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COUNTERCURRENT DISTRIBCTIGN
PRELIMINARY REPORT

Preliminary ground-based experiments strongly support the validity of a prcoosed
space experiment in the separation of biological cells by counter currant Zis-
tribution (CCD). It is shown that a low-level applied selective field (Zor ex-
ample as 5 V/cm) can accelerate the separation of the phases by a very largs
factor (for example 35-fold). An electric field therefore shouid be very effec-
ti§e in space in lieu of gravity for the phase separation step. This appezars to
solve a central problem in implementing CCD in space and opens the tecinique to
many types of large cell mixtures for which it has not been applicable befecre
due to rapid settling effects. It is shown that electrophoretic migration of
the cells, as a possibly disturbing factor, will be of neglizible effect. The
phase forming polymers used in the preliminary experiments are not, per se, com-
patible with biological cells. However, other suitable polymers are already
under development, and are predicted to give similar rapid phase separation.

The present experiments were implemented with a prototype chamber similar to
that proposed for space. Attenuation of a light beam by scattering generatad

a signal indicating the course of the phase separation. The highly prcomising
results. of these experiments now appear clearly to justify a SPAR experircent as

a next logical phase of investigationm.




INTRODUCTION

Following the submission of our proposal "Counter Curreat Distributica of Bio-
logicals"” in response to A.0. No. 0A-76-02 of the Space Processing Rozket Ex-~
periment Project, a contract (NAS8-32353) was awarded to the University of
Oregon Health Sciences Center to allcw further definition and developzent of
the flight experiment. The Statemeat of Work in that contract includad the
following tasks:

1. Verify that there is an aqueous polymer system that is sigaificantly
separated by an applied electric field. Within the limits imposed
by 1 g conditions, analyze field-induced phase separation and the
influence the field and separating phases have on the biological
cells of interest. Design ground experiments to assess experizment
operation in space.

2. Do a detailed analysis of the equipment proposed for the SPAR to show
that the proposed components can accomplish the planned objectives.
In particular, analyze (a) the removal of bubbles, and (b) optical
devices proposed or otherwise available to measure the progression
of phase separation. |

3. Supply general operating parameters for an electric field-driven CCD

apparatus as determined by 1 g experiments.
The principal results obtained duringz this study are summarized below. They
verify that the approach we have proposed is a valid and promising one and that

a SPAR flight experiment is indeed an appropriate next phase of experirentation.

ELECTRIC FIELD-DRIVEY PHASE SEPARATION

The central problem to be solved if phase-separated aqueous polymar systems are

to be used as cell partition media in space is that of finding a methed for




separating the emulsiiied phases in the effective absence of gravity-driven
settling. We proposed to use an applied electric field as the driving force
since droplets of one phase suspended in the other are known to exhibit electro-
phoretic mobilities which increased linearly with drop radius, TI&6 dezonstrate
that field-driven separation can in fact occur, even in the pressnce of gravity,
phase systems with very high droplet electrophoretic mobilitiles had td be de~-
veloped, Suitable systems were found consisting~§f Sodium Dextrzn Sulfate
(NaDs, 'Iriw- 500,000) and Pluronic® P-104 (a block co-polymer of poly (ethylene
glycol) and poly (propylena glycol) in a weight ratio of 2:3, ﬁ; = 5,400) with
potassium citrate as the supporting electrolyte. Two phase compositions were
utilized: 8% w/w NaDS, 8% w/w P-104, 0.2M K3 citrate (8/8/.2); and 5% w/w
NaDS, 10% w/w P-104, 0.1M K3 citrate (5/10/.1). Typical droplet mobilities for

these systems were as shown in the table below for 6.5u diameter drops.

Mobility (cm?/v-5)

Bottom Phase Drops Top Phase Drops
Svstenm in Top Phase in Botzom Phase
5/10/.1 " 48.8x107% -8.4x107%
8/8/.2 +17.6x10™4 -15,3x10™%

In these systems the top phase is rich in P-104 and the bottom is predominantly

NaDS. To drive phase separation in coincidence with gravity, then, tle elactric
field is applied with the anode at the top and the cathode at the botzom of the

sample chamber.

A prototype phase separation chamber was constructed similar to that described

in Section 4.2.1 of our original proposal. A cross-sectional view of the chamber
is shown in Figure 1. The stirring screen was omitted, since mixed prase systems
could be introduced directly into the chamber,

The apparatus consists of two electrode chambers containing bright Pt elec:rodes
separated from a phase chamber (S5ecm L x 0.5 em W x 0.2 cm deep) by twe amiconm
XM-100 membranes. The phase chamber is split in half horizontally so that the
two halves can be displaced laterally relative to one another, allowizz is:la-

tion of the contents of each half. Feeder ports give access to the chaxzser for

-2-



. IBQUWPYD UOTIPITUIS 3Iselg 3df :0301g °*T OanHTd

§N207¢ N2IMLIA TOVAUIINI

A3019
SY121X37d

3004133713

YITWVHI 3SNIY Y¥3MOT

(NOILD3S SSO0YD)
HiVd LH9IT TWII1LdO

m4m<>czl|)1/1

140d

~—37TdWYS

140d 3 TdHys—""]

42019

SY191X37d
AYYNOILVLS—]

muz<¢mzmz

YIGWYHD 3TdWVS

N mumz<zu.uu\\\\\
~OV i 3SNTY ¥3ddn
/. ™, _m I )

140d QINid 3ISNIY

~3-



UL L

filling and drainage in either the separated or contigusus configuration.
Electrode rinse buffer is circulated through the upper and lewer electrode
chambers to remove electrode reaction products, The chazber and electrode
assembly is made of poly (methyl methacrylate) lapped and polished. to provide
a good sliding seal between the upper and lower halves, The optical systen
used to follow phase separation turbidimetrically consists of a szall rudy
lagser whosae beam diameter is limited to ~0,03 cm by an entrance apercura.
The bean traverses the width of the phase chamber at a vertical position
which can be adjusted relative to the midline split. The beam intensity is
measured with a solid state detector and amplifier after traversing the
chamber and an 0.03 cm diameter exit aperture. The beam and apertures are
aligned with water in the phase chamber so that when a turbid mixed phase
system is present only non-scattered light is detected.

A typical trace of detector voltage as a function of time with no field applied
is shown in Figure 2 for the 8/8/.2 system made up on a phase volume ratio of

9 parts top phase:l part bottom phase. The beam samples all of the bcttom
phase and a portion of the top phase near the interface. At this phass volume
ratio, the 1 g settling time is prolonged and the kinetics are easy te fallow.
The signal initially increases linearly in the early stages of phase coalescence,
then fluctuates more sevevaly as larger droplets form and the system saparates
supralinearly with time. At this amplifier gain setting for this rum, full
scale deflection of 100 mV corresponds to an essentially separated systea, The
degree of separation sufficient for all partition work correspoads to sczething
less than this level (=50 mV) since residual drops smaller than cell dimensions
have little effect on cell partition behavior yet still scatter a considerable
amount of light}.

The effect of applying an electric field of 5.1 v/cm to this systzm is shown in
Figure 3. An immediate increase in the rate of separaticn is seea. The slope
increases by a factor of about 35 and the intensity increases to an ouzput of
20 mV (an arbitrary but convenient measure of separation time) in 1.1 =in. as
opposed to 10.5 min, }n Figure 2.
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Figure 4 gives another example of the field effect at ten times aigher gain.
As the field is increased from O to 2.8 v/cm, the separation ratz2 increases
until the field is turned off, at which point the rate slows. Rz-application

of 2.4 v/cm, then 3.4 v/em rapidly clears the system,

Effects such as these were repeatedly seen in both the 8/8/.2 and 5/10/.1
systems, although the former always exhibited larger field effeczs (initial
slopes 3 to 30 times greater) than the system with the lower drcplet mobility,
The eifects could not have been due to unstable convection in the chazmber since
the Rayleigh number for these experiments was between 1 and 10 and the maxinmum
temperature rise in the sample was less than 3°C. Moreover, the effect depended
on the direction of the electric field; reversing its polarity induced mixing

in a partially separated system, reducing the signal to zero. These results,
then, are consistent with the presence of field-driven phase separation in these

systems and represent, we believe, the first demonstration of this eflect.

FIELD EFFECTS ON CELL SEPARATIONS

Since biological cells are known to exhibit characteristic electrophoretic
mobilities, the possibility should be considered that an electric field applied
to drive the phase separation could affect the cell partitioning process. Cell
electrophoresis might, for instance, pull cells out of the interface and thus
change their position in the phase system. We have as yet been unable to test
this possibility directly since the NaDS/P-104/Kj citrate system is highly non-
physiological and damaging to cells. However, it seems likely that such effects
will be absent or insignificant for the following reason: All biological cells
under physiological conditions bear a negative surface charge and hence, will

migrate upward in our apparatus.

In virtually all phase systems used in cell separation work, partiticn occurs
between the top phase and the interface with no cells remaining in tha bottom
phase., With the electric field applied, then, cells which have partitioned into
the top phase will only tend to move closer to the top electrode. Cells adsorbed
in the interface will.also tend to move in this directicn, but the interfacial

tension is sufficient to hold the cells in place. We have examired this point
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by observing the electrophoresis of phuse drogs to which cells ar:z adsorbed,

At field strangths equal to those used here, the cells remained In tha intaz-
face as tha droplats novad at velocities one to two orders of magnitude graater
than thosa at which the cells aleng would move in free suspensiocn,. The latter

velocities ara very small compared to droplet velocities beczuse of th2 rela-

L

tively high phase viscosizies and low cell surface potential, The In:zariacial

ta2nsion (which is under experimental control) 1is apparently streng encuzd to
a
similar to those present during field-driven phase spearation.

FIELD-DRIVEN PHASE SEPARATION TIME

At the phase volume ratios used in the present experiments, tha XaDS/P-104/
citrate system separated in 1 to 2 min. at field strengths of 5 v/ca cr 1less.
Althcugh we did not investigate the dependence of separation rate on phase
voluze ratio specifically, it was clear that systems having nore nearly a l:1
top:bottom ratio separated considerably faster, as would be expected. We zould
not operate at a l:1 ratio with the NaDS/P-104 system because of a field-depen-
dent instabilicy associated with high contents of NaDS-rich bottoxz phzse, which
caused mixing., Presumably the instability is caused by the cpposite zobilities
of droplets and molecules of NaDS, a negatively charged polyelectrolyta. lole-
cules of NaDS in the separated bottom phase will move teward the anode while
bottom phase droplets, which have a positive surface potential, migrate cathodi-
cally. No mixing was observed at smaller bottom-phase volume fra:ztions, heowever.
It is not anticipated that the observed instability will occur whzan beth pelymers
are neutral which will be the case in the cell partition systems o Le used in
the flight experiments. Even if similar mixing is observed, it will stiil be
possible to eliminate it by varying the phase volume ratio since culy one tulk

phase and the interface are actually occupled by cells after partitiorn occurs.

Since we cculd not operate the demonstration system with equal t¢p and bot:iom
phase volumes, it was not possible to correlate directly the droplet =obilizies
with separation rates for systems corresponding to those to ba usz=d in the flight
experiments. Ve can,, therefore, not directly calculate the separziion times to

ce expected in a zero g euperiment, However, an estimate may be -ade is fcllows:

-9-



vhen the phasaes separate after shaking, the interface fzrms fairly rapidly as

(&9

the majority of the droplets coalesce into bulk phases., A haze of residuzl

w
[y

droplets i 2ft in each phase which then settles and completes the separatisa.
If these residual droplets are larze enough (greater thzan cell dimen.ions),
they can contain or adsorb cells and contribute to the Iinal cell distribucion.
If they are about the size of or smailer than tha cells beinz partitioned, they
will not contribute and need not be allowee "o secttle before the cell diszribu-
tion is determined or a transfer mades in a countercurreat distribution expari-
ment. An estinmate of the effective s2paration time mar then be cbtained from
the time required for droplets somewhat larger than cells to migrate thzouzh
half th( depth of the chamber. For gravitational settling, tha settling time,

Cseps will therefore be given approximately by:

t = d = d [277"- + 3‘7]d
S€P  2vgeq 4'2p'g'r2 | Mp + Mg

where d = depth of chamber = 0.2 cm
Ap= density difference between phases = 4 x 10'23/cm3
g = 980 cm/s?
r = drop radius
Tq = medium viscosity - 4 x 10'2p
T4 = droplet viscosity = 0.3p
For r = 10u (2bout 2x cell radius) this expression gives Csep ™ 7.5 mia., which

corresponds closely to the observed time of about 5 min. in the CCD apparatus,

For field-driven separation, the appropriate velocity to use in (1) is the
electrophoretic velocity v » uE, where u is the droplet mobility and E the
applied electric field. Phase systems with high mobilities useful in cell
partition work are currently under development but a conservative estinate

for the mobility of such systems is u = 0.5 rs~l. The corresponéing sa2paration
time in a 5 v/cm field for r = 10y is tsep * d/2uE = 33 s. Accoriingly, phase
separation should occur very rapidly in the flight experiment, The separation
period should therefore be readily compatible with the duration of red:ced

sravity available on a SPAR flight.

-



EQUIPMENT PERFORMANCE

It is clear from the results presented above that the apparatus performs sat’s-
factorily, With a phase system in the sample chamber and an electrode rinmse
flow of 400 to 600 ml/min., a currsnt of 0.5A%*5% (corresponding to an electric
field of abcut 13 v/em in the sample chamber) can be maiatained continucusly

for at least 135 minutes., There is occasional difficulty associated with foznm

in the electrode rinse after the buffer has re-cycled s»veral times, The P-104
is quite surface active, and the small mount that leaches through the membrares
can form stable foams during electrolysis that are somewhat difficult to remove.
This problem should not occur in flight experiments, hovever, where poly (ethy-

lene glycol), which has little surface activity, will replace the P-104.

Tﬁe optical system employed also behaves satisfactorily, The read-out of detector
voltage versus time provides an e:cellent record of the progression of phase separa-
tion, and it should prove feasible to follow the kinetics of separation even in

the sresence of high concentrations of cells.

CoNCLIE !, N

ntes T —

We believe that the vesults cited above provide excellent evidence that the ap~
proach described in Beckman Proposal CS76-328, '"Coun:ercurrent Distribution of
Biologicals", is valid. It would appear appropriate as a next step to test the
- cell separation under micro-gravity conditions. Thz experimental protocol we
have outlined fits the requirements of a SPAR flight experiment particularly
well. .We feal that such an expeviment is justified by the potential importance
of this cell separation technique and the highly promising results now achieved

in our preliminary experiments.
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