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SUMMARY

During the first ycar of effort on this contract the mathematical
cxpressions were developed to describe the interrelationships bhetween
operating requirements (capabilities), cell parameters, and system
con.stréints in terms of design cri.ted;;':ia definition, Tiie mathematical
model was p;:ogrammecl fox compui;é:: solution. The model was
exercised to idc—:nti;fyﬁperformance_-limiting characteristics, and a.né._lyscs
were conducted to prerdic:t: operation in space of an experiment involving
separation of four Cornpoﬁehts.

An engineering model of a flowing elc—:ctrbphoretic: separator has béen
constructc:_ci. The design i-s. directed toward }rerifying i.mp;rovements in
resolution and th.roughput of a thicker cell than can be used on earth,

As further designs evolve, the cai:ability of processing selecte;l
siglﬁﬁcaﬁt biologicals may be tested and proven. These may include -

- means _t:ro*‘re.co.vc-.:r sample fractions and a UV scanner for detecting them. -

Of the three major tas_ks in.clud.e;l i.t_l_this' contrgg‘;uai | effort, Task I,
Design Cr_ite:ria Optimization-Math Modeling, 1s ébm‘plete exccﬁt for a
recently~discovered minor problem which will be con:r.e_ctgd soon. .Ta-sl_'c_ 11,

Design, Build, and Test a Flowing Electrophoretic Separator System, is.

T LI

et im0




nearly coinp].eta—. The system has been designed and built, Testing
of the system is just 'Ineginnipg. Tasgk ITI, Experimental Operations
Pask, has been star{:ed.h By use of prototype cquipment similar to that
designed in Tashk I, assessments are heing made of the effects of cell

thickness, voltage gradients, buffer conductivity, residence differences,

and concentrations.
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1. INTRODUGTION

One of the most promising ideas identified for space processing of
materials is the separation and/ ot purification of bhiological materials by
clectrophoresi's. Although electrophoresis was first observed in the early
nineteenth century, its utilizatioun as a laboratory teq’ﬁl_ﬁque did not take
place until the 1930¢ ég_w_hen precise measurements were made on purified
proteins and complex 1fiologica3. materials. Most of the development in
electrophoresis since 1950 ha.; been in an area described as zone
clectrophoresis .i.n étabiliz.ed media, 'I‘hi.:s technique éepqraﬁes a sir};ﬁle
uarrc;\v zone of sample mixture in an electrolyte medium ;llito many \“l:aones'
containing a single component of the mixture and electrolyte betwecz} them.
Since the densities of the separated zones generally differ from that of the
inter'vetﬁrig medium, such systems are gravitationally unstable ani’
stabilization is roqui.reci. The various techniques for stabilization include
using the capillary spaces 1:rovided by tliin films, the interstices of solid
n‘lx;'-.v.terial..s.ugh as filter pa.per and a variety .of gel-i'ofming substances.

Altho.ugh zone clectrophoresis has been adapted for both continuous é.qd

4

‘batch fractionat:ion, much care and ingenuity have been involved in the.
choice and preparation of the Sta1ai112ing medium, This method is usually
satisfacfory for sepa_,fathm low molecular w_gifght'nl‘la.tefials but it is
in-apra.ctical for high moleéﬁlér wéight mat.er.i.L-_alls because of. .immobil'.i.ty in
the stabilizing media, | and ‘interactions bétwee‘.n the mécroi_org aﬁd thc; |

stationary phase,
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Attempts have been made to use fluid electrophoresis for the separation

. : - . . . : : i )
of high molecular weight materials which have little or no mobility in a ‘_;',jj ‘-d’f
a’/

/

n\J_,_,

porous solid. In the prescence of gravity, howe¢ver, the method is
characi,(.rmed by umomp]cl.c. :—::ep.a,rau,:,c)r;s,,3 duc, iko, elcctrqphqgetig,a_,nd‘.,,,,,,:,;..,.,-.;-ﬂ.,;,..;,,.;.- .

hydrodynamic effects near the cell wall, and to density differences between

" the solvent and the solute. In a 8, 1, large-scale separations are limited .
by thermal convection arising i" ,-.‘:.Toule. hea{:ing'df the solution.,
Electrophoresis doné in space will alleviate at least two major proﬁlems
that occur on earth., (1) The electriq_ﬁz_a.fld produces an electrle curzent .-
in the liquid medium which results in Joule heating, This heating generates
convection currents in the solution which mix the components‘ already
separate.d. (2) Iarge bmlcglcal particles of high density, such as living
cells, settle to the bottom of liquid clcctropho:. esis beds and ca.nnoi be
effecfivgly _separatcd; Under weightless conc'ii}iops, electrophoresis can be
applied o molecules or particles of any si_zeﬁ;r density s_uspende_ci in fluiri
media. The advantages are e:ij‘fpected to make electrophoretic separationin -
“space practical for pr'elia.ring medical and biclogical products of high social’
and economic §a1ue. |
Th.e objectives of 1:.11is' project are:
1.) to develop 1;11e a..naly.ti_c_al_ and exinefim%:ntal basis for ..a .
- thick cell, free-flow electrophoretic se_pa.rator'.fog. :
8§IGW AL PAGE Is ";Ezpplicaticn' in thr’;‘ iow gl‘a’n.ﬁ“f of space; ‘
OOR QUALITY,
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2)

3)

4)

5)

6)

to degign, build, and test an engineering model of the
clectrdg}horotic sep.arator.;

to c'lerno‘qlstra.te the experiment operation on the ground
with si:i;iulated weightless conditzi\o..nS;

to operate the model and conduct cxperimental simulation
studies to providé data and experienée that will predict
the performance of the equipment in the space
cnvironmént:;

to predict the operation in space based upon aﬁ’é.lysis and
experimentation and ider;tif)r problem areas tlj. \;t remain
unresolved by ground evaluation that must be 1,5 f’éted or
measured in space; and i
to define flight experiments of va.ryin_g duration that will

demoﬁstrate the performance of the design and apparatus

concepts,. : - S 7



II. MATHEMATICAL MODEL OF AN ELECTROPHORETIC SEPARATOR

A, I3 ackground

Under an carlier contra._c.t (NAS 8-283065) an equation was

v e ioracderived.whichuerelates fo. various -parameters. the -minimum - difference.in s af v

!
mobility (A’_;) necessary to separate two particles in an electrophoresis !
device,

The equation previously derived for Ay is:

i | A)J, % = ASL+ N 4 hs s 100

" . o
L | a B v
3 . 1

Sl is. the horizontal dis‘iadla.cemenf, H Sl. 15 d.isto:.'i.:ion of the san;é?le,l N
is the spacing between cell outlets, and bg is half the sample stream
~ diameter,’

The solution of such an ‘equation ;‘j;nbrr'naliy involves a number of
simplifying as sﬁmptio}ms which are maddﬁeéaaaary‘ by the interdependence
of several of.tl;.e pa.l..ramci:.e.rs. implit:it to the solutién. Therefore; in oraer
to obtain more realistic estimates. of e].ecfrophor.etic resol_ving_ power, a
cor;ﬁputer program was developed which did not malke us e‘.-of simplifying

" assumptions but rather took into account the various thérmal, elegtricil,

"

and hydrody \/u'nic effects and their interrelationships,




B, Description of the Computer Mudel

The computer model provides a fotal view of the interacting

variables in the clectrophoretic system, DBy adtéring these variables, it

. ,4s possible to determine the effect on o given separation,

The total moﬂl is composed of several individual programs,
each 6£ which solves a particular part of the problem. In this way,
fiexibility is provided and alterations to individual parts can be made
without interfcﬁng wil:]i the operation 6.{ any of the other pa.ri:é.

Although cach pazrt of‘!;he model is indépéndenﬁ from all others,
the results of cach part are used in subsequent programs, Figure l |

illustrates the interdependence of the cell's variables.:

Step 1: Temperature Distribution

An equation was set up to describé the temperature gradient
fho_ugh the thickness of the _elec@'ophoresis cell, 'I‘h.e. equation was sci: up
for the condition that b_t_ath facg;’._g\f the cell are at the same temperatqre and
a steady-state ‘Icondition has becn reached. (This, of course, would be

'ﬁormal operating ‘procedure.) The calculations yield a temperafure
| c_lifference, 0 , from the feﬁ*xperature of the outside face. These distributions
are the..refcre syn.nmet.:ri.cal._ Sonﬁ_e sté.hdard, textbook équa._tions (.Ref. 1)

were solved first to acquire ‘a "feel' for the solutions, The final equation

(1). Jakob, M,, "Heat Transfer, Vol. 1", J, Wiley & Sons, New Yok,
N.Y., 1949, | SR

.}.l



FIGURE 1. INTERDEPENDENCE OF CELL VARIABLES ;*
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is a sccond order differential equation which takes into account variations
in thermal conductivity, &, and clectrical conductivity, ke, with

temperature.  Both of these variables inerease with temperature over the

ngsn mes s rata o TANEC Ofdntorest: (496 to 377 C)‘ ~-Bothvaty accordingto s eqilatioir o ™ ¥ v’

the form: X = X.‘.‘ (14 al) whcre'Xs is the quantity at a standard
temperature,' a is the temperature coefficient and § is the temperature

differenca. The final equation has thc form:

Or 0 (.3'0 ” ]
@4 80) ‘J,‘“;ﬂ 4§ '::'5:_" = —'5'-5 (i1 440) . (1)

where ~ (I is the therimal conductivity at 4°c, S is the trmperature
coefficient of the the::mal:-conductivity, qm s is the heat gencrated per unit
volume and contains both ri.'hu voltage gradienf. and the electrical conductivity,
£ is the temp_eré.tﬁfc coefficient of qm , 0 ié the tembérai;urc difference

_ _ * g . -
and x isthe distance {rom the centerline of the cell,

This equation is solved by the computer in Step l. The data are

obtained as a profile of temperature difference versus distance from cell

centerline. In addition, this printout indicates when temperature will exceced

p‘lys:.ologlcal temperatu).g. of 37°C.

Inputs to Step 1 are: buffer condnctance 'md its Lempeia.tule
coefficient, thermal coniiuctiirity and its temperature coefﬁcie_nt‘, voltage’

gradient and one-half the cell thickness.

T




Step II:  Curtain Velocily Profile

The linear velocity of the buffer curtain determines the residence

time of a particle in the ficld and thercfore determines, in part, the lateral

wrsvenngat cdais cpdiaplacement oftheparticley In-asconstant:temperature:systam, «Lthe v o oo vy oo
¥ ¥

vi:locity profils would be parabolic, due only to viscous friction. However,
viscosity decreases with increasing temperature (for a liquid) and since
there is a distribution of tcmperatﬁre in the cell, a distortion of the parabolic
flow profile resul_t‘;_;__ |

" The final equation for Step II is also a second ordex differential

equation of the form:

S B (1...,3_L ) = ap B z'
“a &( Y )} dy - = (@)

where '7[15 the viscosity of the buffer, dP/dy is the pressure gradient causing
flow, Vis the velocity of the buffer at, x, the distance from the cell centerline.
- It is ﬁnpdrtaht to know the velocity at all points through the 'ce]-.l '
thickness, since e sample stream has a finite thickness and therefore particles
: at__the" out.e:. cdge of the stream will m_o_fe with a lower velocity than particles
at the ..ceni:er. The slower parts of the stream have longer residence times
and therefore experience different lateral displacement, .This ultimately affects

resolution,




Inputs to Step II are: average flow rate, cell width, cell
thickuass, temperature data {rom Step I and the variation of viscosity with
tmhperature '

Step Ill: Profile of Electroosmotic Yelocity

Electroosmosis occurs normal to the direction o-f hydrodynamic
flow. Since the cell is a closed system in the electroosmotic direction, this
flow must be recivculating, Depending upon the sign and' mapnitude of the
applied field and the zcta potential af the vall, this eleétroosmotic flow will

affect the lateral displacement of a particle undergeoing electrophoresis. It

is necessary to know the profile of this flow, so that an absolute velocity can

be calculated fog,-,_u,_Pa-rf:i_\:le's at various positions in the cell. The final equation

is almost identical to that of Step Il except for substitution of -F for dP/dy.

B s o S

where ? is again wiscosity, Ve is the electroosmotic velocity, I is the

driving force for flow related to the zeta potential of the wall and x is'a

distance from the cell centerline.

~ Inputs tomStcp I are: Zeta potential of the wall suffa.ce, dielectric

_constant of the buffer, ficld gradient, cel: -tlﬁcl_mé"é_s, temperature data from

Step I and variation of viscosity with t:cm'perature-."'

i
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Step IV - Final Residence Time and Diffusion Tirects

]‘j':epcmding on {he ki_ndﬁof paxrticles iu the sample stream and

on the residence time, diffusion effects inay play an imporiant role in the

sepazration,and nesclutign.achieved., wiviffusion.will- causothossample stoeamees « oo v

to widen as'it transvers;fes the cell. If the diffusion time is shorl compared
to the residence time, sample particles will be moving iniéo slower""curtainsr
and thc—:‘.-:r.'esidcnce tiﬁ'xes will {hus increase, This has to be taken into
account when computing thel final ;.':esicle.nce time. The effect of diffusing

into a slower stream can be compared to 2 decelerating force and the increase
L4 3 B

in residence time can be calculated by using the following equation:

8=V tr - 1/2 a £ (4).

where S is the length of the field in the cell, Vg is the initial velocity of the

- particle, & is the change in velocity due to diffusion and tr is the residence

tirne.
Inpiats to Step IV are: active length of cell, centerline 'vcl-ocity
of pa‘rL‘iéle strearn {from 'Step 11) c'Léc‘:elerat'iop factox, o , from Step. IT and

fo

the diffusion constants of the partiﬁles.

10
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Steps V-VII - Total Lateral Displacement

The total lateral displacement of a particle in the ficld is a
result of clectrophoresis, electroosmosis and residence time, Steps V
through VII_ calculate the elcctrophoru_'etic yglocities and the electroosmotic
velocities .th::oug_h'out the thickness of t.he. samplc streatn é.nd arrive at net‘:
velocitics for the particles, Combining these*with their respective residence

times allows caleulation of total lateral di‘sp.laceme'nt,--'ii;:é.king into account

temperature variations,

. Step VII .- I\di.niinun'l .Resoiuti.on

It is necéssarv to define a minimum zresolution (distance between two
sample streams} for completz separation. This minirmwn resolution takes
into account lateral displacement for two particles, collection tube spacing,‘
particle si;rean-r'diameters and increases in‘these due .io diffua'ipn' effécts.

T-lie resull is a n‘m.n'l-‘-)cr Whiéh is t.lle minimum .difference in mobility |
between two Pg_rticle_s which is.necessary to achieve a complete se_pa.ratio_ﬁ.

'« is possible to modify Step VIII so that if the mobility différence o

is already known, it is possible to calculate any of the other variables.
" Thus the operating paramecters can be optimized for a sample of a known

composition,

11




s Rl e T AL e w;a-_.-,.u,'_; T T L R kL LuR T L TYILTIDS L AR N S TP TR UL PE TP R R Py oy s lred

LS

C. Use of the Computer Model

Some test cases were run on the computer program with input

values derived from our own expcrience or reported by others. The

input data set included:

active length 10,16 em ‘

Cell dimensions width 5.08 cmm
thickness 0.50 cm
- Field ' ... 40 volts/cm “
Electrical ..  (A-lbuffer)  8.75x 10% ohm™! em™ 1
Conductivity Temp. Coeff,~ 2.88% °C”~ '
Thermal Conductivity 1.36 % 10-3 c:a_.].{sec/ cm/ oG
Temp, Coeff, 4.05x 10-60¢"
| 3, H
_ Buffcr TFlow Rate 1,05 em™ /min -
- Sample Diffusion .8 ~ Zeta Potential Sample (Particle;
Coeff, B.x 10 1) 0.025 "a
Sample Stream 2) - 0,029 Volts
Radius - 0.03 cm 3) 0.031
Collectoxr Spacing 0.1 cm 4) 0,033

Two cases were considered, one where the cell wall was 0,005 volts,
a,nd one whnre it was O 050 volks, The first approximates an '}.galose ~coated

wall; the seconc’l"'a_. 1:1 agarose:agar-coabed v‘irall. Plots of some of the data

are shown in Figures 2 through 5.
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Temperature Gradient vs, Distance from Center-Line,
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Figure 5,

Temperature vs. Distance from Center of Sample Stream



Minimum values of Al % {see Section ILA, above) were
calculated for the sev'era.l cases and are summarized in Table 1. The
resulls indicate quite clearly the advantage of using an agarosc/agar
coating on the cell.étf’?_ra.lls when attempting to scparate particles of the types
being considored. W'e have recently learned that under s.onm circumstances
Vthe program does not give exactly the correct answers, For example, the
data shown jp Table 1 for the case of the 0.05 volt wall zeta potential are
close but not. cxac"i?ly correct. We are trying to determine the cause of this

anomaly.

TADLE 1

Minimum Mobility Differences Required for Separation

Sai‘nplé Paxrticle

Zeta Potential, : - A% _ ; : :
volts Wall ZP .005 volis Wall ZP ,050 volts
.025 _ | 7.54 - 1.99
.OZé | 6,78 | 1.97
.031 ' ' 6.56 ' 1.96

.033 | 625 1,95

i5
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I, ENGINEERING MODEL OF THE ELECTROP_I-IORETIC SEPARATOR

A, §umm ary

An eﬁrgineering model of a free flow clectrophoretic scparator
and the test and operating panel for running it were desipgned, assernbled,
and are now undergoing system tests, Itis sized and designed to {it on the
Black Brant sounding rocket for testing under zero g conditions. Itis
14.44" dia, x 19" high and weighs about 76 1bé.

The engineering model is shownin Figure { with the air-tight
cover removed, Itis shown alongside the ground operation and test panel.
‘Figurce 7 is a view of the equipment with the cover on but with the access
door open as it would be for last-minute adjustments, addition of sé1n"1ple, or
rem:ova.l of {ilm or s.a.mple after f:light. Also visible in these views are
connector; which inciude the meéms for tcstiug. the entire .unit:_ as well as for
powex and telemetry operations during flight. In addition the fluid connectors
permit the preflight {illing and flushing of the chilling {luid to freeze the
temperature controllant, the buffer system, and the génc;;;al atmosphere of
the unit which is to be dry nitrogen. o |

| i‘he unit is dési.gixed to p'rov.ide bbth a .\'E.Fid.(‘; .range.of -c.urr.ent and.
future capabilitics, Initial capabilities are lo prog_ric}e pho_i;ug.ra.phic_ data.
acquisition from a cross-section analyzer to indicate resolution in the 5 mm

thick ccll. The reusable unitis equipped to operate over a wide range of

conditions including: temperaturcs down to 4°C for several hours to preserve

delicate biologicals, AO to 150 volts/cm and 0-_2.00 ml/mih. of buffer flow

o

s s




Figure 0, Enzineering Model of Electrophoretic Separator with

Control Panel.



Figure 7. Engineering Model of Electrophoretic Separator with
Access Door Open
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for up to about 8-15 minutes depending upon the-flow rate chosen, This is

to permit operation on the Aries rocket if desired, In the latter case, this
includes the ability to function as a static cell in which the sample can be

inserted by flowing the buffer and sample into the field area, then stopping i

the flow for any desived time during the electrophorgiic separation step,

then restarting the flow to move the separated fractions out of the common i

exit. Provisions for permitting the recovery of separated . sample fractions

e raee

and for UV detection of biologicals have been made for possible later

addition to the unit, More detailed discussions on each of the major

subsections followss .

B, Electrophoresis Cell
Ground-based testing in prototype éduipment was conducted on
seve.ral innovdtions in cell designh such as cells containing multiple inlcts -
and multiple 'sample injections., These can be secn .in F.igures 8 and 9.
These were use&‘ lfor some tests to ascertain the upper lirﬁit éf sample ini:ut

rates as part of the objective of increasing the throughput, The electrophoresis

cell has inside dimensions of 33,6 cm x 5.08 ¢m x 0.5 em with an active

electrode length of 10,2 cm. The cell faces are glass-reinforced epoxy,
which was chosen for its rigidity and high thermal.conductivity (rélative to

most plastics}). The entire assembly is contained within ansi aluminum frame

19




Figure 8. Fluid Flow in a Cell with Multiple Inlets



Figure 9. Sample Stream in a Cell with Multiple Inlets



which also serves &5 the cooling jacket in the lectrode area. Photographs
of a cell devoid of plumbing and electrical connections arce shown in
Pigures 10 and 11,

A duplicate of the engineering model cell is now in usage fox

-determining the thresholds between unstable conditions due to terrestrial

gravitational effects and stable conditions in space, which are also in the
desired opérati.ng range} In otlie_r ﬂvords, if it is desired {for reso];u‘cioﬁ or
throﬁghput reasons to operate the cell in the region where it is unstable
on carth, it may be at conditions which require the microgravity of space
to permit stable operation, The delinition of s.ome of these conditions is
apparently required to gain a recommendation for a sounding rocket flight,

C. Fluid Systems

There are bas.ically three fluid syéﬁéms, each \éith a pﬁmp and
provision for lowntcmpe.rat:ure operation. |
1. Buffer
2. Coolant

3. Sample

The central feature of the buffer system is a reversible, positive

displacement, piston pump with a capacity of 1625 ml shown in Figure 12,

It is intended that in flight operation the buffcr_pum_]__i would be started ju, §

" F
i
;
;
!




Figure 10. Electrophoresis Cell Components
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prior to launch to lower and equilibrate the cell temperature to about
4°C. Itis designed therefore with enough capacity to provide this function
as well as to permit the potential usage on the Aries rocket for 12-15
minutes 6I microgravity‘. ‘o maintain essentially a constant center of
gravity, the buffer V(and spent sample) is returned to the low pressure side
of the piston.

The coolant or femperature controllant is basicé.lly a fluid systern

for pfoviding cooled (400) water to the electrophoresis cell faces., The
cooling capability for both this coolant and the buffer is supplied bf
prefrozen coolant located in an annular space a:n_:ound the buffer pump. It
‘would also be started prior to flight to help to .equilibrate the cell
temperature,

The sample handling system is a motor driven cooled, -insulated,
syringe mounted on a bracket to permit casy installation on (and removal
_fro_rrll). the experim'ental faciiit:y through the access door up”t;o about an hour

prior to ﬂigiat. Itis chown in Figure 13, |

D. Data Acquisition System

The initial data acquisition sfs_t:_ern'is aimed at demonstrating the

primary objective of the program, namely improved resolution from a

thick (5 mm) cell. Tt was therefore desi;gn'ed" as a cross-sectional analyzci |

sytem with a Nikon F2 camera to record the :'Li_np.ges which are presumed
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to be from visible particles for the stated purpose,

In the expectation, however, that the facility will be used
eventually for biologicals most of which are only or best observed in the
UV  spectrum, some provisions have been made to add that capability,
Among the provisions are a fused silica envelope flash lamp and fused
gilica windowse in the cell to permit gencrating and transmitting UV light
respectively, In addition, some space and clectronic circuitry are
provided for adding a UV scanner to the system later,

All of these components, plus the electrophoresis cell, are
mounted on the top stractural plate shown in Figure 6, This permits the
alignment and testing of the data acquisition sy: em with little danger of
later misalignment due to the flight environment, etc.

In addition to the potential future addition of a UV scanner for
observing biologicals, some thought and provision for easily adding sample
fraction recovery capability to the facility has been provided., This would
primarily involve replacing the camera volume with a container for cold
water from the coolant reservoir and means for holding the separated
fractions in individual containers. This would place the recouvered sample
fractions just inside the access door from which they could be easily recovered

aﬁer 3 ﬂighta
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