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TECHNICAL MEMORANDUM 78158

HIGH-RESOLUTION, CONTINUOUS-FLOW
ELECTROPHORESIS IN MICROGRAVITY

I. INTRODUCTION

Most biological materials, when dissolved or suspended in a selected
aqueous medium, acquire a characteristic eleetrical charge and will migrate
under the influence of an applicd tield.  Sepavation wiil, therefore, occur
between species of different electrically induced velocity, hence establishing
the separation process called electrophoresis.

Separations of biological substances such as living cells must necessarily
be conducted in liquid electrolvte of specilied properties and, as a consequence,
the separation process is compromised by certain gravitv-induced distrubances
ol the medin; c.g., sedimentation of the particles and thermal convection of the
medium eaused by Joule beating.,  Although various technigues have been devel-
oped to overcome these problems on Earth, the elimination of gravity-induced
perturbations can be accomplished best in the near-zero-g environment of
space,

For several vears, the possibility of using the reduced gravity of space
has been under consideration as a weans to enhance the performance ol certain
eleetrophoresis devices. There has, however, been no serious attempt to quanti-
tatively compare electrophoresis performance on the ground with that anticipated
in space.  Several computer mathematical models of various proposed electro-
phoresis systems have been devised; however, they do not lend themselves to
parameter optimization as analytical expressions do.  Moveover, there has been
no attempt to quantitatively detevmine the limits imposed on ground-based
operation hy thevmal convection.  This veport derives approximate expressions
which will allow estimation of performance enhancement in veduced gravity and
also will divect optimization of the various design parameters for a continuous
flow electrophoresis system. ' '




1i. BACKGROUND

Electrophoresis in a free fluid was first demonstrated in space during the
Apollo 14 mission [1,2}. This electrophoresis experiment used three materials
of different molecular weight: deoxyribonucleic acid { DNA), hemoglobin, and
soluble dves. The separations were photographed periodically during electro-
phoresis in cylindrical columns. The results showed a separation between the
two dyes, and operation of the ftuid and electrical systems was normal. The
overall results indicated the value of space clectrophoresis in microgravity;
therefore, plans were made and hardware developed for a subsequent demonstra-
tion during the Apollo 16 mission.

The Apollo 16 electrophoresis demonstration'was performe_d using the
basic operating elements of the Apollo 14 experiment, but a nonbiological stand-
ard sample material, polystyrene latex, was used {1,2]. These stable, non-
degradable particles were used as models for living cells. Although a nongravity-
related flow perturbation precluded separation of the latex, electrophoresis did
occur in the columns containing single species of the latex particles. The photo-
graphs clearly show distinct boundaries and sharply defined fronts. The delete~
rious effects of gravity-induced sedimentation and thermal convection on particle
electrophoresis can be seen by comparing the results of the Apollo 16 electro-
phoresis demonstration with those of ground experiments {2]. These advantages
of the space environment for cell separation processes were further confirmed
in the demonstration experiment on isotachophoresis of ervthrocytes conducted
aboard Skylaly 4 {3].

The Apollo-Soyuz Test Project {ASTP) [4] elecirophoresis experiments
separated fixed rabbit, human, and horse red blood cells and also isolated
urokinase (UK) producing kidney cells. The process was carried out in static
columns similar to those in Apollo 14 and 16, The separation of lymphocytes
was also attempted but failed because of a column malfunction. The kidney
cell separation was most encouraging, not only because viable cells were
carried to orbit, processed, returned, and cultured, but also because the cells
which were separated appear to be produet specific.  That is, from some bands,
urokinase appeared to be the prime product the cells produced, while in entirely
different bands, huiman granuloévte conditioning hormone and erythroprotein
were the prime products of the cetls.  This finding is especially important in the
case of urckinase when one considers the need for this drug.
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While no spectacular results have been achieved from these experiments,
it {s important to note that the basic premise ol space-based electrophoresis —
the apparent absence of sedimentation and thermal convection in reduced
gravity — was proven in cach experiment. It is the purpose of this veport to show
the significance of the feature of reduced gravity in terms of system performance
and also to give equations which might be useful in the development of a device
which will take full advantage of reduced gravity,

i1l. PRINCIPLES OF ELECTROPHORESIS

Contact with a polar (e. g. . aqueous) medium produces a surface charge
on most substances, the possible charging mechanisms being (a) ionization,
(L) ion adsorption, and (c¢) ion dissolution. The induced aurface charge Influences
the distribution of tong in the surrounding polar medium, While ions of opposite
charge (counter-ions) are attracted toward the surface, ions of like charge
(co-lons) are repelled away from the surface. An electric double laver [5] is
then formed which, aided by the mixing tendeney of thermal motion, leads to
the conliguration of Figure 1. The dow. .« laver is then comprised of a charged
surface {(negative in this case) and a neutralizing excess of counter-ions over
co-ions distributed in a diffuse mamer in the polar medinm,

(+) o © ® 9 ©) (=)
0200.° 0 2
SOLID SURFACE @ \
SURFACE OF SHEAR

e
ELECTROPHORESIS

Figure 1. Electric double layer.

Applying an electrical field, as shown, along the charged surface causes
a foree to be exerted on both parts of the clectric double laver. If the charged
surlace is mobile, it tends to move (together with any attached material) in the



appropriate divection relative to the polar medium, This movement of a particle
as a result of its charged surface is ealled electrophoresis, movement in this
case being to the leit due to the negative surface charge. Conversely, if the
surface is stattonavy (as with the wall of a separation chamber), movement of
counter-ions in the opposite double Tayer will manifest itself as a net migration
careying along solvent, hence eausing fluid flow which is called electroosmosis.
The fluid motion involves a slip condition at the surface of shear, causing a fluid
Tayer to mwove to the right as a result of the excess of counter-ions present.

Note that the velocity prolile developed by electroosmosis produces velocities in
both divections with a plane of zero velocity ealled the stationary level ( Fig. 2).
The veloeity profile shown in Figure 2 exists in a closed chamber only ax a result
of continuity and i characterized as "reverse flow, ™

BUFFER FLOW IN

{+) ELECTRODE
ELECTROOSMOTIC
VELOCITY PROFILE

VELOCITY PROFILE DUE TO
LAMINAR BUFFER FLOW

{~} ELECTRODE

BUFFER FLOWOUT

Faure 2. Electroosmotie and laminar flows,



Honee, colectroosmosis, being 1 movement of liguid relative to a stationary
charged surface (L.e., a chamber wall) by an applied electrieal field, is then the
complement of electrophovesis.  While electrophoresis is the vehicle for separa-.
tion and, hence, desirable, electroosmosis can be dotrinwnml or heneficial to
systom performance dopending on the device being utilized,

The electric potential at the surface of shear (slip plane) between the
charged surface and the electrolyvte solution (buffer) is called the ¢ (zeta)
potential,  Tho electrophoretic wobitity ue of a particle or dissolved substance

s the migration velocity \—“_e obtained per unit of electrical field gradient E and

is velated to the zeta potential of the particle, £, by the lotlowing relations:
wE=v =g N Y

where

v
i

E = electrical ficld gradient

~
it

permittivity

3

B dynamic viscosity.

The previous expression is a steady=state balance between the viscous re tarding
foree and Uw electrieal feld kwco geting on the chavged substanee in an aqueous
mediun, '

IV. PRINCIPLE OF CONTINUOUS FLOW ELECTROPHORESIS

Continuous flow clectrophoresis utilizes a flowing curtain of buffer to
provide continuous sample injection and recovery. A sketeh of a continvous flow
systony i shown in Figure 3. The buffer enters: at polat B and is confined in a
thin rectangular chamber while the sawple is miod{‘d at point A into the down=
ward Towing butfer curtain, Under the influence of a laterval electrical field
whieh lmpresws f mitv\s,v aradient acvoss the width of the chamber, the smnple

b ]
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Figure 3. Continuous flow system.

is separated into individual components.  The separated sample bands or fila-

ractionated by an arvay of collection ports situated

ments ave continwously [
[on-permeable wembranes separate the

along the tower width of the chamber.
clectrode chamber from the separation chamber.
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The ideal resolving power of a continuous flow system can be determined
as follows. Consider the separation chamber cross section given in Figure 4a.
~The. ideal distribution of sample is given by equation {1) so that

-h’ru\’e
Ee | ) . ' (2)

&=

Particles along surface 1-1 of the injected sample are distributed according to

where r is the wszdmme time. Yor mrtielos JImw snri‘aee 2, sample dis-
trxbution is '
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Figure 4. ldeal smnple deflection.




where 63='i is the width of the initial sample band. The collection port Yl ~Y,

collects a distribution width of AYC so that for the fastest particle, ¢ 1

47
erz

L= Eet !

since it moves the longest distance, and for the slowest particle

tap (Y, - 6y;)

2 Eert

Subtracting gives the resolvable zeta potentinl difference

_dan 05 s s .
£, Efr(““c 6)i) . (3)

-

«‘3!‘?0 = ?TI - &
Resolution R is defined as

. (4)

but u varies with viscosity p of the buller which is, in turn, a function of tem-
perature; therefore, we will arbitrarily define mobilities in terms of the
vigcosity of water at 0°C, so that

0
_dnp .
R Afc (s)

() e - * v »] - wd -
where u - is the viscosity of water at 0°C. Then resolution may be defined in
terms of the resolvable zeta potential difference A& which we will call resolution
guality. For high resolution we chviously want Af to be small.

o




It is interesting to note that viscosity g, feld gradieat E, and residence
time 7 in equation () combine to eahance resolution quality in reduced gravity,
The minimirzing of thermal convection in reduced gravity atlows the increase in
voltage gradient E which, in turn, produces a reduction in g, The vesidence
time 7 is limited only by thermal diffusion which must be assessed for cach
sawple of interest, while the tield gradient F is limited only by the ability of
the biclogical materials to survive in a heated environment — asually 40°¢
maximum,

Figure 4b shows pvaphically how the deerease in g due to Joule hoating of
the bulfer decreases Af collected in the collcetion port Yi-Y..

V. TEMPERATURE AND VELOCITY DISTRIBUTIONS

The tewperatwre field in the chamber cross section produces a distortion
in the wjected sample stream.  This may be scen by reealling cquation (1),

u (T) - ——
o

dru(T)

whete it is seen that particles of the same species (f.e., same zeta potential)
have diffevent mobilities depending on the loeal buiter tempersture. Joule
heating causes the t.mnpé vate distvibution in the chamber eross section, with
the maximum temp.vr:imm oveurring ot the chanber conter plane for equstly
cooled wallse  Obviously, a particle loeated at the chamber center plane will
move facthor than a similar particle located neaver the chamber wall, producing
what witl be termed theemal distortion in this veport.  In terrestrial operation,
thermal convection limits the tempoeraiure vaviation across the thickaess of the
chamiber to values which produce negligible thevmal distovtion.  Thermal dis-
tortion, then, is band broadening which is cansed by the temperature dependeney
of bulfer viscosity which, in tuen, affeets the mobility of the sample.

Te ovalwtte separation systom pérformance, i is necessary to detormine
the towmperature distribution it the chamber cvoss section.  Because of the tong
rosidence times necessary for high vesolution, all heat transfor from the systom
will be assumed to ocour through the chamber walls; hence, the energy equation
for a yovtanpular separvation chamber is:

1]




%}i—zr- - k : | | | (6)
t .
‘where
T = buffer temperature in the chamber cross section
x = distance measured away from curtain center plane
E = voltage gradient across widih of chamber
ke = electrical lconduc'rt_ivity. of buffer :
kt = thermal _éénducti#ity of buffer. -

The electrical conductivity of the buffer can be :1pp1"0ximated by

0 1
k =k + @T) =—— (1 + T 7
e c“"’)o( aT) (7)
i

whore

o _
p = buffer electrical resistivity at 0°C
k® = buffer clectrical conductivity at 0°C

¢

«v = linear coetlicient of electrical conductivity.

Substitution of eguation (7) into {G) and solving gives the following temperature

distribution:
1 co8 wf =
T=— -1 (8)
(44 cos wf

10



whoye

Is the dissipation coofficient, £ s the chamber half width, and x7 ¢ = u is the
sample-to-chumber thivkness vatio. Equation {8) assumes a wall temperature ot
of 8°C for convenionce and to assure maxinwum operationa] efficiency. The
viseosity expression p{1) can be expressed as:

0
p(1) oA

JEETR S
_ 0 : |
i /
n) o | "
u(n) g wiin 1 ' :
o\ vos of

Sty s - . 0 _a 5 + iy
where 3 is the lineav cocflicient of viscosity and g is the butfer visgosity at 0°C,
The mobility @ of the particles is thus influenced by the Thid temperaiure

t!

_ Y feos win
A (’T‘ - L‘«-\ | ST S (R, S ‘)
¢ ¢ ¥ cos wf 4
) 0 3 [} A ]
u (T ~u Je = Ao, 0 cu e = An) {(10)
& o o < 1)

o H B B 1 w s F

where u ks the electrophoretic mobility evabhunted at T 0 {i.o0, at the wall)
&

il

R el
AR U

t N
.‘\ ! EVE, W b A T - 11
(o ény wof) | A(n) (11)
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Fluid tflow in the chamber is also affected by the viscosity changes with
temperature. To obtain the velocity distribution of the sample stream, consider
the momentum equation for p.u'.lllel flow between two tlat plates.

po av o
cos fx dx 3‘1’?_ (L)
2 wWE =
1+ 2 | ——L
o cos wf

where

.‘vr

i

buffer ﬂ'u'i'd velocity,

p pressure gradient along chamber fength

o
i

= distance from center plane,

The solution to equation {12) vields:

Vo=V I)(wfu, n, of, l) =V D{n) (13)
0 o] 0 _
where
o X
o v "o S W ) ! .
(1- u“)(i - 1)+ v co:mf (00%:"“ + i sin wtn-cés!: -sin .cf)
D(n) N { Lt b w! A

o
-

..1_1 + -!-ﬁ-*"—-—coswf-sinwf
13 wl cos Wf wf wil

=~ 3 )

(1)




and Vo is the center plane velocity of buffer relative to chamber wall. Equation

(13) yields an elongated parabolic velocity distribution which approaches a para-
bolic shape as v/ @ ~ 0. The veloeity distribution causes particles in the center
portion of the chamber to be exyposed to the electrical field a shorter length of
time (residence time) than particles near the chamber walls, This causes a
reversed crescent distortion of the injected sample band as shown in Figure 5.
Note that the original sample band CAB is deformed into the crescent shape CAB
since particles C and B have longer residence times than particle A. This type
of distortion will be identified as flow distortion.

c 3
=) A ——-y A (+)
B B

Figure 5. Buffer flow distortion.

Since most materials exhibit a surface charge when placed in contact with
an aqueous medium, the charge on the walls of the separation chamber produces
electroosmosis under the influence of the applied electrical field. Electroosmosis
produces a flow distortion of the sample band which may be used to compensate
for the buffer temperature and velocity distortions mentioned previously. The
buffer velocity distribution in the chamber cross section {(i.e-, perpendicular
to the buffer flow field) due to electroosmosis can be estimated through the
following relationships. The electroosmosis velocity Veo is given by a super-

position of parallel flow velocity V(x) with the fluid velocity at the wall; i.e.,

= V(x) - 15
Veo( x) = V(x) Vo (15)
where
veo(x) = the electroosmotic veloeity distribution
Voo the electroosmotic velocity at the wall
V(x) = the parallel fluid velocity between two plates.

13



The net fluid flow in the eross section must be zero for a closed chamber section.
Note that the narrow side walls of the chamber are considered to be closed
instead of the chamber ends where buffer must flow into and out of the system,

so that

/4

Q=2 J [ V(x) -vw] dx =0 (16)

where Qeo is net flow in the chamber cross section, perpendicular to the buffer

flow, produced by electroosmosis. Using equation (13) and integrating vields

9 X

3 o Y o cos wfn . cos wi

rY E!I-—nﬁ (“’-1)-1- [ +nsin wf - -si ﬂ
2 uw ( ) « wf cos wi wi n « wf Sin w
veo(x) = =

A
3 .
o {3 ) o 2 sin wf 2 cos f .
_ L _ + o - sin f
qu(G Y i cos ot [ (w0 wt

(17)

where uz’ is the clectroosmotic mobility at the wall which is at 0°C. The

preceding buffer temperature and velocity distributions affect the shape of the
injected sample bands which, in turn, affect the system performance. This is
due to the fact that the sample collection ports are usually circular or rectangular
in shape and are nccessarily arranged regularly along the lower width of the
separation chamber. Sample band distortion or apparent band broadening, how-
cver, causcs species to be collected over many collection ports, resulting in
remixing and a degradation in resolution. A regular or narrow band will, how-
ever, be collected in only a few ports, resulting in high resolution. Therefore,
minimization of sample band distortion, as well as increased voltage gradients
and longer residence times as mentioned previously, is of primary importance
in hich resolution electrophoresis.

14




VI. CONTINUOUS FLOW ELECTROPHORESIS PERFORMANCE

The electrophoretic migration 'veloc_Itj,r Ve is given by

v ='“£'—E-E ’
e 4drxpu

so that substituting for g in equation (10) and using

0 L€
ue = ;
41
we obtain
v =u’E [1 * l(c—--——os =0 1)] (18)
e e o \ cos -f

0o
where y~ is the buffer viscosity at 0°C. The local residence time, (n), for
any particle is given by

= S (19)
Vin) V()D

Tin) =

where H is the electrode length, D is given by equation (14), and V is the local
buffer vetocity. The particle migration velocity is given by the sum of the
electrophoretic migration velocity and the electroosmotic fluid veloeity in the
chamber cross section, so that the displacement Y becomes

H ‘
- _— < - 20
¥ To[ e Veo] voD [ve veo] ( )



or

[4]
u
1--—24+2 A(n)
uo @
EH o e 3 o ¥
= = Ly =yBlog, =
X v e D(n) 2 % (“’ J a-) (21)

where

wl cos wi (1—ﬂ)+2|—1-5~9-0-§;-3£-sinu;!‘|
4 / w ).
B(w!, ':';’)" 1

wl cos wih e +3 2smwg-2coswt-sinu€ |
¥ (wt)* o wi

(22)
Equation (21) is a general expression for particle displacement in a continuous

flow electrophoresis device. Figure 6 shows the sample band distortion in a
continuous flow system.

$ _.H-_Mi _;l_‘l;_-Avc

T _ A
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— "
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Figure 6. Sample band distortion in a continuous flow system.

16



To determine the resolvable mobility difference A uo. the highest and
lowest mobility particles entering a typical collection port must be found. The
initlal sample width is ﬁyl, while AY z is the width of the collection port. The

fastest particle entering the port will do so at point P and must travel the farthest
distance of all particles entering the port. Therecfore, migration equation for

0
the {astost particle v is given by

uo Point P, n= 0
2) . '
Eru, |1 - O-!-a_A(n)
u2 3 0 o
F - Y, = Y S T wl, = &
\2 11 D(n) 2“\\'8( ? 1) (23a)

O
while that for the slowest partiele uy entering the port is given by

uo Point A
o B S
E-ru1 1- o +2 Aln)
1 3 o (x
g - Y = —— e = 8 — 2'
Yl 12 D(n) 2 u\\'B(Q!' )) (230)

where 7= H/ \”0 is the nominal residence time, i.e., the residence time for a

particle on the center plane, and the superseript o denotes property evaluation
0°C, Subtracting cquations (23a) and (23b) and substituting AY ¢ and Gg’i yields

0
an estimate for resolvable mability difference Au  for the backward-shaped

cresent showa:

AY + 0y
of 2 wyrl e 7100y LoDl
Au [l + " .\(0)] = ET ? (“l “\\') [ D(n)

2 [i\—(ﬂl - :\(0)] . (24)

1« [D(n)




A similar analysis for the forward-shaped crescent deformation yields

- : AY + &y '
o X L C i o o 1-])!;1)]
Au [1+ ~ A(o)] g+ (u -u,) [ D{n}
+“gl A(o) -M o (25)
D(n)

Equations (24) and (25) can be combired into a general expressatoa foy rovatvasls

mobil_ity.di_-ffe_rcnce A’ _for_c'.ase's of high resohition_- where u; = -u;) = i:::

- LAY oy _ _ o
Auo'[1+1A(o)] -1, (° -'uo)[1 Dn]
@ v e

Et

+ “Z 'nx [:’\(0) - M] ' (26)

D(n)

o .
The resolvable mobility difference Au~ can be reduced to resolution quality AZ
through equation (2):

T K , "
(MC + 65i)
k%we) T
plot)

O
.}‘
Al [1 + L .-\(0)] - 2k
13 C

+ | (& —r)——(—l“'D“ v l[A(o)*&)-] (27)

"w e D{n) "o a D(n)

(4]
whore k , is a bulfer property constant
I




so that

=]

E=k «
P
and
a = 0,04/°C
kt = 1.36% 10 ° cal/sec em °C
= 3
p = 1,9x10 £ em
K = 4,148 W sec/cal.

Equation (27) defines the resolution capability of a continvous flow device. The
terms in the equation have the following significance: {1+ v/« A{0)] gives the
increase in resolution due to the decrecased viscosity caused by Joule heating as
discussed previously in Section IV, while {AY c + 6yi)£ / kg( wl) T is the ideal

resolving power of the device (i.e., the resolving power neglecting distortion
effects), and

(I“’ - re) ‘LI_.LBLE)J. + ?:e-l [A(O) _M]

D(n} @ D(n)

gives the effect on resolution of tlow and thermal distortion. Note that this term
can be minimized by proper selection of the wall zeta potential and low ge.

VIl. ELECTROPHORESIS PERFORMANCE
LIMITATION IN EARTH GRAVITY

The foregoing estimate of continuous flow electrophoresis performance
is valid for space environments in which the effects of thermal convection have
been shown to be negligible. It is also valid, however, for terrestrial operation
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in which the chamber power dissipation is below the threshold where convective
disturbance is discernible in regard to sop:u‘nt_ioh performance.

The onset of convective disturbances may be correlated with chambey
power input and buffer tlow velocity. It is well known that high buffer flow
velocities stabilize against thermal convection. This leads one to suspect that
there could be a relation between convection-iaduced veloeity and buffer flow
veiocity which delineates the onset of perceivable disturbances to the sepayation
pProcess.

An investigation conducted by the General Eleetric Company under N \SA
Contract NASS-31036 [6] determined experimentally the effect of residence time
on the maximum usable power. The input power was increased gradually on a
0,5 X 10 % 5 em test chamber eperating at various buffer flow rates until visible
sample stream perturbations were observed. The results of thésé. investientions
are given ir Figure 7. Note that a horizontally inclined chamber save the higher
usahble pm\'e_r lovels; however, these results will not be considered here since
sedimentation is not controlled in the horizontal orientations. Tt is important
to note that very little difference in acceptable power input is observed between
the 0° and 130° orientations. Therelore, using the conventional downward '
flowing bufter (0® orientation), estimates can be ealeulated for the convection-
induced velocities using the following equation 'Appemdix )

u (28)
where
uC = eonvection induced velocity {em/ sec)
g = coellicient of thormal oxpansion (1/°C)
& o oeravitational constant
t = chamber halt thickness (em)
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Figure 7. Onset of convective disturbances.
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A comparison of convection-induced velocity to chamber midplane velocity
for the 0.5 ecm chamber is given in Table 1. These results suggest the jollowing

TABLE 1. COMPARISON OF BUFFER
AND CONVECTION VELOCITIES

T w Vo uC
{sec) (W/ em?) wk {cm/ sec) {em/ sec)
1580 0.04 ¢, 14 0,06 0.10
150 0. 04 0. 14 0.07 0.10
120 0. 055 .16 .08 0.12
90 0. 080 0.19 u.11 0,14

relation between convection-induced velocity and buffer flow velocity at the
threshold of perceivable convective disturbances in a continuous flow system:

ll .
ug = 0,29 ch’ (29)
and
Pt 1y
Ry g gt 2 ).2 LA
= RN 0.29 ‘0

so that the maximum dissipation number « € is given by

—_— < 3\ Vs >
_ iy [ 2« . ( H) Y3 f 2w .
G 0,20 v/ [=% g 00 = /—- ' (30)
o \ gt T Bat

87
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where

¢ = 1/°C
H= cm
T = sec

0.18x1073/°C

=
U

£ = cm.,

The expression for of in equation {30) is admittedly based on rather
sketchy data for only 2 0.5 ¢m chamber; however, the limitation of operation of
a Beckman CPE located at Cieneral Electric’s Space Sciences Laboratory has
been observed to be

T = 200 sec

E = 100 V/em
where

H = 60 cm

£ = 0,075 cm.,

Equation {30) predicts that the threshold of convectional perturbations will be

kil

ot = 0.48

E = 105 V/em,




Thus, a significant degrce of correlaiion is shown for a different sized chamber,
1t is important to note that equation (36) limits the usable voltage gradient in
Earth gravity as a functicn of the residence time,

VIII. INPUT POWER LIMITATIONS IN REDUCED GRAVITY

Having assessed the operational limitations of Earth-based, continuous-
flow electrophoresis, we now deterinine those limitations present in a space
environment. The limit imposed on the usable voltage gradient in reduced
gravity is determined by the temperature sensivity of the sample being separated.
Although each sample would certainly vary, a value of 30°C at the chamber mid-
plane is commonly accepted as a nominal safe temperature. Thus, the maximum
dissipation number in reduced gravity is given by equation (8) as

J=cos_1( 4 ) (31}

1+ Tw

wid =1.10 .
space

IX. RESIDENCE TIME LIMITATION IN REDUCED GRAVITY

E1xi107* g is considered to be the nominal gravitational attraction in
reduced gravity, then equation (30) shows that the permissible residence time
for a normal-sized chamber is not limited by thermal convection., The other
potential constraint on residence time would be diffusion, which would not be
affected by the reduction of gravity. Considering first particles such as cells
whose mean diameter is > 1, we obtain a diffusion coefficient of D = 4,5 X 107"
em®/sec. The root-mean~square lateral displacement of particles caused by
diffusion is given by the Einstein relationship

s
)/.

Ax = (2 Dr . (32)
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Thon, whove
'r% 900 seé
we have
AX = 0, 0028 e = 28 p

which 1s tnatgntticant with regavd to vesolution.  However, proteina have a mueh
higher diffuston coefliciont which would limit the allowable residence thme 7.
Ustog D= 6,0 X ii}" o’/ soo a8 & vepresentative diffusion coofficiont foy
protoing, we have for v = SO0 sec A stymiticant displacement of the baid edgos

Ax = 0, 0240 om .
Ditheston broadening eausos the band width to broaden by

B2y
W

ginee the perimeter of the stredm eross goction iz digptaced.  Band thickening '
i the chambe e cross seetion 18, therefore, also given by

R =20 .
t

and with digtortion prosent theve results 1 mach lavger dogradation in renotution
than the Haear effect of width broadentog, Therelure, th proteln sepavation, &
detinite Tt i rostdonee time doos oxist and I8 governed mainly by the flow and
thewuat distortions presents . The offoet of diftusion on vesolution can be esti-
mated by modifying equation (87) 2 ' v

-
P
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EI;"[: -a-:f;.-\(o)] B T

‘Er

f/u
[ W !n) A(n)
s n, -1 ] n(n) o ["\( o) - D(n)]

(33]

The lineav effect of band widening is reflected in the first vight-side term,
while the effect of band thickening {i.¢., an increase in n) is reflocted in the
distortion term (the second right-side term).

X. EFFECT OF BAND DISTORTION ON RESOLUTION

The fact that the collection ports are regular in exoss section and arrange-
meat dietates that the injected sample filaments vemain regalar and undistorted
in the chamber cross seetion,  The effect of sample filment distm‘tit\n on resolu-
tion can be ostimated by the term:

O
u :
O w Y - D! n} ' :\! l\!
R} —t— + = FAl¢ - . Al
Ry =Y W0 ! B(n) o« [ (c) D(n) : (34)
: o

where R | is the residual due to ltow and thermal distortion. At the chamber
¢

0 a
midpiane n = 0 so that R 1 = 4, but at other values of n, “d doponds on u“_ BUR
’ .
3] . (LI . 2 .
u,oand Voa. The termou Su may be adjusted te provide l{‘ = 0 for a particular
o w0 {
n, but there is no position in the chamber width where Rd = throughout the

ehamber depth as approiched when thermal effects ave smatl,  Neglecting thermal
effects in Bavth gravity is permissible because of the low power inputs allowed:
however, in reduced gravity where high power inputs are teasible, the vesiduat
R d st he mimmimd bv careful -.clct*liun aof dosig;n :md uw\\\tim. p.u"mwtv 'S

Adjusting the bulfer te provide w low u \\uuid be one nwtlmd to contral samply
fitsiient distostion, :

gy




Xt COMPARISON OF RESOLUTION FOR TERRESTRIAL
AND REDUCED GRAVITY OPERATION

To estimate the improvement in resolution that might be obtained by
operating in reduced gravity, consider the following hypothetical separation:

(o)
u = 0.1 p em/ V sect

l'-‘- 1.0
o
n=90,5

= 800 sec
TS e
T = 200 sec
G

IS =0.1cm, .25 cm

'EG = 0.1 em
£ = 0,48
(wh)

(".ﬂt)s = 1.10

where subscripts 8 and G stand for space and ground, respectively. Equation
(26} and the previous hypothetical parameters were used to produce the per-
formance curves shown in Figure 8.

1. The low mobility must be obtained through utilization of an appropriate
buffer.
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Figure 8 clearly shows that sample band distortion can significantly
reduce resolution improvement. Therefore, a close matching of wall and particle
zeta potentials must be maintained for space-based high-resolution electro-
phoresis. Note also that the thin chamber is affected much more by the zeta
potential mismatch than the thick chamber, but it also has a much higher resolu-
tion potential. |

XI1. DESIGN CONSIDERATIONS FOR HIGH RESOLUTION
ELECTROPHORESIS IN SPACE

The absence of the thermal convection influence allows higher voltage
gradients and longer residence times to be used. While this increases resolu-
tion, it also increases the particle deflection to such an extent that Impractical
chamber widths are necessary. Since high particle mobilities also increase
thermal distortion, as equation (34) indicates, it is necessary to limit the -
particle mobility of interest by controlling the pH of the buffer accordingly.
Research is in progress at the Marshall Space Flight Center to determine iso-
electric points of various potential sample materials. Of course, typical iso-
electric points with regard to biological function considerations would be of critical
importance to the concept of high resolution electrophoresis in space,

Consider the following example: chamber width W = 2 em, residence
time 7= 800 sec, voltage gradient E = 180 V/em, and u = maximum mobility
of interest. These values would result in

=0,14x 1074 S8 _ 9,14 £COM .
V sec

n o= .
V sec

m

b

Therefore, we must approach the isoelectric point of the fractions of interest
to collect them since all other fractions will be wasted by migration into the
chamber end boundaries. Therefore, the selection of a particular fraction to
be collected will, in turn, be made by buffer pH selection.

The concept of a ""thick' chamber has been proposed for use in reduced
gravity to achieve increased throughput and higher resolution. The increase in
resolution would be achieved by keeping the sample away from the chamber walls




via the increased chamber thickness, and hence reduce sample band distortion.
Equation (27), however, shows that the distortion term ccntains «f, n, and
~/eey and not 2. On the contrary, the resolution is seen to decrease with
increasing £ for constant power dissipation number «wf. This results because

the increase in thickness will also dictate a lower voltage gradient E for con-
stant midplane temperature, therefore, resclution suffers. The throughput,
indeed, increases with chamber thickness, as is obvious in Figure 8 which shows

that a thick chamber produces very ncarly the same resolution at a §::./ _l'g of

+5 as a thin chamber does while giving four times the throughput. Therefore,
when a high degree of band distortion is allowable (i.e., low resolution applica-
tions), the thick chamber is superior. Another characteristic of the "thick"
chamber configuration is less power consumption for equal chamber volumes.
Because power dissipated in the chumber varies as the square of the voltage
gradicnt and only linearly with thickness, a *'thin®' chamber can dissipate more
power than a "'thick" one without exceeding a limiting centerplane temperature.
However, using a "thick' chamber to allow lower voltage gradients is hardly
tenable from 2 resolution standpoint since utilization of high-voltage gradients is
a significant reason for reduced gravity operation. Moreover, "thin" chambers
are more stable against perturbations than *'thick" chambers, as the appropriate
dimensionless ratios of viscous to disturbing forces indicate.

Xt1l. CONCLUSIONS

Cell separation in reduced gravity by continuous flow electrophoresis is
feasible, and significant gains in resolution over ground-based operation are
possible. The higher voltage gradients and longer residence times available
in space operation arc responsible for these gains. The mobility of the fraction
of interest, however, must be reduced by an order of magnitude from that
normally found in terrestrial separations. The higher voltage gradients and
longer residence times dictate this reduction in mobility to keep ihe particle
displacements within reasonable limits.
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APPEND IX
An estimate of co‘nvectibn.-induced.vel_o'city is given by

U, = VBgATS L for Gr = 1
where AT is the temperature rise in the chamber cross section over the wall
temperature and is given by

4EY ?

SKktp

AT =

assuming constant buffer propertics.! Therefore, the convection-induced
velocity becomes

P

2Kk

- but the power dissipation coefficient w is

E a
Wz — = B .
k0 .pl\tK
&
01".
Kk, p
E? = A w’
. o
so that

1. Ground-based operation is limited to power dissipations for which this
assumption is valid.
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