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procecure in cownstr=am processing of soth molsular ano particulate’) :% .
niomaterial'. The potential efficiency of the process far particlégana cell
isalations is mucn higner tnan the userul LeveLS‘axheaoy acnievec.  3pace
orovides a unique envirsnment in wnich to test the hypggngsis that convection
anci settling pnenomena cegrace tne perrormance of tne sartition psrocess. The

intiai sDace experiment in a seriss arriveg at testing tnis nypotnesis is

Parzition in Teo °nase squedus Systens
siotecnnoloay, ana the casic researcn on wnich It is 2asec, 2eoencs neavily
Don arfactive separatisn anc surivication orocesses. SuwnstIaan soscessing
Is rfrequently the major cost csmocnent In Tthe craocuction Jr 3 wice variasy ofF
fermentation procucts. nis [s cramacically iiiqszratec noFigure L, taxen
from Owyer (l), in wnicn it is seen that the seliing costs of a3 wnole range of
siotecnnoiogical nateriais are inversely proporticnal to tne inictial
concentrations at wnicn tne species in question are founa in the ferménca:icn
crotn. rence, the development of inexuensive ang effective separation

procecures is of majcr concern to the oiotecnnology inaustry.
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S One ﬁuch process uhlch 1s beqinninq tn receive considerable attention in this

regard is pqrtitloning in aqueous two phase systems (2). In this techniquef,s

(

phosohate. The resulting cwo phases provide an extremely benign envirunment

for the separation via partition of almost any type of biological material,

fzom polypeptides and macromolecules w to whole, viable cells (2).

The sr‘nciple niotechnological interest in aqueous phase partitioning at ('i
ar-senc fs xts aoolscatien in the isolation af mac-amolecules. —owever, the |
areearation or pure subooouxations of viaole cells from che comolax 11xtures .
in wnich they are founa is also a aroolem in a numoer of ?reas of o2 nmerc;sl ?
interest, the isolation of insulin-prccucing uol.c fsr;the davaiscrment af an

~ imoiantaole artificiali pancreas seing one examole (3). éucn aaoiicacisns |
fecui:e nign cessliutizsn. sentl2 sIececures, snaracteristiss aniSh il T2 3
feature of the narticning srocess. |

“

) ‘ - j o o
e -a -..-maDS JO..aeNn--u =3 soint JUC u..ar. where: :I‘E vem '°W CEC .n;:ues

zvaz-aole wnxcn'are sapaole of seoaran-ng co;l sucocoulacians ©n cne sasis of
3I30ertiass that are :elatec e the -1clocleax 'unc ion of “re :egs. il

'voes nay oxf‘er ‘#zom one anocher cnly in the nature GT amount of s*sfﬁgle

surrace nembrane COﬂSCitUEﬁC. ror =xaml a charact eris:zc thar. NQULC te

“.nsurficlenc so base a seoaration on using most aonreacnes. Cne~t=cnnicue, :

. flow cytometry \also known as fl uorescence-activa:eo c=ll sorzine), coes

prevxde hxghly specxfic seuarat ons, being able to select out orf a oooulation
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' t.ell oartitioning in two ppase systems consxsting of aqueous solutions of

o3
those;bearing a sufficient density of fluorescently,iabeiled antibodies
directed aqainst a particular mombrane antigen. The throuthut.is low,
hojever, sinoe cells are sortEd one at a time anomonly one or two surface
features can be utilized on any particuiar population. Viability can be
inpai-eo by the sorting proceour“e, ard only one or two suboopulat.ons can be
isoia:ed, no eQUivaient to chromatoqra - boseo an the gntigenwdensity, for
instance -is possible. Were this technicue capaole oF*ooocessing much larger
numoers of cells efficiently it mignt be aoplicaole to clinical problems such

as the separation of nornai stem. c-lls from tumor cells in bone: marrow h
asoirates, for nxamole. A solution to this proolem would lead to much greater
success in the treatment of some leukemias and other types of hematological

carcers.

Thus, a neeg exists for a.cell ourification tecnnigque that is aole to s:orj:
iarge, hot°mgeneous mixtures-of cells on the basis of soeci‘f‘io, _suotié" |
’ea..urﬂs or ‘:ne nell surface, 70 a certain év‘=nz: r-ee-.low electroonoresis
.Ulftllls this cnte"ion, seing canable of soat‘alb/ oisr.r bu:.nq a cell

:oouliavon an the =asis of &% 2 ec "nar;e cﬂnsi.v assoc' tﬂo nith the cell

surface. rowever, partit -oning aiso me“ts the soove o= -ion ana@ is a more

’sens;itive?. nora versatile am'~-s-moie: cgcn,moue. “oreover, it is capaole of R |

separating cell populations that are functionalily <istinct cut ' }

slectropnorectically indistinguisnaole. ' ' A

dextran (a neutral polysacchande) ano noly(etnyinne glycol) (F‘EG) has teen

shawn to be capa_oie of isola:-ng cells on the bas.l.s»of cell urf’ace_ charge,
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hydroohobicity.‘. d“l‘fferentlal compatibility of the cell glycocalyx with phase

polymers and the p'esencg of groups such as antigens and receotors which have
\\

have, been thorauthy @viewcd in recent books (2,4). The separacions
presently obtainaole are useful in a nide variety of settirgs. Nonetheless,
it is clear from the work described below that the effiziency of the‘p:scess

is potentially wery mch nigher than currently availaole.

One of .'t;l-.e.-mo.st‘ﬁ:‘-‘ ‘powerful 3n6"é§é}.tingn-of the zhe types fb'?";' separaci’dh unger
deveiopmenc is immunoaffini:y'partition;nqu in this aporoach antiboaies {Abs)
cirsczéb'éqainst an antigen Qnidue tn the cell _vpe nf *nceres: ar°
cerivatized w;th?aﬁé of the snase *olymers, usually P‘G. ?o that the Ab-PEu
cemolax sartitions stromgly inco the F-' icq tco onase. ,Nhen che cﬂmolex
2inas to the cell of intecest, that cell likewise -nc:oases its partition iate

=re >EC-rizn onase tecause the FEG ¢ oacim sequces it3 3u face frze enez:;y‘ in

<hat anvissnment wnila Taising it in che :ext:sn‘fzﬂ anase.; AL sen- =nl
secnnicue is sucsessful in isolating speciss tearimg 1*qn ccnc*ncra,¢a a7

ngesifis zurtice. ant-:eqs.":ravxﬁinﬂ a Puxh lex°tC‘ac tan :::coc4'° - ,,'
i . i ’~./'.
ssunces~cusrent siscoisytion - IS amoagyec ,..e) e’ erri:,-ncv nToInis

2cnnique could te Increased it would ce cf jreat cenefi:‘in~cocn siinica: sng

sas:s siomesical smisncel Cmi e e et e

o

,~,ﬁis sensitive to a variety of cell surrace

Phat the partx.ion coerf ient,
bna'ac:erxs:ics. Moreover, in many rases X ‘appears to deoend exoonencially on

the rolevant surface orooerty, particularlv on the cell surrace charge. vais

‘is Ln contrast to tna 'ineat ceoendence or elec::apnoretxc mobility on surrace i

. ﬁmGﬂqﬁ;*"ii&éﬁ S
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§~E charge oensity:w This relationship accounts in part for'the relatively highor
sensitivity of CCD over preparative cell electrophoresis. ;

jiJ!x strength of the partition aoproaon to cell: seoaratlon is that the conditions
whién oetennine the value of L are mainly under axperimental contzrol, Herce,
| the cell cnaracteristio on which the separation is to be based can be made the
% ‘ dominant determinant of K by aooroprlate choice of operating conditions. For
| instance. K can be made sensitive to cell surface charge by including anlons
such as pnOSphate, sulrate or citrate in the system. These salts partition
sllghtly unequally in dextran/PEG systems and threfore cause a Oonnan
potential to appear tetween the phases ('5). Tnis potential can apparently
interact with the cell surface sotential, since cna:ge-oepenoent cell

nartitions are readily ocoservec (5,6).

There is'an acditional cnaracte ristic of these =ystems recognizeg as oexng an
imgorsant oeternznant of, ] 1 partitien, namelv the -ncetrat-al .enszon, '
oetween the two .iouzo pnases. If ceils aosorz at the licuid interrace

- oetaeen the onases. PNe -oss of n:er‘acial area *elac-ve to the sutuac‘on in

-

- whicn no aosorotzon uCCL'S owers the'.tse ne / ar the . ntexrace'.v an
) i i

amount =oual .o~tnn area -osn :ines-:ﬁe nc=r‘:oi 1l tension. Hence, the

“he tenoency 'for particle aosorot*on“to*oooor sc the onase bouncary. Inthe |
~ aqueous polymer sys:ems unoer oiscussmn J.t .LS aimost unzversa.lly observed r‘or
'oarticles larger tnan a Few nunored Anostroms in oiameter that significant

adsorption at the phase bounoary does cceur, to sucn an extent tnat :artltton

bulk phases and the,pnase»ooundary, leaving the»other,bulk,pnase emoty. 1rhe

@ ;Larger 'ne =oso roea oart‘cle or the higner tre tension, re greacer will te “

of part;cles as large as cells generally takes plaoe between only one of the ,}
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1iquid Lntn:face therefore acts as a separate phase so far as partition is
concerned. ‘u“*at rnot all the cells are adsorbed at the ohase boundary is
almost ce::ainly dué to the very low value-a of lnterfacxal Emsion which aoccur
in these systsms, typically in the range of 1 to 20 s M"l (7) It is well
Known (tﬁac as more concentracea systems with higher intar’acial tensions are
usea, partition into either the tco or bottom onase decreases nonspecifizally
ang all cell types accumulate in the interface, | |
The zualitative c“oservations outlinea above c:ar'ww'cve formalizec into a
thermogynamic theory of “‘partitlonj.nq. for :rgmally distributeg particles the
parcition ccefficisnt, K = (number of :ells*n bufl,kgpnase)/(nuwer‘ of zells in
~ interface), shoulc te detarmined by the free energ‘/; diffesrence, AG, for cslils
lccatea either in susoension in one of the phases or 3asorsec at Zne incerface

cetween them gccorzing to cthe Soltzmann cistribucion:

-
..

< s axSU=dG/kT} ' sl
=3 13 rpecernineg v the “3C3TS mencicnea br-er lv soove. as nfav ce :z2en 7o3n

| 46 = =¥A{L - (@Y - TNy 1774 |
where: 5 =z syrface area or cell
Ay =y =Y pT o l

]
= interram.al rree ene:gy "er ynit area of :a::i.;e

oot Yo
‘po’. ‘ot

| in boctom ({,b) or top (‘(t) pnase -
T = surface charge dens:...y of cell

A‘ﬂ = Plect:mst:atic pot:encial difference between bottcm am top pnasee.
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More conveniently, AG may be expressed in temms of the contact arv‘g—lé,"‘é-;~--7
~between the cell surface and the boundary between the phases when the cell is

adsorbed at the interface:

cosS e = (d Y;&)‘M’A%/ Y , (3]

Hence,
AG = -YA(L - cos@)%/4 (4]

Extensive studies have recentl‘/ been carried out to test this mlationsm.p,
usinq conr.act: argle measur-ment:s Eo deternine 4G (10). Briefly, it was found
that the distribution of cells was stochastic in nature and depen&ed
mpmximatel‘y exaonentially on 4G, as precicted by ecuation (1]. However, the
slooes or plozs of In X vs AG, wnich shoulc equal (=kT) accotdina to equation
[1], were very different from the pregictea value, indicatiqgi an ,effectlv?
; ‘.wnoeratre for the crocess some four tc five 3rcers of magnituce greater than
the asctual value. That is, an ener"y nucn greater than thernal 2nergies was

acting 3 remve cells fzom the ncer"ace, lagvi ng“ thé"‘ii’iin susaension in the

i

<20 onase. ‘_axls wni cn wem at treir Lawest "ee energy state agsos z3eg at the

Jnase bounca 1y were cher-rorﬂ aemq mncom.y -movec frem thac lacat‘.cn oy

Tarces .and‘" °ner;1=s ~n:.'n‘ were’ ron-\.hema:. in ong-n., "leérly, -. ..n.;s .ancom' :

. : I I ‘
- removal of ¢ »]_. 5 from u'we -m:arrace cauxd *‘a‘r\ncucec or elmmatec sartitmn

would mdre c,losrly approach themocynamic oenaviour ana the ability of Che
o [

| prcce’ss-to seoarate cell types charcterizec by . only small diffarences in a5

would be greatly enharcod.

o




. ” - DRIGINAL pagr 13
| .6 DR POOR QuALITY;
At present we have no direct information on the source of the randomizing
Lo energy which is obviously present in these systems. There would oopeor to be
f | no reason for the adsorption process itself to exnibit a strong statistical
Y comporent . Prssumably, :nen, dynamic factors essociateovwitn the mechanics of

pnose?gemixinq, settlinq and cell seaimentation are resaoonsible.

The,oartition process is initiacea by snaking the phase syscem, oontainino¥g
cells, until a?Fine emulsicn is ?armea, cnaiacte:ized by a size scale wnich is
protably small:;ehative to cellular cimensions. This emulsion ranidly
coalesoes; without noticeaole sectling, until a visioie’qrﬁﬁulari:y eooests
(within a few seconas in some systems). ' Convection then secs in ang strong.
local flow can te sesen within the samole until oartial'ouik pnase~isolation is
aresent, the uoper anc lower dhases :‘eirqsarateovv’f::y 4a :ni:k,v"i'ncerface"
regicn wnich decreases in thickness with tine {en tne gszer of zeveral
1i%uzes) uncil zeparazicon is comolate, During tnis latter stage unaisturtea
f:e‘- secimentatic aces ¢lisce 35 sell as tne sectling 3T cuoyant Tising of
smail :‘ooiots oroer af magnituce of cellular zimensions) =7 eacn snase
uscences in :heyocner, Thase sscolets may have ceils ancriinee within then
37 313S0r70eC ST their surfaoes, -ny 2r he soove arocesses couio,intrscuoe ‘
sancomization into the rinal carctition Behavicur thIsugh tn ‘seisase of as

agsc:zea 3t the interrace ov fluis snear sjtresses Sr lnterceilular ::liisi;ns.

e
o/

&@ if tne source cf ehe ranoomiiat en COJLd oe soec;ficaiiy -dencif eg, it ouqnc

\*o be oossxole to oesiqn a seoaraeion(orocess that minini.es this influence.
Muon higrer resolution separations would result, «ith attenoant oenerits to

oioneoicai investigation and biocecnnoloqy. It is towaros tnis qoal that our

| mio*ogravity experiments are oirecteo. ’,'
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Sosce Experiments

The above discussion suggest‘s that one waiy i}to |ai:%:mnpt: ta make the patcition
process more closely approach the desired thermodynamic behaviour would be to
carzy out the process in an environment in wnich the fluid snear stresses and
convection present when the phases are coalescing and se’ttling is strongly
reduced. The Space Shuttle provides such an environment, 56 énjinitial
expriment wes carrieg out on mission 51-0 in April 1985. Before this series
of experiment:s was begun it was not at all clear that the two polymer phase |
systems wobld"‘démix and become lo;;*jzed Ln an acceptable length or tine.
This concern was based on the behaviour of an oil/wate: emulsicn nhi.h,
althougn it c¢oalesced and settleg rapidly following mixing on the gsound, had
 been found to form a stable emulsion in space (1l). However, we were pleased
to ciscover that dex::an/PEG phase systems nid demix reasonaoly :api::_,_;y ina |

reguced gravity environment.

The nxnerimen: -flown was an extremely si.mlé fvoine, consisting of a series of
small c'aanne:s :nxl,lec inta 3 plexijlass olock ang covereg by plexizlass sneets
an tre r-cm: ana sacx o allc;w ooservation rsr the state af the samples. The
cnamoers were'Fil‘eo #ith a variety o ae‘t'an/ SEC onase systams anc 2acn
swelizo witnh-a smail oaJ.l cearmq wnich .acr.aa o mix eacn samola ﬂnen the sox
was ag:.tar.ed -uanual ro.;lawj.ng shaxking the aoparatus was nountec cn a -J.qht :
| Sox ana brm:cgraphco at inctervals to recors the progress of the demxx-rg.

fpsion . s L f SO
' - el ) . s - I
: B i T IR T ; !

'Some 'epresentative photcgraphs or four of the systems taken. 19 s and 10 min

arter mixing are _shown in Figure 2. The coninositians of the phase systems

o illus:rated are. as follows.
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#1 5% dextran 500 (M =S500,000), 3.5% PEGC 3000 (M «8,C00), O.lM
phosohate buffer, pH 7.2
#2 5% dextran 500, 4% PEG 8000, O.1M phosphate
#3 6% cextran 500, 4% PEC 8000, 0.IM phosohate
#4 7% cextran 500, 0,29% PEG 8000, 12% Ficoll, 0.1M

phosohate

It i3 clear that after only 19 s some degree of demixing was b:esenc. Ten

; ainutes after agitatian large areas ¢f each phase have beccnme localizea in

three of “he systems although that in #3 showed no appreciable demixing,

‘presumaoly cecause of the'comoina:ion of high viscosities ang interfacial

tension in this more concentratea system.

The nther intarescing featurs seen is the tencency 7sr tne PEC-rich pnase,

‘gyed mark sy imciudirg Trypan Slue in each samole, :o-cc*ﬁny the regisns nesur

the cnamoer .ailz, the ~=xc san=ctisn lll:h") cnase '*:ﬂ‘rq sareres Ln im2
interioss of the containers. This tencercy Cecame even mole drdncuncec at

longer tines {not shown). This ’iS'rabu:-cn occurs necause the FEC-ricnh :nase

“mas a hignmer affinity or rne unamoer naxl than qces uh’ c;ner cnase, ~ence it

tenas to c.erer-nniallv ne: the counoar es =nc Sisslace une cextoan=rizn

. snase. This mesult was conrizmeg ov making contact sngis measulements «ith

_the systems {llustrateg when they sere 2xo00seq td piexizlass.

‘The xesults of thi$~f1r§§?soace exoefiment were very nncéuraging;tﬁen, as it

f4eems clear that uemixxng of the pnases can :occur in ti meé’wnich ace

compatible with cell separation experimenms. The rate at which the ﬂamixing

f occurs evidentl/ depenos on the system camposition. s0 it can be conc*alleu

AL e orGmNAPAGE T b
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experimencally, | L&c‘dIIiaE:ion of thc demixoa ‘ptsum appazently can a'=o be
controlled if the wetting of the chamber walls can be manipulated. We are
currently developing polymeric cowling resctions that will allow us to vary
the contact angle at the container wall at will (12).

'The‘nex:' series of space experiments will{be‘ aimed at und«arsta;nding the
factors which detemine the detnixirg rate and at invastigating the
possibility of utillzing weak electric flslds to control the rate of demixing
and the location of the seoarated phases (13). It will then be possible to
test our worklng hypothesis that the reduction of convective and settlling
onencmena will reduce the effects of nor-themiodynamic factors on cell

~ partition and increase the resolution of this already powerful separation

technicue.
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Figure 1. The relationship between starting concentration anc. selling price
for a wxde-‘-‘-jmc-'-*-crfbimuruu, taken from Owyer (1),

Figure 2. Tho sppearance of four "\en_rfimt two phase systems 19 seconds (top
panel) and 10 minutes (bottom panel) after mixing in a reduced gi-vity
envirorment. The systems are describad in the text.
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