
terms of optical properties and degree of water permeability. The cyclohexanone, however,
was found to be the best solvent for Saran and to be compatible with Lexan. These resulis
indicate that the water permeability of both Lexan and Plexiglas can be reduced signifi-
cantly, probably to a much greater degree than reported in Table VI.

. E...Conclusions

Bp M et ee Lt La SSe o a el RY 5 gt . awte e TRl ol e
. . P e ek Y AL s % 2o

The following conclusions can be drawn from this work:

. 1 The 26040 MC coatmg on pyrex glass columns or plastlc surfaces decreases thelr
" eléctroosmofic mobiiities to small negativée valies, most likély 0. 2 A I,um cm/’
volt sec;

2. This coating gives both "physically adsorbed" and "chemically bound" methyl-
cellulose;

3. The "physically adsorbed" methylcellulose must be removed because otherwise it
might desorb from the cell wall and re-adsorb on the particles fo be subjected to
electrophoretic separation;

4. Extensive rinsing of the coated columns for a period of at least 3 days is required
to remove the "physically adsorbed" methylcellulose from the surface;

5. Rinsing of the coated columns over much longer periods of time eventually results
in the removal of part of the "chemically bound" methylcellulose, resulting inan
increase in the electroosmotic mobility.

6. The. permanency of the Z6040-MC coating is suitable for free-fluid electrophoretic
separations such as the ASTP experiment but its suitability for continuous particle
electrophoretic separations, e.g., the Beckman CPE, has not yet been demon-~
strated.
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Table VI

Water Permeation Results

Steady State

Lo sl e v N I ST “o o R ‘f-gw'ag;g-t}@ LPS.S-.. Observaﬁon Py . - . Tyen s 28 Be e s L er B
Plate Coating . mg/day Period, days = Optical Appearance
Lexan: - uncoated 0.83 - .« = 20 * em oo Clear

“LeXan ™ 1% Savad id Dio¥ane” © UULLgET P Uiy o v v fQgidytt C vt

Lexan 10% Saran in THF 0. 56 15 Cloudy

Lexan 10% Saran in Cyclo- 0.54 16 Clear
hexanone

Lexan 20% Saran in Cyclo-— 0.11 83 Clear
hexanone

Plexiglas uncoated 1.25 15 Clear

Plexiglas 1% Saran in Dioxane 0.33 15 Clear

Plexiglas 10% Saran in THF 0.10 23 Clear
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CHAPTER III

RESOLUTION OF SEPARATION OF FREE~-FLUID ELECTROPHORESIS

A. Introduction

The success of free-fluid electrophoresis in separating biological cells in space
depends upon the degree to which particles of different electrophoretic mobilities can be
separated. An accurate prediction of the results of such an experiment depends upon a
knowledge of experimental parameters, such as applied potential gradient and dimensions
of the channel wall, as well as of the values for the true electrophoretic mobilities of the
particles to be separated. One of the major problems encountered thus far is that the

- “biological systems proposed for separation-in‘space:are-those in-whieh the: particltes have-

not yet been separated on earth by electrophoretic separation techniques. Although there is
reason to believe that biological differences in cell populations may be reflected by dif-
ferences i their electrical double-layer properties, these differences must-be relatively = -
small.or else the problem of separation would not exist. Therefore, ithe three major goals
of this research program have been to define, develop, and verify the experimental para~
meters that will lead to a maximum separation of particles which have a minimum difference
in electrophoretic mobilities. The subject of this theoretical approach is to define the
conditions which lead fo maximum resolution in free-fluid electrophoretic separations in
cylindrical tubes.

B. Theory of Electroosmotic Flow

The observed velocity Vob S of a charged particle exposed to an applied potential in a
closed channel of circular geometry may be defined by the equation:

= 26
Vobs Ve+ v (26)

where Vg = electrophoretic veloeity of the particle
V = the solvent velocity dus to electroosmosis.

The solvent velocity under these conditions is defined by the equation:

. -1 27

where r = distance from center of channel
a = radius of channel
U = electroosmotic velocity at channel wall, i.e., wherer =a.

Combining Equations 26 and 27 yields:

2r2
Vobs = Vet U -1 (28)

B

2
a
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-1 29)

or A\ =UE+U E
obs e oS

where Ue = electrophoretic mobility
Uos = electroosmotic mobility

E = applied potential gradient.

Equation 29 predicts that, for values of U g less than zero, the particle velocity is at

a maximum in the center of the channel (i. e., when r = 0), and decreases as r increases.
The controlling factor that determines whether or not separation of two different types of
particles will occur is the velocity of the trailing edge of the faster particles relative to the
“velocity of thé Teading édgé of the slower pyrticles.” I the velocity of the latter is legs thag *-
that of the former, separation will occur. If the two velocities are equal, or if the velocity
of the latter is greater than that of the former, separation will not occur. If the sample
‘Plug has™a radius of d, the velocify of Interest for the Taster particles {the trailing sdge:

- ‘subscript 1) is at r = d, and-the velocity-of interest of the slower particles: (the teading-edge;. -
subscript 2) is at r = 0. Equation 29 may now be used to define these velocities of interest:

-,

2d2
Vobsl = UelE + UosE S -1 (30)
a
Vobs2 - UeZE - UosE 1)

Although V , 4 must be greater than V 3 .o for a separation to be experimentally feasible,

the limit occurs when V =V . Thus, Equations 30 and 31 may be equated and re-
. obs1 obs2

arranged to yield:

2
Ay =- .
U =-2R°U__ 32)

where AU' =U _ -U _whenV , and
e e e2 o}

1 bsl = Vobsz

R =d/a.

The physical significance of A U'y is that it represents the absolute minimum difference
in particle mobilities which may be separated under any experimental conditions. Equation
32 predicts that A U? e is directly proportional fo both the electrogsmotic mobility and the
ratio of sample plug radius to the channel radius squared (i. e., R”). Furthermore,
Equation 32 is independent of the applied potential and implies an unlimited time and distance
for the separation. Figure 14 shows the variation of A U' e @s a function of R for different
values of Uys. The importance of the value of R for an electrophoretic separation exper-
iment is evident, especially for low values of AU' e~ For example, if the particles to be
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FIGURE 14 l\hmmum Difference in Particle Mobility Required for Scparatxon
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separated have electrophoretic mobilities differing by only 0. 2pm-cm/volt-sec, they can
be separated, even though the electroosmotic mobility may be as high as 2um-cm/volt-
sec, if the R value is 0. 2.

Although Equation 32 is extremely useful for predicting whether or not a given separation
is possible, it in no way indicates its experimental practicalily. For this, the distance
between particle bands as a function of all the experimental variables including separation
time is of primary importance. Equation 30 gives the velocity of the trailing edge of the
faster particles, V41, While Equation 31 gives the velocity of the leading edge of the
slower particles,V ;9. The separation distance between particle bands, AD, may be
defined as:

B 2 R LU u-"fAv,"D::':*V RERSLUR | _'«V-‘g.'m s
obsl obs2

. . wheret is the separation time and 0 is the initia] thickness of the sample plug, .Equations,
, 30 2nd 31 may now be substifuted fnfo Equation 33 tq yield:

g e Feomow L s B 1, IR Y

n e g
S

AD= AU Et+20 ER’t -6 34)
e 0S

where AU, is the difference in electrophoretic mobility between particles 1 and 2. Equation
34 may be used to calculate the distance between sample bands as a function of time, sample
plug thickness and radius, applied potential, electroosmotic velocity, and the difference in
electrophoretic mobility of the particles to be separated.

The primary concern for any planned free-fluid electrophoretic separation of colloidal
particles where the results are recorded photographically, is a prediction of whether or not
the particles will separate into distinct bands. From this point of view, the limiting separa-
tion occurs when: AD from Equation 34 is set equal to zero; A Ug represents the minimum
difference in electrophoretic mobility, A Uemin; and t represents the maximum time allowed

for the separation under a given set of experimental conditions, tmax' Equation 34 may now
be rearranged to yield:

) 35)

Although Equation 35 is useful, it does not contain all the experimental variables expressed
explicitely. The maximum time allowed for the separation tmax is a function of the length

of the channel L, the electrophoretic mobility of the particle with greatest velocity U, ’
the applied potential E, and the electroosmotic mobility Uos according to the equation:

t = L_U = . 36)
max (emax os)
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Equation 36 assumes that the separation must end when the first particle reaches the end
of the channel (and also that U__ is negative, an initial assumption of the
derivations). Substituting Equation 36 into Equation 35 yields:

2
6y - (8
Ay, . = ®max (V+2R L) Uos
€min ’
L

@7

2.
A =8 (58 |
or - *‘*’_“"‘U'efifn' 1, Uemax ( BN +2R ) Uos

“ Bgusatfon 37 expresses the minimurhdifference in particle mobilities-that:may be separated - - -
into separate bands as a function of the controlling experimental parameters.

“Equation® 3T wis derived with the a§sumption that the channel wall hag the same charge -

~as the particles. A more.general derivation-yields the following equation:... = . .. .. ...
6 ) 2
A = . —t 2 l U ‘ 38
Uemin 1, Uermax * ¢ L B )| Uos - @9)

where i U I is the absolute value of U__.
0s 0s

Equation 38 was derived with the assumption that no temperature gradient exists in the
electrophoresis column. All of the electrokinetic terms in this equation will now be defined
to be those corresponding to 25°C. If it is assumed that no temperature gradient exists
along the axis of the electrophoresis column, but that a radial temperature gradient may

exist from the center to the channel wall, there are three parameters which must be defined
in order to calculate AUemin.’ the temperature at the channel wall T ¢, i.e., at R =1; the

temperature in the center of the channel T, i.e.,at R = 0 ; and the temperature at the
maximum distance of the particles from the center of the channel T ,, which is defined by
R in Equation 38. If the temperature gradient is now assumed to be -continuous (e.g., a
linear or parabolic temperature gradient), Equation 38 can be re-stated as the following
general equation:

AU

2
€min = U'emax - U'e =% U'emax * ('% +2R) l U'osi ’ (39)
where all the primed electrokinetic terms are defined as the values at any one, or
combination, of the three temperatures __’I_‘l, T, or 23

Two conditions of electrophoretic separation must now be defined and treated separately.
The first is when the electroosmotic flow is in the opposite direction to the electrophoretic
velocity, i. e., the sign of the charge on the channel wall is the same as on the particles
and parabolic velocity profile is in the direction of the particle travel. The second is when
the electroosmotic flow is in the same direction as the particles, i.e., the sign of the
charge on the channel wall is opposite to that of the particles and the parabolic velocity
profile is inverted, in the opposite direction to the travel of the particles.
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The first condition of the parabolic velocity profile will be considered first.

The electrophoretic mobility of a particle is defined by the von Smoluchowski
equation:
u = Ce€

) (40)
€ 4

where  is the zeta potential, and ¢ and 7' are the dielectric constant and viscosity of the
liquid medium. 1If it is assumed that the zeta potential is independent of temperature:

e

g,

U =k £,
n (41)

v SO AT S ) . S .
F e L sy e e 2 O Bt U e T R S T R e et

where K # f (T). The convention adopted earlier, i.e., that the unprimed electrokinetic
terms are applicable only to 25°C, leads to the following expressions:

B

Tow W Ta oy Ez LT R IV T S 1 - A RN S 4:6 _f e 2 LR L e =€__ T~XPE I
U =K =2 41a); U =K 25 (a1h); v LR 2 46
e n e e os o8
25 max max Mgg Mo

Since the temperature conditions in the channel are not defined, Equation 39 must be
related to Equation 38 in order to define the resolution of separation of 25°C, which is the
temperature of the experimental electrophoretic measurements.

The driving force for electroosmotic flow is at the channel wall, which is defined above

as being at temperature T 1 The electroosmotic mobility at temperature I, is:

o =K € 1 3 (42)
or combining with Equation 41c:

v ="y (42a)
oS P 0os
My €25

The resolution of separation of the slower moving particles is controlled by the position
of these particles at the apex of the parabola in the center of the channel, which is defined
above as being at temperature To. The electrophoretic mobility of the slower moving
particles at temperature T 9 is:

U =K €2 (43)

e .
2
or combining with Equation 4la:
- €295 s
= . a
e e
Mg €25

REPRODUCIBILITY OF THE

ORIGINAL PAGE IS POOR
46



The temperature in the center of the channel T, also controls the effective separation
distance through U' emax expressed in the right-hand side of Equation 39, so that:

€2
1 =
v eémax Kemax . ! (44)
2
or combining with Equation 41b:
€N
225
t =
emax ~ ;e Uemax (44a)
225

Joent v tF Wy wiaeers, 47 ¥ Setit YR tedh whas LR RN LY R ’ R -:‘ et it . XY - E73 TIESTE I o LA S N A0S
The faster moving particles as expressed in the definition of AUg ;. = Ule ., = U'e
fEquation 39), at the trailing edge of the parabola, which is defined above as being at

temperature g,g. The electrophoretic mobility of the faster moving particles at temper-.

et a’.;_ul.lv.e.'zs.-isi Alatw
€
o =K 3 45)
©max emax &
173
or combining with Equation 41b:
€M
o = 3725 ’ (453.)
€max e emax
325
Substituting Equations 42a, 43a, 44a, and 45a into Equation 39 yields:
€

€3 - €9 — e .;_',2. 2 ¢

7= Uemax = = Ug i Uepay * (%+ 2R") S1 U__. (46)
The electrophoretic resolution of separation is defined by the equation:
which may be substituted into Equation 46 to yield:

n ) 2 M, ¢
AU, . =q@a+? -2% )y, - (8 +my sy, 48)
emin max 0s
L €5 TI3. L € 2711

Equation 48 defines the resolution of separation for the forward parabolic velocity
profile as a function of temperature in terms of the temperature variation of the dielectric
constant and viscosity of the fluid medium.
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A similar derivation for the second condition, an inverted parabolic velocity profile,
which occurs when the charge on the particles and the channel wall are the same, gives
the following equation:

8 _ N3¢
T,

) Ve, + (_i_+23)"3‘1 U (49)

AUpg . = 1+=
©min
63"2 € 771

where the symbols have the same meanings.

C. Variation of Viscosity and Dielectric Constant With Temperature

= The viscesity of the. Awl. buffer was measured in the temperature range 0~30°C using.a.
Brookfield viscometer equipped with an UL adapter. The viscosity was found to vary from
2.5 to 1. 0 cps over this temperature range. Figure 15 shows the variation of reciprocal
viscesity. with temperature for A~ buffer and-water. :The points represent the e@eriinen’faL
. values, while the solid lines represent the best linear. fit through the experimental pomts
The equation for the A-1 buffer is: '

1 -0.0184T + 0.4, (50)

3

where 1] is the viscosity in cps and T is the temperature in °C.

The dielectric constant temperature variation of the A-1 buffer has not yet been measured.
However, Figure 16 shows the literature values for pure water; again points represent the
experimental values and the solid line represents the linear fit according to the equation:

€ = -0.371T + 87.85. (51)

Equations 50 and 51 may now be substituted into Equations 48 and 49 in order to express the
resolution of separation, AU emin’ as a function of temperature,

D. Nature of the Temperature Gradient

The only problem which remains for a complete analysis of the electrophoretic resolution
is to determine the nature of the temperature gradient. For example, if the channel wall
is at 10°C and the center of the channel is at 15°C, then T4 =10°C and T9 = 15°C. The
value of T, is not known and must be determined by experiment or from a mathematical
expression which gives the temperature gradient as a function of distance from the center
of the channel. The temperature-distance variation can be assumed to be linear or para-
bolic. The parabolic assumption, which is considered to be the more realistic, gives the
following expression for T 3

T, =T —Rz(T - T

5= T - 52)
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E. Prediction of Resolution of Separation

The electrophoretic resolution of separation AUg ., may now be calculated from the
following parameters: the dimensions of the electrophoresis column; the dimensions of the
sample plug; the electrophoretic mobility of the faster moving particles; the electro-
osmotic mobility at the channel wall; and the temperatures at the channel wall and in the
center of the channel.

The maximum resolution, i.e., the minimum value of A Uey,jy, is equal to Uepy % 6/L;
it occurs when U,g4 is zero and there is no temperature gradient in the channel. The
maximum resolution may also occur when Ugyg is not zero; in this case, the electroosmotic
mobility is exactly counter-balanced by the effects of the temperature gradient. This con-

_ dition may be expressed mathemaucally by settmg the left—hand side of Equatmns 48 and 49
) equal to Uemax 6/L and solvmg for all the terms which are a finction of temperature. An”
explicit solution has not yet been derived because of the complex nature of the resulting
equations; however, an approximate solution can be obtamed by forcmg a hnear fit of e/n as
a functmn of temperature accordmg to’ the equatmn )

- R &Y A IS . R A e TR R e w2t - R

€ = 1.276T +35.7. (53)
M

Figure 17 shows that Equation 53 (dotted line) is a reasonable representation of the experi-
mental values (solid line) in the temperature range of 0-30°C.

Equations 48 and 49 may now be solved for the conditions of maximum resolution and
expressed as a function of temperature through Equations 52 and 53. The resulting
equation is:

6
T,=T,+ (T, + 30) (_ _+2)U (54)
2 1 1 LRZ 0S8,

©max

where Uy is negative for a forward parabolic velocity profile and positive for an inverted
parabolic velocity profile, predicts the temperature gradient conditions which are necessary
to yield maximum resolution. It is interesting to note that the temperature gradient
conditions are not functions of the absolute values of Ups and Ugyy,,.» but rather of their
ratios. Equation 54 has been used to calculate the temperature gradient conditions when
6=0.0cm, LL=14 cm and R = 0.75. Figure 18 shows the results of these calculations for
different values of the ratio Uyg/ Uemax for both forward and inverted parabolic velocity
profiles according to Equation 54. The resolution of separation will be improved, at least
initially, when the channel-wall temperature is higher than the center temperature for a
forward parabolic velocity profile, and when the center temperature is higher than the wall
temperature for an inverted parabolic velocity profile. Furthermore, maximum resolution
is obtained with a smaller temperature gradient in the case of an inverted parabolic velocity
profile.
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Equations 48-52 may now be used to calculate the resolution of separation for different
values of Uos and Uep,,» assuming the following values of the experimental parameters
which represent the best values available for the ASTP experiment: 6 = 0.3 em, L =14 cm;
R =0.75; To =15°C. Figures 19 and 20 show the variation of resolution of separation with
channel-wall temperature for a forward and inverted parabolic velocity profiles, respec-
tively. Figure 19 also contains two curves (C and E) which show the effect of a temperature
gradient in the absence of electroosmosis. It is obvious from these results that the
temperature gradient should be kept to a minimum. Also, since the channel-wall temper-
ature is expected to be lower than the center temperature because of external cooling, ,an
inverted parabolic velocity profile in which the channel wall has a relatively small charge
of sign opposite to that of the particles should give an improved resolution of separation.

..., Figure 21 shows the variation of resolution of separation with electroosmotic moblhty
“when the channel wall is at 13°C and the center temperature is 15°C for different values

of Ue maxe As Uemax increases, maximum resolution of separation occurs at increasing,

. .but low, values.of Uyg in the positive direction. This means that if the faster moying

partlcles have a negative charge with an electrophoretic mob111ty of 3,um—cm/volt-sec, then

“the maximum resolution of Separation will oéeur when the chainnel Wall hds 4 positive: c’“harge s

with an electroosmotic mobility of 0. 06um~cm/volt-sec.

The foregoing theoretical derivation shows that the resolution in free-fluid electro-
phoretic separations depends upon the temperature gradient. If the cell dimensions, the
temperatures at the center and wall of the cell, and the electrophoretic mobility of the faster
moving particles are known, the electroosmotic mobility that would give maximum resolu-
tion can be calculated. Thus far, our experiments have been directed toward minimizing
the electroosmotic mobility, and values as small as 0.1-0, 4um-cm/volt-sec (negative)
have been achieved consistently. However, with external cooling of the cell wall (i. e., the
temperature of the channel wall is lower than that of the center of the column), the
resolution of separation would be enhanced if the channel wall bore a slight charge opposite
in sign to that of the particles. Therefore, assuming that the samples proposed for
separation comprise negatively charged particles, it would be desirable to develop coatings
which would have a slight positive charge.

F. Computer-Calculated Prediction of Free-Fluid Electrophoretic Separation

The equations which were derived in the above analysis define the resolution of
electrophoretic separation as a function of the physical and experimental parameters such
as: length and diameter of the electrophoresis column; thickness and diameter of the
sample plug; electroosmotic mobility at the cell wall/liquid interface; maximum electro-
phoretic mobility of the particles to be separated; and the radial temperature gradient
generated in the electrophoresis column by joule heating. Although this analysis is useful
for making a judicious choice of the experimental parameters and for matching the experi-
mental parameters to the electrophoretic characteristics of the particles to be separated,
it does not define completely the results of a separation. Therefore, the model adopted in
the above analysis was used to construct a computer program which would predict the
position and concentration of particles in free~fluid electrophoresis as a function of time.
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The computer program results were calculated using the following experimental
parameters:

Length of the electrophoresis column......... veseaes ceeese 14 cm

Sample plug thickness. . .cceceeecesocsscccsnceonnseesacss 0.3 Cm

Ratio of sample plug radius to column radius......cceceeee..0.75

Temperature at center of column..veeevveinenennnn. eassss 15°C
Temperature at column wall. .. .o.iieoereearenscacoensnees 13°C
Electroosmotic mobility...ocvvveearennn. ceceesscneanes ... 0.20pm em/volt sec

Included in the computer program are the following assumptions: the radial temperature
gradient in the column is parabolic; the electrophoretic mobility of the sample particles is

~ temperature-dependent only with respect to the dielectric constant and viscosity of the .
electrolyte medium; the temperature is mdependent of the length of the colurn and does not
vary with time; and the potential gradient is uniform throughout the column.

The input for the électrophoretic mobili‘.ty of the sample particles was designed to use

“not only single valués, but 1150 the complete eléetrophoretic’ mobility distributiii, provided °
it can be expressed mathematically. A prerequisite for predicting the results of an
electrophoretic separation, therefore, is a knowledge of the electrophoretic mobility
distribution of the sample particles. Since one of the objectives of formulating this computer
program was to aid in the analysis of the ASTP fixed red blood cell mixture experiment, the
fixed red blood cells of rabbit, human, and horse were used for the initial computations. The
electrophoretic mobility distributions for rabbit, human, and horse fixed red blood cells
were measured in this laboratory by micro-capillary electrophoresis. These results are

the solid lines of Figure 22; the bar graphs are the results reported by Dr. Knox, (Monthly
Report, September 1975, NAS8-30887). The mobility distributions were then expressed by
parabolic, straight line, and gaussian distribution functions.

The computer-calculated electrophoretic separations are shown in Figures 23, 24 and
25 for the parabolic, straight-line and gaussian distributions, respectively. The computer-
calculated separations are presented in two different ways. The lower curve shows the
concentration of particles as a function of length of the column. This lower curve gives no
information concerning the radial distribution or position of particles in the column. The
upper printout of each figure shows the cross-sectional position of particles in the column.
This. printout shows the location of particles in the column, but does not represent their
concentration, i.e., each symbol does not have the same weight in terms of concentration.
The combination of both types of computer outputs would be necessary to give a complete
prediction of a FFE separation.

The results of Figures 23, 24, and 25 show the position of the particles after they had.
undergone electrophoretic migration for a distance of 14 cm. The time of migration is not
important here because an arbitrary value of 10 volts/cm was used for the potential
gradient. These results, furthermore, are not intended as a prediction of the ASTP fixed
red blood cell separation since the experimental conditions were not the same. The results
do show, however, the effect of different distributions on the degree of separation. While
the parabolic and straight-line distributions yield practically identical results, the Gaussian
distribution results in a somewhat poorer separation. This result is due to the fact that a
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Gaussian distribution fitted to the experimental results leads to 2 more gradual decrease
of the particle concentration to zero at high and low electrophoretic mobilities than pre-
dicted by the straight line and parabolic distributions. Since the Gaussian distribution
shows "tails' larger and smaller than those of the experimental data, it is unrealistic and
therefore shall not be used for future analysis of fixed red blood cells.

The two experimental variables which were investigated were the electroosmotic
mobility and the radial temperature gradient AT, where AT is equal to the temperature
in.the center of the column minus the temperature at the column wall. The computer
printout results with AT at a constant value of 2°C and varying Ugyg are reproduced in
Figures 26-30 for Uyg values of -0.3, -0.2, -0.1, 0.0, and +0. 05um-cm/volt-sec, respec-
tively. The results show that, as the magnitude of Uyg decreases, the degree of separation
of the fixed red blood cells increases, with the maximum separation occuring at a U,g value
" of +0. 05um-cm/voltised.” "Thégé Fesults dre in agreerient Wwith previously reported résilts =~
which showed that the maximum resolution (i. e., minimum value for AUemin) for these
experimental 'coPdiﬁc_zns occurs at a U.os value of +0. 0»:_5_)‘.1m—cm/ volt-sec. ) o

“ The ‘éomplifer printout results-with Upg at a constant vdlue of ~0.-2pm-~cnt/volt-sed-and- - = -
varying AT are reproduced in Figures 31, 32, and 33 for AT values of 5°, 0° and -5°C,
respectively. The results show that as AT decreases the degree of separation increases.
Negative values of AT means that the temperature in the center of the column is lower than
at the column wall. Although a negative temperature gradient is unrealistic, the results do
show the effect which a temperature gradient has on the degree of separation in FFE.

The computer program which has been developed for predicting the electrophoretic
separation of particles in FFE can predict the degree of electrophoretic separation as a
function of the different physical and experimental parameters. The computer printout
results predict the position of particles in the column and the concentration profile of the
particles along the length of the column as a function of time. This information can be
useful for the design of the experiment itself and for evaluating candidate samples for this
type of separation. This type of analysis is also expected to be useful for evaluating the
ASTP fixed red blood cell experiment. The information necessary for a valid evaluation of
the ASTP results is a knowledge of the electrophoretic mobility distribution of the rabbit,
human, and horse fixed red blood cells, the absolute concentrations of each of these cells,
a knowledge of the minimum concentration of cells which can be photographed under identical
experimental conditions, and the flight film information such as the velocities of the leading
and trailing edges of all visible bands.
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CHAPTER IV

EVALUATION OF THE BECKMAN CPE WITH STANDARD PARTICLES

A. Introduction

The Beckman CPE (continuous particle electrophoresis) apparatus was modified and
evaluated for its potential use as an analytical instrument to determine the absolute values
of the electrophoretic mobility of particle mixtures as well as the electrophoretic mobility
distributions. During the course of this work, a series of monodisperse polystyrene latex
particles, some of which were dyed different colors, were evaluated for their potential
use as, standard partlcles. The use of dyed latex pamcles of known electrophoretic
mobilities was considered 1mportant for evaluation of the Betkman CPE bécause thé colors
of the separated fractions could be easily observed and thus the need for collecting and
measuring the different fractions was obviated.

@ P

W Ao LB TN e o AR S L ek e [ " Y e . e 0y

B. Experim em':a'l

The Beckman CPE was modified so that the displacement of the particle stream dite to
electrophoresis can be recorded accurately and reproducibly. The Plexiglas window,
which is located at the bottom of the separation cell and which is used for the visual
observation of the sample stream by means of reflected light, was replaced by a quartz
window, which is transparent to ultraviolet light. A small optical-bench with an ultraviolet
light source and slit for control of beam dimensions was placed in front of the window. The
optical bench was attached to a motor, which moves it horizontally across the window to
scan the particle stream after the separation and a resistance box, to establish the precise
position of the ultraviolet light beam electronically. A UV-sensitive phototube was located
in a fixed position on the other side of the window. A Houston Instruments Model 2000 X~Y
recorder was used to record the intensity of ultraviolet radiation on the Y-axis and the
horizontal position of the optical bench on the X-axis. The electrolyte used in the initial
investigation was sodium barbital (Veronzl) buffer, which has a pH of 8. 6.

The particles used in this investigation were monodisperse polystyrene latexes. The
elecirophoretic mobilities of the particles were measured using the Rank Brothers
Microcapillary Electrophoresis apparatus. The following procedure was used for dyeing
the latex particles. An oil-soluble dye was dissolved in benzene; the resulting solution
was emulsified in water and added to the latex in a 1:1 benzene solution-latex polymer
ratio. Benzene is water-immiscible and a good solvent for polystyrene-type polymers;
therefore, it should swell the particles by diffusion from the emulsion droplets through the
aqueous phase. Polystyrene latex particles display equilibrium swelling values for good
solvents of about 2-3:1 solvent~polymer ratios (the equilibrium swelling ratio increases with
increasing particle size and decreasing polymer-water interfacial tension). The swelling of
the latex particle by the benzene is expected to take the dissolved dye along with it, provided
the dye is also a "solvent" for the polymer. Once the particles are swollen with the
benzene-dye solution, the benzene is removed (and the dye left behind) by steam distillation,
preferably at reduced pressure. Two requirem ents for the success of this experiment
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(which are not a priori predictable) are: 1. the latex must remain stable during the
solvent-swelling and solvent-removal steps; 2. the latex particles must not reject the
dye.

The 0.109um and 1. 01lum monodisperse polystyrene latexes were dyed with Calco Oil
Blue and Calco Oil Red (American Cyanamid Co.), respectively. The solutions (5%) of
dye in benzene were added to a small sample of latex in 1:1 benzene solution-latex polymer
ratio, and the samples were agitated in various ways to facilitate mixing. In all cases,
the benzene solutions were sorbed into the latex, which took on the color of the dye. In
some cases, the sorption of the benzene solution left some colored matter (perhaps
rejected dye) on the top of the latex; this was removed and the experiment was continued.
Examination of the latex samples by optical microscopy (1000X) showed the presence of
latex particles and no other particles, i.e., if any particles of dye were present outside
the Tatex particles,’ they werd too small"to'beé resélved iindei these conditions. The samples
were subjected to steam distillation under vacuum to remove the benzene.

b4 -

C.  Theoretical - g e R p cw Ve 2w
The principles of flow in the continuous-flow electrophoresis system have been described
by Strickler and Sacks (Ann. N.Y. Acad. Sci., 209, 497, June 1973). A schematic repre-
sentation of the electroosmotic flow and induced flow in the curtain is presented in Figure
34. The parabolic flow profile due to electroosmosis is in the x~-y plane and is either
positive or negative in the y direction, while the induced parabolic flow profile is in the
x-z plane and is always positive in the z direction. The sample is injected into the center
of the stream with a cylindrical configuration and moves with a constant electrophoretic
velocity in the y direction in the presence of an applied potential. The migration of the
particles is affected by two factors, both of which are a function of their position in the x_
direction: the electroosmosis of the electrolyte medium which affects the net particle
velocity; and the induced parabolic flow profile which affects the velocity of the particle
in the z direction and hence the time of exposure of the particle to the electric field. Both
factors ultimately affect the migration distance of the particles and the configuration of the
sample stream. Both the electroosmotic and induced parabolic flow profiles of the
electrolyte medium have compensating effects, i.e., as the particle position increases from
the center of the channel the net particle velocity decreases in both the y and z directions.
This means that the slower-moving particles will be subjected to electrophoretic migration
for a longer period of time than the faster-moving particles in the center of the curtain
flow. In principle, therefore, it is possible to match the electroosmotic flow to the induced
flow so that the sample streams will remain undistorted after separation. Under these
conditions, the displacement of the sample stream will be controlled by the particles in the
center of the curtain where the velocity of buffer in the z direction and the positive velocity
of buffer in the y direction are both at a maximum. The displacement of the sample bands
under these conditions may be defined by the equation:

d =kE (Ue + Ub)’ (55)

where k = time of separation, sec,
E = applied potential gradient, volts/cm,
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Ug = electrophoretic mobility of the particles, um cm/volt sec,
Up = the effective electrophoretic mobility of buffer in the center of the
channel, pm cm/volt sec,
d = displacement of sample band, pm

Equation 55 may be defined in terms of the instrument parameters of the CPE system.
Since the current flow is in a cell of rectangular geometry, the electrolyte velocity in the
center of the channel can be related to the electroosmotic velocity by the Komagata Equation.
Under the conditions present in the CPE, the velocity in the center of the channel is equal
to one-half the electroosmotic mobility so that Uy, = U,g/2, where U,gq is the electro-
osmotic mobility at the cell wall/liquid interface. It can also be shown from hydrodynamic
equations that the velocity of a fluid in the center of a rectangular channel is equal to 1.5
Vay» where Vay is the average linear velocity. The time of separation k, therefore, is. ,
equal fo L/ 1.5 vy where Lis the length of the channel which is exposed to the apphed
field. Since vyy = F/A, where F is the rate of volume flow and A is the cross-sectional

area of the channel, Equation 5,_5 may be expressed as:

d= I{‘: g {Ue + U-O_S} d=(LAE/L.5 F)'[Ue+ (UOS/Z)-J (56)
. 2

The Beckman CPE instrument used in this investigation has the following instrumental
parameters: L =30.5 cm, A = 0.675 cm2, F = 0.417 cm3/sec, so that:

d=32.9E {Ue + UOS} d=32.9E [Ue + (UOS/Z)] 57)
2

D. Experimental Results

The displacement of the sample stream displayed on the X-Y recorder was calibrated
in terms of the actual displacement by allowing the UV light source to scan across a
transparent ruler which was imprinted with 1-mm divisions. The magnification factor
on the recorder was found to be 18.2X. A series of monodisperse polystyrene latexes
dispersed in Veronal buffer was used to evaluate the CPE by measuring the displacement
distance as a function of the applied potential gradient in the range 20-100 volts/cm.
Although the separation distance was proportional to the applied potential gradient, some
scatter was observed; this was attributed to experimental problems such as maintaining
a constant flow rate for both the curtain buffer and sample injection. Figure 35 shows the
results for the 1. 0lum diameter latex where the displacement of the sample stream is
recorded for different applied potentials.

Although there are both experimental and theoretical problems in using the CPE as an
analytical tool to determine the absolute electrophoretic mobility of particles, the instru-~
ment is ideally suited for determining the relative electrophoretic mobilities of a mixture
of particles. A mixture of six different monodisperse latexes with particle sizes in the
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range of 0.088 - 2. 02pm was dispersed in sodium barbital buffer and separated in the CPE.
The separation at an applied potential of 50 volts/cm is shown in Figure 36. The six
different peaks were also observed at other applied potentials. Although these results
indicate the extreme sensitivity of the CPE for determining relative electrophoretic mobil-
ities of a mixture of particles, they also show that the ability of the instrument to separate
particles is limited. This conclusion is deduced from the fact that although the 0. 088, 0., 109,
and 0. 357 nm particles are distinguishable, their respective peaks all fall within a distance
of 1 mm, which is beyond the limits of resolution of the collection tubes.

Several monodisperse polystyrene latexes were investigated to determine their electro-
phoretic mobilities in A-1 buffer, and three with measured electrophoretic mobilities of
4.0, 3.2 and 2. 7um cm/volt sec were colored red, white and blue, respectively. The
o three latex samples were then mixed in equal concentratmns and separated in the Beckman
"“CPE at an “applied potential of 30 volts/cm. F1gure 37 shows that the sample was indeed
separated into three separate bands, which were visually identifiable according to their
color. The separation distances of the red, white and blue particles were 5.9, 5.1 and
‘4.4 mm, respectively. The d1splacement of the red partmles, along mth the measured
" etectrophotétic mobility of thé same sample; was substituted in Equatlon 57 tozcaleulsfe
the value of U,g in the CPE. The calculated U,g value was 3. 95um cm/volt sec. This
value, which is valid only for the A-1 buffer, can now be substituted into Equation 57, which
is then solved for Ue’:

d
S -1,975 U =(d/32.9 E) -1.975 58
€ 32.9E e ( : )

The separation distances d for the white and blue particles were then Substituted in Equation
58 to calculate Us. The values for the white and blue latexes were 3.19 and 2.48um cm/
volt sec, respectively, which are in good agreement with the values of 3.2 and 2.7um cm/
volt sec, respectively, determined by microcapillary electrophoresis measurements.

E. Conclusions

The Beckman CPE can be used as an analytical tool to measure the absolute electro-
phoretic mobilities of particles. Likewise, the separation distance of the sample stream
can be calculated when the electrophoretic mobilities of the particles are known. The
simplified equations and conclusions presented in this report, however, are only valid when
the sample stream is not distorted by electroosmosis and induced parabolic flow. A more
detailed theoretical apalysis is necessary to take into account the various experimental
parameters.
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CHAPTER V

SUMMARY AND CONC LUSIONS

The Apollo 16 electrophoresis experiment demonstrated that separation of the two
different-size monodisperse latexes did indeed take place, but that the separation was
obscured by the pronounced electroosmotic flow of the liquid medium. The results of
this experiment, however, were dramatic in the sense that it is impossible to carry out
a similar separation on earth. The most practical conclusion which can be drawn from
the Apollo 16 experiment is that a free-fluid electrophoretic separation is possible in
space, whereas such a separation is not possible on earth. Also, it can be stated un~
equivocally. that any electrophoretic separation.will.be enhanced under.microgravity con- |,
ditions. The only question is the degree of this enhancement, which can be expected to
vary from one experimental technique to another.

. The low—electroosmotlc—mob:,hty coating (ZGO40—MC) whlch was developed under tms
'program was found to be suitable for a free-fluid electrophoretlc separatlon such as the
experiment designed for the ASTP flight. The problem with this coating, however, is
that its permanency is limited because of the slow desorption of the methylcellulose from
the coated surface. This property of the Z6040-MC coating renders it less effective for
continuous electrophoretic separation systems which are being designed for future space
applications. Since any electrophoretic separation technique requires control, if not
the elimination, of electroosmotic flow, more work is required to develop coherent
coatings of the desired magnitude and sign of the cell-wall zeta potential.

The success of any electrophoretic separation of biological materials in space depends
upon the degree to which particles of different electrophoretic velocities are separated.
It would be desirable to predict the results of an electrophoretic separation for all
techniques as a function of the various experimental parameters. This prediction would
aid in the design and evaluation of the different experimental approaches. The development
of the theory and resolution of separation in this report is limited only to consideration of
the static free-fluid electrophoresis experiment designed for the ASTP flight. This same
approach can and should be applied to all proposed electrophoretic separation techniques
in order to evaluate and define the limits of application.
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