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Swmmery

Dispersions of the pure phosphol Iplds phosphatidyicholine
(lecithin) and phusphatidyiserine were prepared in solutions of
di fferent lonlc type and concentration. Tha dispersions were
prepared so as to give particles, sphorules, of the phospholipld
which were of a fairly constant diameter, |.e. They were quasi-
monodisperse suspensions. The dispersions were subjected *o a
iaminer flow shear gradient in a Covette viscometer. The effect
of this shear gradient vas to effect collisions between the particles
of the dispersions and thus to bring about flocculation or aggregation
of the suspensions.

by messuring the total number of particles In the dispersions
at timed intervals @ parameter was calculated for each aggregation,
the collision efficlency. The collision efficloncy is 2 measure
of the rate of aggregation and can alse he used to calculate the energy
of the adhesive interaction of the particles.

The valwes of the collision efficlency for the floccuiation
of lecithin spherules showed that for the monovalent cations the order
of Increasing efficacy was Potassium: Sodiwa: Lithium which Is the order
of decreasing lonlc redius. The results for divalent cations showed
that these were more effective by at least two orders of magnitude.
Further/




Further/

divalent cations exhibited a reversal of charge behaviour at
concentrations sbove sbout 107> molar. The order of increasing
efficacy did not reflect the order of decreasing lonic radius and

was Magnesium: Strontium: Barium: Calclum, which suggests that
lecithin may have a specific affinity for Calcium. The trivalent
cation Lanthanum was more effective than the divalant cations and
showaed a charge reversal at a lower concentration. Temperature

was found to have littie effect on the rate of flocculation of lecithin
digspersions.

For the flocculation of phosphatidylserine dispersions higher
concentratpns of sodium and calcium ions were found to be necessary,
than for the flocculation of lecithin dispersions, This was to be
expected because phosphatidylserine spherules are conslidered to bear
a conslderable negative surface charge, whereas those of lecithin are
cons|dered to be uncharged.

The collision efficiency, measured in lonic conditions where
the spherules are probably uncharged, was used to calculate a value
for the London-Hamaker constant. Values in the range 7 x w0 .

o‘.'.}‘,,m obtained for lecithin spherules and values of

2.45 x |
4,7 x 10713 - 1 x m;'.;‘r,for phosphatidyiserine. These values were
used to calculate the adhesive energy of the particle Interactions,

assuming/




assuming/

that the perticles adhered In the primary minimum with a
separation of 5 :. Velues In excess of 200kT were obtalned,
Iindicating stable sdhesions. These values zre comparable with
those derived experimentally and thecretically for other Iipld
systems,

As the spherules are considerad o be made of structures
which are similar to the cell plasmalemma and the spherules used
in the flocculations have a size simllar to that of cells, the
result may be of interest in a study of cell membrane Interactions,
in particuler cell to cell adhesion. The values of the London-
Hemaker constent measured, would allow adhesion both In the primary
and the secondary minimum as proposed in the lyophobie colleid
theery of adhesion.
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3 i}o ocli cqneopt of ltvtuj orgaui.-- leads
",louteully Qo tho ido- that a delimiting structure

ax(oc- vhtoh sopnr-tto o coll from tbo aurroundtn;

E -odtuigi Fro- itedive of borncatlon. interfacial

'pc'portto. and trom olcotrto-l -oa-urb-onta. Duntoll(
" and Dawson (1935), Tantelld and nu-v-y (2935), pro-
posed an olnborntod form of a model banod on ideas

pat forward by Overton (1845) and Gorter and Greqdol
(1925).  Thie model proposed that the deiintting
strueture was a wmembrane, of a baolo.IIY'ltpold n.turo.
oneloalnc tho cytopl..-. - Frow the dntn_than avntt-
able, thoupunctnploeular.nbubtano theory, as sumnmarised
By Dawcon and Danielli (1953,. was deduced, This
theory praposed that the nonbrtuo, vnrtou-ly tommod
the "plasea to-br.no'. the 'pl.aual.onc' qnd the "cell
suriaco” econsists of a -hoot of 1lipid -oloouloo. two p'
| moloculc- thtok. with polar croupn dtt'o!od outvardn
and the nonepolar hydroqorhol chains oriented inwardly
and perpendicular to the plane of the wemwbrame, I¢
wors further propoood that tho ourfho-. of this sheet,

known as thoe "btnolocul.r ltptd leaflet" are covered

‘w(th/
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with an dd-érbod'layor'qr pﬁotb#qg ;
The advent of the blo.trou_pﬁcro-eopo allowed

direct observations of the cell mewbrane to be made.

'St-d(on revealed a dofiultd,iayer structure at the
boundary of cells. ‘uch -tudtio. oopoolilly,tﬁoao

on myelin, which was shown to be derived from tﬁo

coll surface of Schwann cells (Geren 1954, Robertson..

1987), 'han‘oombtppd with earlier results frowm
polarization (Frotuy-ailuc 1953) and Xeyay diffrac-
tion nfudiny (Finean 1953, Fernandem-Moran and Finean
- 1957) tended to confirm ﬁholnin!ollt~ﬁllﬁin hypothesi
Thn olectron wicroscope also revealed structures
stotlar €6 the cell surface mewbrane in a variety of
eoliular organelles, which lod ﬁdﬁortoou (1959;19‘7)
to pro-ulcnt. the "unit -oubrnuo' coneept. This
poatulnto- th-t the wajor patt of all -o-brano- or

all cells pgnhooaoo the same basic strueture, which -

4 "a dnlv.rigl-itblojtdnl:obaitcnt' « The structure

'i'bmhvd out QDr the -o-hr.noo of wyelin could, thus,
‘ube oattipola!od to eovor o.bor uc-br.ho‘ottuoturot.
The proposed structure i bautoully that of the
Daniolli-Davson model: a bimolecular leaflet of
phospholiplds covered with prdtoln or ﬁuoopfotoln

or/

e




Je

or wucopolysaccharide on both sides, This model

hae Qudcoo-f-lly-tntorprotﬁd the pattern of staining
observed in the oloctrQn wicroscope, vﬁorb under
suitable conditions two densely staining lines
appear bt distances roughly corresponding to the
length apart of the hydrophilic moieties of twe
phospholipid molecules arranged in such a bimolecular
structure (Robertson 1959), Thie typical triple~
Itr‘r;d .Qfﬁtturoits best observed after permanganate
fixation and has an ovofull width of niout 75A,

' From the data given by bulk snalyses of myelin
and orythrtoy%o ¢ho-ta. Xeray dtttr-otton und the
.phy'luoohouionl characteristics ot phoopboltpidc :

L7 inean(1957, 1966) proposed a wodel for tho -pattal
arrangewent of (ndtvtﬁual.&tptd.uo;ooulo- ulthtn
the bi-oioodlar leaflet. Vandenheuvel (i963-,.
1965a, »). crtttet-od .nd modified thto aodol onA
.t.tgo nnq Qnor.ottc crounds. This -odol takoa o
its -t-ri(pg pétut Oho‘fhcf ih.t tu -yoltn ihoio'tp
a 1:1 tota! pbo-pheltptd to oholootorol ratio.
‘ vundoah.uvol (1961). uatng Dreiding .coroonodoln
and with ua:tnu- van dor Vaals' tatoracttona no‘
his touchstone, has shown that two basic gcabxo

structures/
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aifuoflroa are possible: t;o ch&lo-tctol-loettbtn
complex, characteristic of phosphatidyl 1ipids, and’
'ﬁb".holoatorol-aphtn.o wyelin cowplex, character-
istie of sphingolipids. Using these as a basie
hutl?ln. ymbpk. it is possible to construct a three
dimensional -odol'.f-thouﬁiuoloeulur leaflet which
has a phosphorus to pbo-vhorudxdintaneo of about
508, A figure which accords well with ih-t derived
f'rom ol;btron microscope and Xeray diffraction
studies,

Vith such highly wrought wmodels fof the 1lipid
bilayer, tﬁo structure of cell wembranes appeared
lottlod.. However, the idea that th;ro is a single
universal structure for all membranes bas of late
boen cogently eriticised (Korn 1965, Luecy 1968,
Chapman and Wallaeh 1968)s The cornor-tbno.QQA
‘bc 'uptt membrane"” concept is the tntorbrotatton
of fburottuoturo of -yqltn. a highly -;-etalt-od
oo-ponopt of nerves, and it -oy-ho qno;ttonod~
whother the cowposition of wyelin t-‘th9~-§po 30 
other woembranes, Blbers (1964) has shown ﬁhat.
in potntfbf fact, the overall width of the triple~
layevred plaswalemmae, as ebserved in electron

-torocrnphi. can vary from about 56’ to as wuech as

: l,do/
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ljox¢ This way result from differences in the
'prototn layer or wmay reflect differences ‘n methods
of preparation, The latter point is of great
importance because in cbtto of the key position of
the interpretation of electron micrographs in the
-ﬁnlyot- of wmembrane structure , there i- still cone
otdir.blq dt.ﬁuto as to what information énn be
derived in Serus of wolecular structure frow sush
niorocr-pho (Kota'l966..e‘fttb 1967, dhnp--n and
Vallaeh, 1968). .

| The titorprut.ttoh of wicrographs has been
.-troncly‘tatiuoucod by the belief that the biwolecular
loaflet t‘ the most stable configuration adopted by
 phospholipids in vater ( Bevan and Malkin 1951,
_D.ritchi.ﬁ,l"h). . However, other configurations
have been observed (Banghaw and Horne, 1964%; Lucy
and Glauwert, 1964). lLuzmati (Luzzati and Fusson,
1962; bﬁsinti.'1968)‘froi‘x-ray diffraction studies
has shown that a variety of structures exists for
1ipid water systems, dependent upon the physico=
 chemieal econditions. He bae mcqpt§¢.,th-t the
eonditions extant in the living cell are close to

those at which a phase transition may occur from

a/
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‘e Ii-ollar phase (vtwolecular leaflet) te a phase
with hexagonally packed cylindrical wicelles with
fenie ctdup-‘dtrpitod to ‘ 6qr¢ of'v-tor..-ay'ocenr.
Qho‘kcy paraweters being water content and tempere
.tlri.- \ch poo.tbllttj of such a phase transition
makes the interpretation of electron wicrographs
‘oven more probiountical. though Stoookontu-.(lgéé)
showed that phospholipide prepared for electron
wmioroscopy at con-tint temperature exhibited the
same structure as could be deduced from Neray
diffraction data, _

The d;-ouotrntton of an nltorﬁ-tti.‘phalo.utlto
for 'bOQFhOIIptdb'h.. led to the proposal that_%ho
phospholipide of the wembrane may exist in such a
coafl.ur-tiop. A nuwmber of workers bave obtained
ntcro.ruﬁhu vhtoh would seew to indicate the
prbncacovof~i;obn1-r micelles in wembranes,
.ﬁ”at“ (1963) and Sjostrand and€EMyin (1964),
fbuad_thnf .ttodhbudrtnl‘io-brpnoo'gnd-audoth
cudOpiii-tc“fctiquln- of wouse ktdnc} and ﬁ.noroﬁ.
.oli- dlupllj'd globular sub-units separated by
-'.lﬁ.d'bopt.. | Giobular unite have also been
observed in wembranes in ooe‘ton- of frog and ;

Qadpplo/
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‘tadvolo rbftu. (Nileson, 1965, Blasie ot .1. 1965.
NMlasie .nd erthtnctou. 1968). in synaptic discs of .
' 3oxdttoh (hobcri.on 1963) in, cbl-roplnnt. (Park and
P.n. 1961) and in wmitochondria (Groon ot al, 1967).7

A dolutxod wodel for a wembrane constituted of
itptd wicelles, has been preposed by Lucy (1968) on
iho basis- or oboorvutlou- of wacrowolecular 1lipid
oo-ploxo. ueing a negative staining toebutquo (Luey
and Glawert, 196%)., They have shown hov a puwber
of structures can be formed by the assenbly of
glodular 1ipid wicelles, in @ manner analogous %o
that in- vhteh protein sub-units are assembled, as
thr instonce in vtrnoo-. Lucy propoood that the
'ﬂ-o-brnno may bo.--oo-blod‘frou sub-units, in this case
globular 11p1d wleelles of about 40R dtameter, in an
approximately ho:..oual array with a lcyor protein
or glyeoprotein on either side of the plane of
wicelles, This wodel envisages the wembrane ae a
comparatively lnbtio entity, with the wicelles in
continuous randowm wovement about their wean positien,
with pores between some wicelles and with the
pousibility of phase transitions occurring to the
bisclecular leaflet configuration (Pethica, 1967;

luey,/




.;ucy. 19‘8j. Another wodel which envisages tra.i-
formations between equilibrium ph-oo;bt.‘qp to
aeeount for differences in wewbrane properties, bhas
been proposed by Kavanau (1963. 1965). But there
is as y.t 1ittle ovidonoo that such tr-u-rbr-uttouo
.d. occur in living systems,

The once apparently lnluoctlnblo bimolecular
leaflet model has been frequently and otrtncontly
eriticised of late and other models have b@on
proposed, However, the weight of evidence would
stdill seom to tip the balance in favour of the
bln-loiulnr leaflet wodel, It can be argued that
wuch eriticism of this wodel is a result orlupplytng
th. bllcyor -pdol. in particular the "unit membrane®
canotptg vtth too .ro.t a rt;our (ltoockoltu- and
mgelman, 1969). This medel in fact, allows of
groater variation than it is often eredited with,
The differences in wembrane property and functions
‘Q-y touultft‘u the presence of speeific prptothb
Qr'piptt‘o- rather than structural dttroronéoa
(Muellor ana Rudin, 1968). However, the data re-: :
quired to crttlo.lly teost any pariteular wodel of -
the cell membrane is not yet available, though

now/
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new technigues now being used way provt&o ruch
ovidence, ‘

If our knowledge of wembrane structure is
limited,; how wmuch more =0 is that on the question
ot’-cubr.uo'intcr.ottoao.ﬂ Loewenstein (1967) has
shown the t-porianoo of the interactions of -o-brn;gu
with one another and Gingell (1967) has ipo.ul.iod '
on the way in whieh membranes might thtor-ct. One
£1014 in which it wight be thought that wembrane
tntoructton- may be of importance, t- that of coll'
adhesion, Curtis (1966, 1967) has reviewed the -
known fb.to -u-ooll adhesion, From this, it uoald
appear thlt there are two -.j.r olaoooa of cell
adhesion, The ttr-t. an adhesion Vch'u'oop.r-ttou ¥
of 100 « 200 i Sotiooa»plannnlo-ao. is relatively
Uo.k, ot low specifieity .nd is --uatttvo to iomie
cnndttt.ao. ptrtlcnlarly the prosonco or .bno-oo of
.dlvnlo-t eations, The second, the close adhesion,
has a oypori'toa of less than 20A and this adbesion
duy‘bo oboctftc uttb~r‘opoot to ooll‘typb.‘ These
-dhiuto-- uppicr’eo h. strong and, unlike tb;~rtr-t
type of .,;Juntou. tmé. cells imvolved 'mot' easily
iy S8 % : .
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| he ro—di-pcrhod. Specialized wmembrane structures,
such as desmosomes and -oaﬁl-o ooeiudonto. also
appo.rAtc be associated with cell adhesion,
, '?rObQDly the oldest tﬁoory of ceoll pdho-ton

is the boupattnc or bridging theory, This theory
quite siwply proposes that there is a cewenting
material in tho';.p between cells, The action of
enzymes sueh as trypein in dispersing cells, has %
been addueced as evidence in favour of a "cement”
attuching 86 cells by weans of covelent bomde. It
hae nloo.bocn‘propo-od that there are specifiec
- "ecoments™ rc-pouoiblo for the adhesion of given

oell typoa (!booonn 19‘1. 1962) . Thoro is no
'uncaqnlvbool evidence !br this tb.ory or for th.t
wmatter ..-tnot it, Tho ..ttoa -t enzymes may be
,:ﬂrtty .ltrli-tablo to tbqtr nolloa on ex xt-lar
-.!trinlu auoh as collncon vbteh have a otroasth-atng
r.tbor th-a a uuroly .dtoctvb role, .ad to p..otbio
ultortllouu they way casuse to the surface proporttoo
-.”of the 0011. Phrtlcr. thq ovldoac. favours thc
vtw that ﬂ-Q ﬂnc type of -ahuton (.oo -bon)

is relatively weak and nou-npoottto. While this
is hawvdly a éonolustv“-ruu-out against ﬁh. co;ontlné
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theory, it does tend to militate against the theory.
A speecifie Qéohhutou. whieh is, in the wain, a
wodification of tho'oouontlnc theory, bhas been
favoured by Pethica (1961) and Steinberg (1958, 1964),
This proposes that caloiuw ifons, thought to-bo of
p.t'-oult't-portinco in cell adhesion, can form ione
pairse orvirtprO. with carboxyl groupe on the cell
surface (Haydon and feawan 1962), thue acting ae
bridges between the cells, This model, as it stands,

_ cau‘ot accommodate Cbp .dhool@p'vtth.a 100 - 200 X

ucygs-tton! Bﬁi it hui been proposed that the caleium

dons -cy\*bitdso' between the 'o-noat'Aoovarlic the
;‘oiil-. thus overcowming this probloﬁ.‘ The dependence

of coll adhesion on o.;gtu- ions, can bo_o:plataod
nionj chorlltaoi‘ond thofo_ti 1tttlo othor direct
ovld.ncolto support this Qhoori. . V
4 One aoﬁoot of this theory as prbbpaod by Pethica

(3931)'-6 stotnbdég (1958) ie that the cells are
oothdofid.to ho_in.-olocul-r.ochtaat. thi close
adhesion (above)., This view has boen supported by
the -np;rtiouto of Wilkins et al (1962 a, b) which

suggested that leucocytes flocculated at zero point

. of .h.ri. were adhering with wmolecular contact,

Veles/
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| Velss (1960, 1961) suggested the treatwent of cell
,_ndt-nlon -a a consequence of surface energy of
ooataottu. bodies, vhtcb also roqutr-a -ol.o-lar '
-.‘l‘l.C ﬂtvov‘r. no at.o.‘ ‘above, there is a l
ao-ntdorublo body of ovtdonoo (Ourtto 1961) whiech
would seem to lndtonto that wany. oollc .dhoro vttbl
a gap of 100 « 200 R between the p}-onolo-ao.
Certain specific cell to cell adhesions, such no.}
sperm to egg and tonuino oco;ndontoi.:-ay. on the
- othér hand, be of this type. The evidence leads
to the belief that a satisfactory theory of cell
adhesion smuet allow for both types of adhesion,
iy cn:t!o.(;966; 1962, 1966) has proposod‘thqt,
cell adhesion ic @ result of the balance between
.'po-‘a. 'hyutob—-ho-locl fbr.oa. : This theory
dr-. ou‘lho Ohoovy of the ot-btltty of lyophobto
ootloid. of Derjaguin and Lcnduu (1941) and Verwey
&nd Overbeek (1948), Thie th.ory visualises the
‘main typofor cell adhesion me a rosult of a weak
tovor-tb&; rlooanlottoﬁ with the cell surfaces held
:no'- 200 R apart by a balance of adhesive and
repulsive forces:. It also allows for adhesion with

woleenlar/
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molecular contact.

Ageording to this theory, the repulsive forece
is a eonsequence of the presence of charged groups
of the same sign on two oppuosing cell surfaces
giving risge to an electrostatic force of repulsion
on agcount of the surface potential, The attractive
force is the london -« van der Vaals foree, The
London dispersion force is deterwined by the nature
of the adhering particles, in this case cells, and
of the gap material, The magnitude of the two
-fbtlll thlio off with distance, but the decrease
‘with distance follows a different law in ocoh'cﬁoo.
The London tiro. obeys an inverse po&or_lnu and
the electrostatic repulsive force an o:poﬁo-ttul—lnv.
The combination of these two forees prodicts that
when they interact two adhesions with different
separations can ooour; when the net adhesive and
repuleive energies are balanced. The first is a
' ;loco.-dboll-n. when the -d‘oclvo forces are
waximal, with a separation of a few Angstrom units,
(molecular contact), This is termed adhesion in
: gb.‘gptngﬁy winioum, The second adhesion is a

wealke,/ o
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wealk, rov.r'iblo adhesion with a separation 100 -
200 A nnd.tn terwed ldﬁooton in the secondary
winisum, The repulsive force is such that there

i» a large potential energy barrier preventing
particles adhering in the primary winivum, The
secondary winismum has no appreciable barrier to pre-
vent the approach of distant pnrttcloi.

Curtis (1967) has presented evidence that

pbybtolo'ioal conditions would favour a weak -dhqbtoa
of cells in the secondary winiwum, (see, however,
Pethioa 1961, L.Velss 1967) with a separation ranging
from 80 to 115 4 depending upon the values chosen
for the London force constant and for the surface
potential, Although the idea of adhesion occurring
in the secondary minimum has been criticised,
Schenkel and Kitchener (1961) provtdo‘cood evidence
that polystyrene partiecles so adhere, The theory
thus prediects the possibility of two classes of
adhesion: those with gaps of 100 - 200 A between
plasmalemwae, secondary winimum; and those with

the surfaces in wolecular contact, primary wmintioum,
There correspond to the two classes of adhesion
di-cuq-od above, Purther, this theory predicts

that adhesions in the secondary winimum will be

relatively/
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relatively weak and easily redispersed, as are the

Sdhasions Of wany Sissve telle. The fonis res

‘1ations of thb7¢dh.nton.'or tissue cells are

correctly prlntnod by this theory, High ionie
styengths would be expected to reduce the surface
potential and hence the electrostatic force of
vepulsion, thus prowoting adhesion in the secondary
minioumn, Divalent cations are more effective in

reducing the surface potential than wonovalent

.-itén-. hence the t-pbrtjnoo of calcium ions in

ooll .dh051005' The relative nou-ppoeittdtty of .
adhesion, whereby cells will adhere to a wide range
or othor cells aud to -.uy types -r anrfhooa. to

fnloo a prodlotibu of tﬁto ‘theory. Hov.vor. the

“,cn.v-atto dt--octntioa or odllo cannot be -doquatorr

-g’latnod by this thoory. a.v. for the poa-tbtllty
.f the casy-oa altering tbo -urfhoo pocouttnl._
B oy At 'ronoat. the experimental data required to

¥ ovutnnto tho v.rlouo thoorto- is aot .v.tlablo. .
Put thc lybvhbbt. ctllold appr'ncb or Curtt- (1966)
.,d.cnu»ic‘)r-viao‘. ‘mére oatt-ﬁu.tory oxpl.n.tton ot

tbot of the known fagts of coll ndho.ton than the

_ ether th.ozloi. Thoro 4 ovon less d.t. on tol.

ot/
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'Of tbo 0011 wembrane in the ndheaton of cells, .There
huvo b.-n .podulntton- Qboot tho nottou of specifie
-oloquloa thought ‘to bo prooout on the l1ipid -o-br.-o.k
(Velss, L, 19,60. Velse, P, 1958) thl-rly-ubout
the ot.nttlo-ubo of the carboxyl 'roubnyot compounds
such ase oﬁ.lt. acid (Cook ot al 1961), but the role,
ir .u§. of the ltpt( component of the cell wembrane
has been somewhat -oqlc§§o¢; As lipid forws the
bulk ot'ibi-thC.gi;tlnq surfaces of adhering cells
1t would be of interest to know in what ways the
nature and even phase state d} the 1lipid might
influence .oll.‘dho;io-; and to have some idea of
wbybt.o-chonto.l p.r.-otor. of the lipids involved,
snoh i Shels sirtees charge prcportto- and tho
London - Hamaker foree constant,  Such u.r.-otoré
would also be of value in an und.ritandln. of the
'fb*ooa whieh give the -o-bfano its otab‘ltty and

- deterwine tt; strueture, This thesis d.ccrtboﬁ
work designed ase preliminary attack on this yrﬁblo-.
I rixx recently there has been no direct way of
approaching this preblem, Recently developed
tochniques have, however, provided an experimental
.pp-onih. Models of eqll~qo-br.no- bave been

developed/
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divtlopod by a number of workers, Tobias ot al
(1962) used Millipore filter discs impregnated with

phospholipids and Mueller ot al (1962) forwed
bﬂllr'ro‘or phospholipids, in vajor.'inalolqu- to
soap Tilms in air, However, the wost useful wodel
for the problem in hand is that developed by
lln'hu-mlnd co-workers (l‘-.ha- ot‘.l. 1965 a, b,
Bangham 1968). They utilised the fact that
;h.opho;t'ld. nuo1; ln_.qnoouo--oluttoqc to form
iiquia orystals of the .‘o.‘lc.-opovh.;o type. A
These dispersions consist of approximately spherical
r.t‘lqlou of phospholipids, spherules, in the
acueous -ndinls Frowm electron mieroscope studies
Bangham et al (1965a) proposed that the spherules
were composed of concentric shells of phosphelipids
soparated by lnyoé- or'vatﬁr and that shells were
in the forwm of bt-olocnlaf-ltptd'1-01110. whtoh;
on general and thorwodynamic grounds (Haydon and

~ Taylor 1963), they iic.oatod. are coupletely eclosed
structures, Luey (1968) has questioned this
interpretation, but there seems to be 1little evide
ence to support his view that the shells are not
goneentric and contain cldbuiat wicelles whieh

prindo/
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provide access from the surrounding aqueous medium
te the jnnor layers,. The spherules would appear
to be a not unreasonable model of the cell surface
mowbrane and as they can be of comparable dimen-
sions to cells ttlioouo feasible to usé them as a
wodel of adhering cells,

~ The second Ooehn!qué utilised is one whieh
war domilopod to allow an absolute weasurement of
eoll adhesion teo be wade, Measurements have been
wade previously of the force required to separate
ceolls (n-. 1936, Drooki et al, 1967), These can be
eriticised oi 2 number of .toundoa»th.t inter-
collular waterials such as collagen way contribute
to the resistance of cells to dispersion and that
the foree wmeasured way werely be that required to
rupture cells (L.Veiss 1961), Because of these
atrft-nxt$--. attempts have been made to measure
adhesiveness dﬁrtncptho formation of cell t& cell
-dhnolou§; '!oooonn (1961) used lho.alsq of
‘qjgr..ntqg. forwed when a -nupcnotbn of single cells
was shaken, as -.uo.tho of -dbo-lv.uqa.; It is

diffienlt to derive an absolute weasure from suech

results.

Curtie/




19.

Curties (1969) has do;ortbod a technique which
allows such a measure to be made frow the rate of
agpregation (floeculation) of particles (ecells),

The Cochntqno'r.-t. on two basie .oncoﬁta. First,
whon partiecles in -usponntou'-io brought into collision
by shaking, the wovewents of the medium bring the
particles together and then, as the particle whieh
travels u§r0 r.btdly passes the othir. tend to re-
.op-tito them, A stable adhesion will form, if

the adhesive foree is great enough, to bring the
particles close enough together, to resist the sube
sogquent break-up of this newly formed aggregate. The
segond concept is that the proportion of cellisions
which effect an adhesion is a weasure of .dhg.tv'nooo.
Thie proportion is Qoruid tho:dbllt-ton-ofttet.niy

or stability ratioe, It bas been -o.ourbd prpviouqu.
though seldom by a direct -nmia. and Puche (1934)
derived an absolute -o-enri of udhcoivq'onnrgy of
particles from the stability ratie. However, this
Qvi.t-oatjt- not really applicable to shaken spuse
ponlloni of particles such as cells, because tt treats

the/
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the particles as coming together by Brownian wotion

whereas in shaken suspensions wueh larger hydro-

dfn.nio shear forces are acting. Also it assumes

that a potohtt.l energy barrier is present preventing
coliisions resulting in .dbo-loh and in the case of
cells this ie probably not true (Curtis 1969),
Curtis and MHogking (in press) have developed a
new technique for deriving the adhesive energy from
the collision efficiency, which is npplto‘blo to
weasurements made in shaken (sheared) suspensions
{(see Material and Methods section). This technique
has been used in the study of the flocculation of
dispereions of the phospholipid leecithin, which was
chosen h.i.u.o it is a wajor constituent of the few
mewbranes which have been analysed (Dawson et al

1960, Rouser et jl 1968), 1In this way, weasurements

- have been -.do uador a range of ienie conditions to

do'l!atn. the tatot-ctlon- of lootthtn spherules n-dor

: -uah o.adtttcno .uq,llaq to gain .d .bqoluto measure-

ment of the adhesive energy of these particular
espherules,
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MATERIAL AND METHODS

(1) Method for Determination of Particle

In a suspension of particles, collisions are

ﬁrought-.hout either by Prownian wotion or by

movements of the medium, If, in the latter

tnat.ucb..cho movemente are such that the particles
are brought into collision by a lluth-r shear
gradient, of rate G, it is possible to derive a
theoretical frequency for collisions between particles.
Von Swoluchowski (1918) showed that.fér particles

of vadiue ri and rj, at concentrations ni and nj,

the total nunbor of oollloton- per unit tiwe tntoerl.

btj. during a floconlatton or aggregation in a

 lawminayr oho-r field is given by the relationship

bty -3 ‘G ni nJ h't sl g
where C hn. the dt-ountona of rootproo.l tt-o.
Tht. equation cannot bo applied to the whole course
of an n.sto.utton because once an appreciable unub'r
of tn.-p.rtlol..nggr.s-too b.vo-tbrnqd. these wmay
0011169 to give three or fburwbbdtod.ncgroantﬁn.
“wift and Priedlander (1964) have developed a
p.rttel. -tlo dtutribaiton funotton by tntocr-ttn.
the/
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the total nuwber of collisions for all classes of
aggregate size, They showed thai this size
distribution function is mathewmatically consistent |
with the Von Smoluchowski tboory of coagulation and
that ‘the total number oi particles at time, ¢,
Not, compared with th-o at the start of aggrega-
tion, Ngo, is given by |

in Twt = - L.LL! (2)

Neo © R
where G is again the ghear rate and ’ is the volume
fraction of particles in the suspension, On the
other hand, it should be noted that Fair and Gemmell
(19‘,5) concluded that the fwoluchowski equations ,
for orthokinetie flocculation, i,e, under conditions
of shear, could not be solved analytically.
Movewents of the wedium will, houo;or, ﬁoud to

ro-soparate the particles and only a proportion of
all collisions may bo effective in preducing
um.-ﬁo. »‘l‘bo probability that a collision between
two particles results in an adhesion is terwed the
eoill.-ton efficiency (stability ratio) and equation
(z)” becomer _ _

in ;ﬁ- - “’—g?s (3)

where O/ 4s the collision efficiency.
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.th'o.lltilon of p.rttol;a'whteh‘nrb‘iuhll.
4n the ao-oo'that"ﬁho Reynolds number for Choir
wotdion in the tﬁitd lp.liéo than hnity. is ro;l-tot'
‘by’tho ﬁydronaa-td cdhgo of translation and rot.tion
or'tho particles, whi.h ie tnv.tﬂo;y proportional
to tho‘jap between the surfaces ( Prenner l961)i
In the absence of an adhesive force, the particles
would Uolbrvucht to.chorrby tbé iho.r'grndtcnt and
then rot‘to .round eaoh other to ro--op-rnto. and
ne doub!-t. would be rbr-od.
An adhesive foree, wh&ﬁh eould result in an
h.-dbooton ocourring durtn. a colltnion and hence lo-d
' Oo the formation of donblot-. is the Loudon = van
‘ der Vaals tbroo. ITbo Lo-dou dtaporaton foree is an
.itr.cttv. force to which all molecules are subject,
,’!t htu been proposed as the force responsible for
fﬁ. coagulation of lyophobiec collodds, as it is
the only attractive force of sufficient generality
(bvniiook 1952)., VUsing a ecorrespondence model, the
London tbrco can be pletured as due to the rapidly
tluotuatta. dtpolo --out ‘generated by thc ZOTO
point energy of the dtupor.ton olootrpn on an .toi;,
The frequency of fhto fluctuation is of the ovdor
of/
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of 101’ to 1016

per second which is cowparable to
the frequency of electroniec movements (Overbeek
1933). “ The electromagnetie oscillations set up
by this fluctuating dipole will polarise the dipoles
of iuy noighbouring atowm as the coupling of tweo

suoh electrical oscillators results in a gain in
enorgy (Moelwyn - Hughes 1961), This results in an
attractive energy of interaction between twe like
molecules, which varies inversely as the sixth
power of distance between the wolecules, At
.pvr.ctaﬁlo separations between wmolecules, when the
distance is comparable to the wavelength of the London
fquuoucf the force will be smaller than that given
by the simple relationship and the attractive
onorgy, when allowance has been made for this re-
tardation factor, has been ealoulated by Casimir
and Polder (1948)., The importance of the London -
van der Vaals' force lies in the fact that the London
energy is approximately additive and a wuch larger
.ttt-ottvo_tiréo existe between conglomerations

of itoi.. hence the -i.ntrtoi;co of this force in
the study of celloid floeculation, For two

parallel plﬁtoa, of a thickness large in comparison
to/ ' b
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to the distance between them, the attractive energy
va (attractive energies are conventionally negative

and repulsive energies positive) can bhe simplified
to

Va = = A (%)
58 T a= '

where A is a constant for the wmaterial of the plates,
the london « Hamaker constant, and d is the half
distance between the plates, (Overbeek 1952), The
surmation of the London energies invelved in ‘ho
interaction eof tv.oAQho'rio.l particles yields:

Vi - A 5)
bl (

Uiﬂl. a, the ﬁ-rttclo radius and, W, the closest

' oop.r-ttou of the porttolo-. !xportucntul ovidcnco
ﬂr Oho oxtotouoo of this toroo has boon provided by ”
nor:..utn ot al (195&). ov-rbook and Sparnaay (195&),
,Wl .m: Kttohmor (1961) and Tnbor and Utntorton‘
 (3960). As the energy of London forces at -.ll.glp.
i. hv.orc‘tly'" pr.oporttonal ﬁo the -quard or the gap,
‘ulun a “lxt-lon ogcurs between tuo p-rueloo. thoy
way be .blo to ovoroo-o thc hydrodyaunto repulsion
whieh is. tuvtrooly pro’ofilonal to tho cnp ond “
Mbloto will bo fornod.

Curtis/
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Curtis and Heocking (im press) have analysed
the hydrodynamie forces acting during the cellision
fnof two particles and the influence of the lLonden
.d(-por-ton force on such coliisions and ﬁonoo
‘upon the value of the collision efficiency. Troa‘tng
the 6..0 of tweo oqunl.uopbortoal .nd electrically

acutr.l particles, so that no oloctro-tatlo

]vt.pulllv. force oxtot- due to the 1ator.¢t(on of
olectrical double l.ybro. they derive equations
ibf'tho wotion of the sphere which is governed by
“Ahree forcesis (1) the oﬁnc of the shearing motion
ol Ahe particles, (2) the hydrodyn.-to forees, (3)
Ob¢>London foree of attraction, ?boao lead to a
r.lnitonohtp for the lLondon = Hamaker constant
whtob is based on the rnlto of the London tbrco to
tho Stokes force and is ctvon by

A w72 ¥N @@ex )
where N 1is the viscosity eof the -odtn-.' K ie an
interaction p‘rn-Otor ubtch dopond-. boogu-ovor re-
tardation, on the nnxmth. A, or the ancm.u
electroniec o.otllattonc ot the atouo. ‘Curtis and
Toeking have o.lc-l.tod values for the collision.
efficioncy as a function of the pnra--tor K for

difPerent values of N . Thuse it &e possidle so

estimate/
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a0 experimental value for the collision efficiency,
derived from measurements Of orthokinetic floccula-
tion, frﬁu this to evaluate ¥ and Bonoo frow a
nowledge of the particle geometry to work out the
London « Hawaker constant, for the retarded force,

and the attractive energy for particles in a suspension,

This method, which was confirmed for the

- floecculation of polystyrene beads in aqueous suspene

sion, can bo'.ppltod to adhesions in the primary
pindmum, provided no appreciable electrostatic re-

pulsion existe to provide a potential energy barrier

to the approach of the particles; or to those in the

secondary miniwum, though there are cowputational
dttftcdlticu in thie case, If a potential energy
barrier oitoto, Fuchs' treatment (Puchs 1934) {is

applicable, The treatment of Curtis and Hoeking

shows thﬁt tho eollision efficiency is dependent on

the shear rate, equation (6). Whereas Pucts®
treatment has as its r.to—ditcrntnlu.‘-top. the
froqhoniy with vhlehinrqvul.i'-btlbn energy exceeds a
cortain vnllo.'niloqtn. the potential onofgy baértor.
to be surmounted. Thie is not dependent on shear
r‘to ﬁnd the collision effictency will thue be

independent/
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‘lndopQudont of shear rate, Thio providoi a wethod
of assessing the upplte;btltty of ‘ho-tvo treatwents,
It may eventually be possible to wodify Puchs'
troatment =0 that floceulgttono in i obo.é-cgud;oat

with a potential energy barrior way be dealt with.

The relationship given by swift and Friedlander Q‘lbﬂ‘)
(Bquation (3)) allows the collision efficiency for %
the .cgéog-tton of & wmonodisperse suspension of
particles -ubjoetrto laminar shear flow, to be
determined from counts made of thoAtotnl number of
particles .t tiaod intervals, The Couette viscometer
provides .ﬁ apparatus in whieh lawinar flow conditions
may be achieved with known, stable shear rates (c),
if the instrument 1is constructed to the principles
given by van Vazer et al (1963)., The Couette
visgometer consists basically of two concentric
eylinders, one au?pondod frﬁoly inside the other with
.- narrow gap between them, A suspension of particles *
is placed in this gap and one of the cylinders is
rotated, Li-tu.r shear flow is established, with a
shear gradient icroc. the gapi and the shear rate,

-l

G see 4 is gliven by

G =/
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Fig. 1 Generl view of the Couette viscometer.

A, outer cylinder B, imner cylinder or bdob.
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2 2 4
Ro”™ + Ri : .
-y Ro“ « Ri (7)

where W tq3th¢.hﬁ.§1ur velocity of the rotating
"-yain¢-r. and Ro and Ri are tbqtiidtt otwtni outer
and immer cylinders respectively. ‘
] -rntrly low rates of shear are ﬂtOQ...ry'.Of‘lf
to allow a number of measurements ﬁo'ho wade .
Albers and Overbeek (1960) showed that the voxo.tty
of tluv dirfovonco across an aggrogate tncrOQJOo
vtth the square of tho radius of the -.srocnto.
and will tend to break up aggregates, Thus for any
given energy of .dhc.ton‘(fnluo of collision
otftctoncy). .thi given -honr rate, G, there will be
an oqnt;ﬁbrtu- size for aggregates at which the rate
of aggregation is equal to the rate of break-up of
aggregates. The higher the shear rate, the swaller
will be the waximum size of the aggregates and the
ooonoé'utll equilibrium conditions be attained,
Sinee tho kinetics of the nggr-a.tton’dop-rt
;tcaltto-itly fro- those given by equation (3), as
the equilibrium condition 1} reached, it is important
'that wessurowents are made before this point. =
tnowledge of ‘ho shear rate also allows an evaluation
of the contribution of Brownian motien in effecting
" oolidetims.,/ |
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collisions, A significant contribution would

also result in a divergence from the kinetics of
quation (3). Tuorila (1927) derived a relationship
for the ratio or'eolli-loub produged by shear to

shose produood by Brownian wotion J/I, given by

I/t = 1 .‘n,h&ﬁ.& (8)

. where KT has the usual weaning, For the lovout
shear rate uood. 1 see 1. and with particles of -
radius 5 A at a temperature of 209°K, less than 1%
of the eo#lt.toni wil? be brought -ﬁonf by Prownian
wotfen, IS §» Shedefore poesible to achieve .
aggregations which follow the kineties of equation
{3), by suitable choice of the dt-iautona and angular
v.loitty of a Couette viscometer.

The Couette viscowmeter used was constructed
by Mr. E. 6otn.n of the Department of Engineering,
University College London, The cylinders are wmade
of El’ln‘-t.tnloaa steel, which is resistant teo
ecorvosion by saline solutions and the surfaces are
‘waehined to a surface finish of lﬁﬂ" The inner
oylinder s freely suspended on a torsion wire
while the outer cylinder is rotated to give a
constant rate of shear by weans of an lutogr-ttu.

-otor/
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motor (Bther Ltd,, Stevenage, Herts.) which runs at
. n‘v.rylot.blo speaed, The speed of rotation of the
outer eylinder can be varied by cha ges of iolt..o
or of gearbox, to give values from 1 revelution/
segond to 1 rev,/win, The radii of the gylinders
are 19%9am and 20+3mm and thus shear rates in the
range 1 see™! to .0 .00‘1 -fb attainable and these
fulfil the conditions discussed above,

The vt-bo-otor was set up sowe hours before
use to nllov it to reach the to-portturn at whieh
moasurements were to bo wade. The inner cylinder or
bob wae ootvrully contred tnatdo the outer rotating
'.cyltndor. The .xl- of the outor cyltndor was
alismed v.rttc.lly by ocr'fnx lovolltn. as any wise
alignment of the two cyltador- leads to the bob 7
tbt.llnc_ycdkuqtda and forwards and in even wore
iﬁnplo:'-oco-. giving variable shear oondttloho;
{444) roymation of Phospholipid Spherules

A small amount of a ehloroforw solution of the
phoaphéltptd wae placed in a round—bétto-od fj.ek
and the chloroform v‘aonnporltod in § rotary
cv-por-;or to leave a thin coating of the phospholipid
in the flask,. Aﬁproprtnto salt solutions wepe
added/
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adged and a dispersion prepared by shgking for

5 minmites with a vortex wmixer (Pisons "Whirlimixer®).
The suspensions were prepared so that a final
particle (spherule) concentration of 1°0 = 1°*5 x

10° per mil. was attained., Just before use the
_cuapon-ton was passed through two electroformed
sleves (E.,M.I., Flectronies Ltd., Hayes, U.K.,) one
of sieve size 28 and the second 15 . A sample
was taken just before shear was applied and at
frecquent intervals subsequently, by weans of a
pipette, and the total particle concentration
(eingle particles and aggregates) deterwined,

These measurements were made using haewocytometers
(modified Pnaho-no-ontb.1) utth Heine phase-contrast
" and Darkfield microscopy. The diameters of the
sphorules uofo measured at the same tiwe, using an
cj.ploco wierometer, The spherules were also
@:nutiod with a Pol.ft..tton Micreoscope and the

‘Leitz Ihlorfoébnoo htoroccopo,

(h) Selutions

_ All r....ut- wvere AR, .r-do. The water
hqdd wae doublo-dt-ttllod over .1--- nnq distilled
a third tiwe in an all silica still over X Mn Oy,
This/
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This gave water with a specific conductivity of less
than 1 mieromho, on=1 (nadiometer Conductivity meter),
folutions were wmade up using Grade A glassware, All

glassware used was washed before use with the

distilled water.

(v) Purification of Phospholipids }
Tbo'agthod'u.od was based on that given by Ansell
and Hawthorne (1964), The yolks were separated frow
6 occi..nd homogenised ut}h 250 mls, of Agetone at
!0.0. The o;tr-ot.v.o ftltotoa and the péoctptt-to
rewextracted as before. The precipitate was then
shaken with 100 wle, of chloreformemethanol (111 v/v)
and filtered, The extraction was twice repeated and
the oxtracts wers combined. This method leads to
small losses of pho.pﬁQltptés’ovln. to their slight
i.tliil&ti ta,ldotono (see Ansell and ldvghorno b
"19‘§). The pbo.pholtﬁ‘d mixture r.-ultin. from
this o:trn.tiba i.o applied successively to Aluwina
andHStltc' colusne to separate off the lecithins
(*hosphatidyl choline)./ Column chrowategraphy on
Alumipine Oxide. :

" Alusiniuw Oxide (*Camag” Brockmann activity 1,
Hopkine and Williams Ltd.) in chlereformewethanol
(231, v/v) was packed in a glass column (1+5 cw
diameter x 30 em) and the column was washed with 100

w1/ '
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ml of the same solvent, Approxt-atcly l .r.- of
 the above cmo egg phospholipid was leaded in e
. eolumm in -blor.!btnunctbcaol (131, v/v) and eluted
under pr---arc using a puriut.lttc pamp (LER) with
the same oolVOnt. 'rlotlou- vwere collected on an
1%P fraction ooncmr./ Coluwn chrouato ography
_on citote aetd.
':.étltoto acid (sti—. Lipid chrowmatography

m«) was heated at 110°C overnight and packed in
" .l‘oo .olu-a (lo’ a- x 30 c-) in ehlororbr- and
Un.hld with 200 -1-. or.tbo a.mb solvent, The.
f*ucttou fon the uluntn. v 2 unis (0+5 gms) was
lo.d.d tg .hlor.fb?n. ll‘ttoa was carried out '
with .blorotbt--oth-aol (733 v/v) and the tr-etton-
at:lbotod.on an L.t.n._trpcctoa‘oo;}cptpr.

_ Rﬁiploc 'ﬁro stored in oﬁlorbfbvﬁ under
nitrogen .t-iﬂ‘C, Phosphatidyl serine oyaotnod
‘from KocheLight, ﬁrop-rid by the wethod ot_rbloy
(léﬁﬁ), was sleo used. Tht-:v.- futthir purified
_on a siliolc acid colusn prcﬁar@d as above. The
iipid was applied 1n'iblorofbr-—-oth.nbl (95:5,
v/v), the column was washed with 100 mls of the

same eolvent and the phosphatidyl -ortno.q-a eluted

with chloreformemethanol (111, v/v).
(vi)/ '




35

lvﬂ Mnnnusm.za.mm

“hospholipide were dltor-tnod by weans of total
. uh0a’boru- dotor-ln.t!oa etrrt-d oui on eaeh fraetion
from the columns, The wethod used was a wodificas
tion of that of Lovry ot =l (l95h) (Pr.A.J,.Lavrence
jnru.n-.) 0:25 wls of each fraction was placed in
a -tovporod tube and the. .o!v.nt .m-por-toa off,
025 -ln of xo N perchlorie nold Ilo added and the
tuhoo kept at 170°C for 2 hourc. Tho pbo-ph.to in
the dt..et- was dotor.tn'd ‘olor-otriollly. To
onoh tube v-a .“.d 0'5 mlse ot a -olutlon made up
with 95 wis of o.zs$ Ammonium Molybdate seolution
and 5 -lg. of 0.25% Ammonium Meta vnn.d.to solution
in O¢dl N oodtﬁn Aoctatq to ihtch 1l gram of ascorbie
nold was added just bofbro ﬁ-Q. The tubes were
inoubated at 37°C for 30 wins. The optical density
of the blue colour was determined at 660mps on a
Speetronie 20 colorimeter, A

Onee fractions containing phespholiplds were
determined, the phospholipide were characterised by
thin layer ohrou.togr-vhy, u-ius a wodification of
the wethod of Parker ﬁnd Peterson (1965%).

silica/
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Silica Gel " (Merek A.G.), which oonht;li no

. binder, vas n.ahod with notb.nol-ohlororbr-tbr-lc
neid (llltl. v/v/v) .ud glass dt.'tzlod vater,

Thie -u- then dried nt 110“0 for 48 hours, 30 grams
_or_tbo.w.phod coluv.o -}qod with 58 mls of glasse

- distilled water tavnn hdi;c0ni-or (l;s.t.). This

"' was them used to coat glass plates, 20 om x 20 em,

~with a "Camag" applicator to a thickness of 30qu5
The plates were .trndéi;d and qct(vatqd for 1 hour
.t,ll¢°Q"J-Q| bifbr._n.d. §.-§1.- were applied .§
--xi‘-ﬁkin (iompu) uqt,j.d-itérouyrtngo {(Hamilton).
A.O‘!diﬁc.CthIh.O'?.Fhif!{th chloroforuimethanol
acotic acidiwater (253153412, v/v/v/v) was used,
rlates were dov.lopod in a "Cawmag" 'aaudvlch'

Ch-bor vhtoh is o.tur‘tod with tho vapours ot tho

aclv.at fifkture, The platee were airwdried and spote

located --ing Todine wvapour, Tbo spotes were -arkod
and sprayed -tcu ninhydrin (20R) and heated for. 5
wine, at 110°C to identify free amino groups,
Phosphate groups were identified by a wolybdenum
veagont (Dittwer and Lester's (1964) wodification

of the Zinmadre reagent), (see photograph fig.2).
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Fig. 2 T.L.C. plate stained with Phosphomolybdate reagent
See text for details.
1, Pure synthetic Lecithin (Mann) 2, Samplesof purified
egg yolk lecithin
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RESULTS

aract satio f Material

Yge phonﬁhqllptd was eluted from the alumina
colniu in 2 wl fractions -ﬁd was found in the fifth
and -txth fractions as determined by the presence
of phosphate after ashing. The yield ffou this
" golumn was 60 - 70%, The combined fractions were

applied to the silicic acid column and 2 wl fractions

vere again collected qnd the peak of the pbosphafb'
was found in frlettona 10=12, Up to about 80% of
- the applied waterial was collected. Samples eluted
- from the two columns were run on fhtn layer plates
and compared with samples ot pure synthetic phos-
pholipids. The crude pho:ﬁbattdyl choline eluted
from the aln-lu‘ column showed at least two distinct
spots, That from the silicic acid coluwn developed
only one spot which was ninhydrin negative and
phosphorus positive. (See pﬁatograph Fig.d).
Phosphatidyl serine was eluted from the column as
above and also run on a thin layer plate and gave
6no ninhydrin and pboipboru- positive spot. The

R valuoi‘uoro-:tuilar to those of tho‘iynthotto

P

compounds,
Mieroscopical/
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al Examinat o. of ° ° |
When the dtoporotono'ioro exawined by weans of
phase contrlat and dark field light -tovc.oopy. the
looithtu p.rticlon were found to range from the
.ppto:tn-Qoly spherical to prolate spheroid in shape,
Vory fow fu&lar wyelinie figures (<2$) were '
observed iftor the dispersions were passed through
the sieves, The radius of the spherules (particles)
ﬁ.l ﬁo.lurod and tbund to reasonably constant with a
value of 5 ,*_: o.a/um,z.. tndoptndont of ionie
conditions, ' '
When the lecithin spherules were examined by

weans of a polarising wicroscope, they exhbibited bie

' refringence. The sign of the birefringence was

N positive with the totr-oftvo index for the radial

direction heing greater than that for the tangential
(FreyeVyseling 1953). Tb.>btrotrtn'onpo for such
particles is the sum of two components, The intrinsie
birefyringence r'oulﬁa from the alignment of individual
phospholipid wolecules in the lamellae and is usually
positive, The form birefringence is a consequence
of the fact that the spherules are wmade up of
alternate shells of phosphelipid and water, Such
stacked/




fige 3 Spherules of lecithin after 5 minutes aggregation
under dark field illumination on a Puchs-Rosenthal
haemooytometer. Medium 1 x 10™°N, CaCl, Marker Side

of square 250p
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-iaukcd layore lo-d io'uo'nttvo birefringence which
is generally wveaker than the intrinsie eowponent,
The faet that the sum of these two components, in
" this case, give .troﬁé-poaltiv. btfotrln.cnco indicates
that i@o'fbr- birefringence tﬁ relatively weak .nnd
suggests a clore spacing of the lawellae of
.uhoophdttdyl e&ol(ao. The sipgn and magnitude of the
bltbfrtn"nso did not change significantly with a
‘change in tonie oo-dtcloao (see discussion),
Pbotph.tt‘yl .ort-o ophoruloa exhibited a weak
positive btrbfrta.c-e. vbtob«doer.o-bd as the ionic
ntt-n'th of tbo suspending - aolutton was tncro.sod |
and with ht.bcr valeney cations, This indicates an
inerease in the form cowponent and hence, probably,
an inereased inter lniollnr spacing (Frey-VWyssling
19%4, Papahadjopoulos and n;ixor 1967).
Intarfbroneo microscopy confirmed the roaulta
obhtained with the phn-Q oontr--t -1oroacopo and '
o:l-lnujton of suspensions by means of tntorforouoi'
contrast fields showed that after filtering the
spherules vere of'sl-lllr size, 1,0, monodisperse

suspensions,

L)  unders

ot Al D a5 .. R N i
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{) Dnder different shear rates
The effect of different shear rates on the

l.crogntionv.nd hence upon the collision efficliency
was studied using suspensions of lecithin oﬁhcrhldn.
;?énoponstpnq in O«1M, O-bxn and 0.001M godium iblorido
~-ad‘oclct-i chloride were ua.d: Tho roaﬁlti are
~given in table . In .n the .cmcatlom-. tho

- plot of In Noﬂ, ncataat bcnvo a otut.ht itne
»”inttoaolltp ﬂndlo-tta. that the ncmcauono hu-ovod
‘ tho ktnoitoo given above (Qqu.t(ou 3)s Li0, first
ordor Mmtto.. The nluq. for the eollt»-ton
officiency ctm'tn table I are all based upon at
least 5 experimonts with six weasurements of the total
partiele number at ten wminute intervals. A typical
example of such an experiwent is given in table
-aé the nl--.,plottpd in ttﬁro 3 as In N against
. %4 Eguation 6, above, indicates a dependence of
the nllta“n efficiency oi: the shear rate., The
ﬁn'- of this dependence is given by the rtl.ttou-'hgp
between the interactien p-n-otor K and the collision
efficioncy. Ollrtia and Hoeking (in proo-) derived
such a nhttono_htp tmltnttnc that the dependence

was of a logarithmie forw (see below). Thus from

equation 6, a plot of log G againstX ‘”. the collision
eoffieciency,/




Table I :

Fffect of

"n(\ T D

Temperature :

20°¢.

‘n
€

e e—

Lecithin d

n Cecllisicn Ef

Ficirney

‘F“GT ions

n = 5 experiments

f

Shear Rate X Cnllinion Efficiencv as % + S. BE.
G in sec., [l¥10 'M xi0O™2it w0~ WiO=Til ¥ ix 10311 hF10-%n
(log. G) NaCl NaCl NaCl CaCl, CaCl, C2Cl.,
1498 275 + | 165 + | 102 + | 23 + + | 3001 + | 15+
(0e297) 078 089 ~ 058 7 | 064 0485 ~ | 0453
5¢15 2401 + | 111 + 71 + | 19¢5 + 26¢4 + | 115+
(0712) 091 0 *%5¢ 025 077 ~ 059 T~ | 0e8
835 2208 + 108 + 565 4 17¢6 + 2405 + | 743 +
(0.922) 056 0«67 0«24 038 ~ 001 T | 0e56
135911 198 4 8 + Z06  + 15 + 22 + Te3 -
(1+143) Qeb" 054 0633 ~ | 0639 069 ~ | 0e28”
410 7% 1505 + 6 + 2e8 4+ el + 163 + 5 -
(1+62) 034 0+56 074 0e21 ~ 0s42 ~ | 019"
6442 144 + 4 164 + T + 12+ %ol +
(1. 208) Qe22 T ] 0036 " 0e17 " | 0e32 ™ 048 ~ | 0e25
Table II : Decrease of Particle Number Negg; in Typical Experiment

Temperature :

20%c,

Mediun {3 10

‘5M Call G

s o}
SeCoe

1391

] Time t in

ninutes

Particle No.

=
5 -
Nag ¥ 10

Lnb

ﬂmb X 10“5>

Colliszion
BEfy:
(=4

._uﬁCJ
as ‘,J

0

10

14

2464

222

205

* 70 Oel% -14905 179
* Onmitted from calculations , see Results section,
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Fig, 2 Plot of N., and Iln. N, arainst time

(Results from Table ITI )

INCNeot Nyt ® Values of N, x 107°
x102) x10™ A Values of 1n (N, x 10“5) with
4+ ' 14 ’

fitted regression line N.,, = 2.558 - 0,078%

-3 0 R —
0 10 20 30 40 50 60 70
' time

in
mins.
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Fie, 3 ¢ Sample Plots of Collision Lfficiencv against Log. Shear Rate

(Results from Table I)

Collision
Efficiency
a
as %

30r

o Values for 10" 11 CaCl,
Regression line .a= 27 = 10,8 loz G
A Values for 107 "M NaCl

Regression linea= 17 = 7.5 log G
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ptflato.oy should gtv‘ a ottutcht iine r.l.tlonoltp.'
Tbt. was found to be the care ror tho lﬂ&p.ﬂti.ll
of lollthtn under’ the conditions atudtod (ooo table

- and rlguro ).. Thto oonflr-a the application
of the treatment of curtts and Hoeking to these
-ca!."tionn. When no.ouro-.nca were extended bcyﬁﬁd
1 hye the -occnrod vﬁluo of the stability ratio fell,
tndtc.ttuq‘l Cop&rturo from the kinetics of equation
3, possibly because of approach to equilibrium
oondtiton-. With -qif;blo fonic conditions (see
below) viatblolcggrochtoo were obtained if the
octt...tton was .onttuuod overnight,

41) Under different lonic conditions

Measurements of the collision orrtctoﬁey tbr
" different fonic conditions but with a constant value
for the shear rate are given in Table .
before, all .épr-gaitono p'ro.rbund to obiy the
kineties of equation 3., From the values of the
eollision effieclency the London R..ikor constant,
A, for 10"!0.012 was caloulated using a value for
the dispersion frequency of (see bolov).'by
means of equation 6, which is alse tabulated in
Table -

A problem in studying the effect of changing
the/
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Table TIT : BEffect of Tonic Conditions on Collision ®fficiencw

Temperature : 20%¢,

N =

Dispersinns of Phosphatidylcholine (lecithin).
lopb b J

G = 13*91 sec. 6 experiments
Cone™ et
of X Collision Efficiency&X as % + S. E.
mediun, . - -~ . _— ) -;'7
LiCl | NaCl KC1 MzC1,f CaCl, SrCL, B=C1, 12950,
| ke <
10’1n 207 | 198 | 175 8 15 10 12¢1 1842
1 045 058 | 0+74 06 056 | 0632 | 046 | 056
X
10™% 1186 | et 73 et e << << 8
0e%2 058 Qe74 Q44
1 X
1077k 5v4 | 4 9 | 16 22 191]  20e2
, 0812 | 031 0¢17] 0458 | 0+66 0:22] 0+73 | 0e26
X
10™% 2% 1 145 002 2¢1 16e4 | 1363 | 1402 | 102
1 0:22] 0s31 A9 | 0045 | 0453 247 | 0039 | 0e22
X
10771 | <t | <<t | <et 8 107 | 9 9.8| <«
0+3% | 0.52 041 0448
1 %
10’%{ <UNiSE <<1 563 | 75 G2 626 |¢L 1
0el6 | 0433 Qe47 | 038
Ionic Concentration 1_f 1~i 1_; 1_? T_g 1;2
10 K| 10 “M107"M | 10 M} 10N | 10”1
Of‘ L-'_’.C].?
Collision Efficiency | 13+1 65 143 << 1 2093 | 1592
+ - + 4 -
| ©¢_as % + S. E. oags | geea Qen2 feis | BaEi
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the tonl§ conditions is the offict that any fortuitous
change in the p#l way have on the rate of -cgrogatt;n.
Measurements made at various times on the suspensions
gave values for the p¥ which fell ig the range 6-8;
whioh variation would nmot be expected to be of ;
gignificance (see below), Further experimente oitrtod
’outn-tnciiow concentrations of pboophctd buttbr"nﬁ
72, l@ntd*otron.th 0+0001 I) in tb; -aoponslou.; gave
values for the collision efficiency ihtoh were not
pignificantly different from those measured on
suspensions utth@ut a buffer,

The results are dealt with in detail in the
diseussion section, .
111) The effect of tewperature ,

The above deseribed experiments vere carried out
at 209¢. c4dwilar experiments were also porfor.odiln‘
a conbt-nf:to-por-tnro room .t’37°¢. For these
exporiments, the lecithin was swollen in the test
solutiones at 37’6. Accrt.uttono'ior. aleso carried out
at 2°C., The results for the three tewmperatures are
compared in Table . The appearance ot.thovlootghiu
- spherules uhdbr-pb.oo.ponlr.st and pﬁlartuitton
‘lorotiOpy at 37’0 vas siwilar to that at 20°C (radius
.6 £ Oczyb). At 2°cC, spherules could be toruod and
'tbolr appearance under pha-o contrast ntoro-oopy. was
also/
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Table IV : BEffect of Temperature on Collision Efficiency

-1

G = 1591 sec. n = 5experinants Lecithin digpersions

Temperat.! Collision Efficiency€( as % + S, E,
i = S =T Py o =0y
' hx107'M wo™’u wioT'n w0 i x0T H
Uoe

NaQ) HaCl 2aCl,_ Cal ; CaCl._
o [ -—

1443 + 21 = 6
6 062 067 Os

.
T\
1+

20° 19+8

4 %06 + 150 = 22 ¥ o3

0+67 0s33 0 39 0+69™ 0+28"

%70 2002 + | 4.2 + 1645 + DB 4 8e1 +
0=58, ] 0.47 059 = | 063 T | 048~

able V : Arsremation of Phosvhatidylserine Diapersions

) 5 -1 : ;
Tenperature : 20 C, G = 13+91sec, n =5 experiments
Suspending Collision Efficiency €l as §> + S. B,
A -1,, 4 "'2.' { "'3" :“-v- e D _;—Cv'
Mediunm 10 M| 10 "M | 10 “II 10 I} 10 I} 10 K

16«2 6+ 8- 21
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Table VI : Viscosity of Suspensions

; ” . . . s
Measured with Ostwald Viscometer using ] for Vater at 20°C =
as Standard (Handbook of Chenistry and Phyvsics 1966 )

Concn. Viscositv at 20%¢, in Centipoises.
of '
Mediun aCl LiCl K61 ° HgClP 03012 SrC]2 Ba012 Ja2SO
1 x
10“1H 1.00 ]1.60 1.001 1.006] 1.008|1.008 |1.011 |1.001
1 x
10-2N 120011 1.00 1.00 1.00 1.00 1.00 1:0 1.0
1 &
1 0-31‘,: n n nyg " n 11} n n
1 %
-y
10 “'M n n " " n " n "
1 x
-5 Di
10~ Ditto | e
1 x
10’61-1 ————temsa—=IDit to - ——
Ternp. Viscosity in Centinoiges {
op. [wioTw Jwio™m fwio'w |wioTn fwo S
NaC NaCl ;at aCl aC
(aCl NaCl Ca 12 CaC 5 C 1?
0 1.9 1,69 1.71 1.69 1.67
20® 1.0 1.0 1.008 1.0 1,0
370 0.71 0.69 0.72 0,459 0,69
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also similar to that at !0’0.(t‘dﬁ‘-'§p9'$ x'Qﬁ&)’
fpherules formed at 2°C were also examined with the
polarisation wmicroscope. Again the spherules were
found to h#vn strong po-lttio birefringence. ‘
iv) Aggregations with phosphatidyl serine

sﬁhornl.- of pbo-ﬁb.‘tdyl serine were forwed at
20°¢ in 10"2MCaCla, 10"1MCaClz, 10°7M NaCl and 10~y
NaCl, The results of ﬁhq-q.aggroa.ttQUu are given in
Table . The calculated value for the London-ilamaker
constant 18 also given in this table. Again a value
of E for the dl-pcr-toh'rroquoncy UIQAU..do
Tbolnn-poaalono were ox.-(aod by phase contrast '

wieroscopy and yhn_t-dtin of the parttclis wae

measured as 5'113 o.z,g,,
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Table VII : Value of London-Haomalker Constant A

Values of K and A calculated from equations 3 and (—,

Mediun &

Dispersed

Compound

Tenmperaturc X Interaction
(1)Lecithiy . o o .« JParameter 4
i inYC. as % io.? . ¥ 15 Bvin

10" "1 NaCl 20© 19.8 2.6 x 10°° [1.02 % 10 F
107N CaCl, 20° 22 5.6 ¥ 107° b2 x 10714

= = - o . S
10 6M CaCl2 20° TeSH 255 X 10‘? 0.98 x 10 b

—" <X - L—
10 )H MgCl, 209 16 T+9 x 10 7 Bl 36 10 12
10 “M Sr012 ZK)O 19.1 1,99 x 10_6 T8 3t 10-'5
10”2 BaCl, 20® 20.2 3.16 x 10°° 1.2 x 10~ 14
10‘3n Ca012 > 0 20 2.818 x 10—61.8 X 10—14

= 0 Az 5 -6 |, ,. -14.
10°7H CaCl, S 2342 75 % 10 «45 x 10
Phosphatidyl

~-serine.

10-11,1 NaCl 20° 16.2 Telid X 10—6 4.7 x 10-15

=% I -6 L =]
10 1;41 051012 20° 2ted 3,98 x 10~ l1.66 % 10 4

=3 . ~ =16
10 DN CaCl? 20¢ 10 6.31 x 10 BiZ.b x110 L




Table VIITI :

Adhesive Enersv of Particles

\

att.

G40

calculated from equation § using seperation (1) of 5 A

Medium & “ Particle London - Attractivd Attractive
Dispersed Radius Hamaker Energy Vatt Energy
Compound a in W Constant in ergs. in kT
1 x
i ik o ’
107 NaCL | 5.0 1.0 x 10 %o.s x 10711 210
Lecithin
10791 CaCl. -y 11 ,
2l s 2.2 x 10041.8 x 10 453
L.ecithin
e Sa
107 'M NaCl - =
= 5.1 4.7 x 10777 3.9 x 107'2] 99
P.serine
10791 Cal 12 = |
e 1.6 x 10 % 1.4 x 107" 348
P.serine
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Any interpretation of experimental r0qulta
rpllo- on making assumptions about tho'to-t .yaton.:
whiech of necessity liwit the rigour with which the
results can be applied. In the work detalled here,
there are a number af n--u-ptlon- tnvolvod. those
resulting frowm the error of experimental measurements
and those assumptions inberent in the theoretical |
treoatuent .ood.’ In any work invelving the
uo.uur.ﬁont of the physico«chemical parameters cf a
compound, an obvious basic assumption is the purity
of the materials used, This was not easy to check
in the case of the phospholipids. The --Jér such
cheok used was the technique of thin layer chroma-
tography. This is cotisidered S0 e oo of the wast
roproducible and accurate wethods available (Rouser
et al 1968), ' The results of the T.L.C. analyses
would seem to tudto-tﬁ"ﬁhnt the phg;pholtbld- used .
were relatively pure although pr.du;hbiy:ooﬁitotiug
of a family of related compounds with differing
hydtoohrt‘a chitni;' However, the possibility of

contanination by swall quantities (say less than 1%)

ot/ .
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of dttroront phoopbolgptdoouiiot be ruiod out as
such minor conntltuohta n‘y not show up with T.,L.Cs
Om the question of the purity of the laorc.ntcioaxto
used, one is, of course, in the hande of the
manufacturers, There is no reason to boliov. that
they are not trustworthy and further, gll -.it- used
wore firet roasted to get rid of any organic con-
t-lu.ntagk“ The conductivities of the solutions
compared very well with jho values given in "The
Handbook of Chemistry and Physiecs" (1966). This was
usod t§ check the eoncentration of the solutions used
in there aggregations, Other sources of experiwmental
orrur_pto‘doilt with in the results segtion,

The u§30r'.-¢n-pttono‘of the thecoretical trﬁ.tQ
wont are (t) that tho particles are -phorotdul. (tt)
Fth.t tho -nepon-tono are monodisperse, (211) th.t the
g.ﬂtaloo nu,cloqtrtully neutral so tp-t no
‘.ppt.CllbldCC“.'POCQ.“O potential emergy barrier
oxiste, and (ti).’h-t the pcrttolca'hnvo a doﬁdtty
uhtoh,tp;tn.ﬁpfbotobiy different from that of the
-u-pindlug -ﬁatu-. 1.0, the particles do not sink,
optical -tg?.-copy provides lnfbgﬁ.tlon on the |

| validity of -li'tbooo assumptions, EIxavination of
tho/
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the spherules by nb-nawof phase contrast and inter-
forence microscopy showed that.---urftolont proportion
of the spherules wvere spheroidal, so that the first
assumption is probably not unreasonable, The second
'uusu-pttou that the ouaponitbns'oonolat of single
particles of the rawe .t-o.dan be borne out by the

iow standard errors of the pzrticle radius and by

the examination with tnthforonco contrast under whieh
large dcytuttou. in particle size show up as
dt!rofoatli coloured particles.

The third assumption really requires particle
electrophoresis -.-t‘- test, However, this was not
possible -nd tnﬁlostton. on tho surface potential can
in fhct be deduced from the btrotrtngon.. studies.

A- was at.tod ln tho 'Rotulto' -ootton thc birefring-
ence oxuutu.ttou of lecithin spherules tends to
indiecate (Frey = Wyssling 1253) that the lawellae .
vﬁteh are considered to constitute tp.e; structures
are olosely opposed. This fact and the independence
of optical retardation with respect to lenic strength
tndiét’o that the surfaces of pho'l.ﬁollao and hpnno‘.
of the spherules are effecti v ely oiutrtcally :
ntntrul or at least hnvo a vory lov .nrthco potential

(see later’ dl-cuaoton) and thus havo a low oloctro-

‘.ﬁltlcl |
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statie force of repulsion to prevent the approach of
twe such surfaces. Rowcvor.»thoﬁroaulta of btrotitn.-
ence studies on spherules Qf.phoopb.ttdyl otbjnox.-iuo
tend to indicate an appreciable surface potential,
The problems that this tu‘goduogp into the trontniat
dre dealt with ‘010-. These birefringence results
.ar. similar to those eobtained by Papadjopouleos and
Niller (1967) for the same compounds which tends to
ioattf- tho'TQL,O.,tdontttlo.tgona. '

~ The tburih assuwption was siwply tested by
allowing a suspension to settle in th-‘eounttn. »
chamber of hao-ocyto-otorA-I;do. It was f@und to take
40 winutes for the suspension to fully cettle hence it
took the particles 30 winutes to r.n ‘a waximum
dtstance of Os2wm (the aopn. of the chn-bor). Thus
.ounr the dl'.ttou of tho cxpot‘noat., 1 hour. the
p.f.i.l.l would be expected to sink through a distance
0! lono Soo;k.vblcb is 100 times their rudin- and

about 0+85% of the depth of the Couette viscometer,

Tbt- is too small a distance to affect the caleculations,

Thua it vculd seow that the major a.sunpttou-
wade in .pplylnc the theoretical treatwent to tho
oxpoeriuwental results are reasonable .--u-ptton- for

this/




this system. However, this does not guarantee that
the treatment is in thot,ipproprtnig for the system,
ind an oitla;ttou of §ho rdlovnnooi§t tho theoretical
approteh Fequives Shat the: resulls be sbown 46 b6
consistent with the tboorf. " The results showed that
in all experiments plots of In Net against time were
Adnear (this e furtber borne out by the low values
of the ot.adlrd errors of tlo gollision offtoloney)
.‘vbldh ahovu th.t the n.'r..-ttouo followed the
r-ktu.tto- prodtotod by equation 3, oonfir.tng the use
of this oq-.tton for thlo ayeton, . The dependence af
the oollt-ion efficiency on shear r-to is ovidc-oo i
that the Qyocry outlined for the caloulation of a
force ioibiant-to nuttaﬁlo for these -.gr.g.tlono.
| fto vuluoo dotor-tnod. from these .cgrtgatlon-.:
for Cbo oollt-ion efficiency can be used in two ays;
as & weans of calculating an absolute value for the
foreoe constant and as a v.y.of comparing the rates
of agpregation when these are carried out under
pimilar conditions, It the conditione, 1.0,
viscosrity, shear rate 4 eize of particle, are otullar.
‘4t 1is obvious from equation 6 that a cowparison of
collision Cftletoncto-‘te oqutvilonQ to a oo-partooh
of !broo oon.tonto.‘-ﬂonoo it is possible to c.-p-ri‘

the/
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the tutornéttoné of the spherules under dtftoria.v
pby.too—choato.l onudltlou- without o.loulnttn.‘tbol
foree constant ln onoh instance.

Vhlno- for tho collision ofr&otoney under
different ionic conditions using spherules of loctthlu
are given in Table . ‘Tho-o -gcro.uttoﬁo vere
carried out at a constant eshear rate of 13.91 ...-1.
Bguation 6 also dewmonstrates that the viscosity of
the suspencsions and the radius of the particles must
be equal before the oolliuaob efficiency can be used
to cowpare the .db.ntv.uooq'of tﬁo spherules, |
Measuroments were made of the ;ta.oatty of -olﬁttono

and susponsions with an Ostwald viscometer u.tnc
the v-lin of the vi-oootty of water at 20 C given in
*The Handbook of Chemistry and Physice! (1966). The
values are given in Table « This Table
demonstrates that there are no significant dtrfironio-
in tﬁofvt;bonltio. of the -olntténo used (waximum
difference O+l centipoise)s, The question of the
| radius of ;ﬁo'opbotﬁioi t-'b.rttohlnrly tnﬁortdnt
as the force constant ii directly prdpiitionnl to tio
pithe of radius (equation 6), Meacurements of the
f-dtt under different ionic conditions (see Results)

showed/
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' -hom that tho.o dta not aiffer vuh this particular
- mode. of prﬁpar.tlou (range l,;). which 4s not wuch
'gru.tor !h.n the oxporl-ontal error,. conotdortuc thc
lut»vnrt.btllty of both ot these factors, it is _
pri‘ibly roasonable to use the oolli-inn-o(fiotoicy.
to compare adhesiveness, .

The values in Table demonstrate three
ﬁvbrbll'tIoQOroAin,tho ageregation of tﬁi suspensions
: .nd_@gneo.(ii is presumed, in tbo’ndbo.tbn of the
sphorulos: (1) The 'ro.tor'ﬁho concentration of the :
solution, the htﬁﬁor the valu. of the eollision .
effictioncy (for deviations ooo bolou) indicating an
lncro.uod rate of ncgrocntton and a cro-tor -dbooth "
interaction;{2) the lowest coneentration of a salt
which will otfbﬁt wmeasurable aggrogation depends upen
the valeney of the ions in the salt, for example,
.&Oa-ur-blghgggro..tton tg".olntton- otﬁiodtuy chloride
“bocin- at concentrations $f the order of 10“ molar,
whereas ackrﬁcotton‘v-- Qboorvoﬂ in concentrations
down to io“ molar with caloium chloride solutions;
(35) 4t wae the vuiancy of the cation which was effective
in decreasing the concentration roqutr§¢»to'dfﬁout "
agrregation (floocnlaﬁlou value) as a cowparison the
results/ |
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rosulte with caleium chloride and sodium suiphate
oxenplify, '

A more detailed ox.ah‘mt»ton of the results
revoals other phemomena, Firetly, with divalent
.Oult--.;kbonrito of aggregation inereases with
taiv.holaé1ooncontv-tton¢ dp to u'.ortgtn concentrae-
tion, then falls and finally inereases again (see
Resulte for calcium chloride). Sodoudly. iltbouch-'
in ionor-t divalent eatione are wmore offective in
prunotiné aggregation than are -onoynloat cations,
there are also differencés: in the effectiveness of
specific cations, The offbcitvonoo- of wmonovalent
cations decreases in the order Lithium, Sodium,.
P...l"ll.-'h.rO.. that of the divalent ecatione
' deereases in the order Caleium, a-ri-b. atrontt-i.
_li.l.at-; The actual Ctrr-rtneqﬁ botvqon the vu;u.?
of the oolltiton offiotd;ﬁy are, 1it sﬁould be pointed
out, quite swall, particularly in the case of the . |
~divalent cations, although they are consistent
dm.m:-o The results for Lanthanum are similar, with
e mmess rasuits are eoncistont vith an intere
protation of the aggrogation and adhesion of the
‘leeithin spherules, based on Derjaguin-Landau,

Verwoy-/
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- Verwey-Overbeek tﬁgory of the stability of lyophobie
c.xlitdo. The effoct of inereasing cation concentrat-
don reflects the increasing oonpontrittop of counter
ton; tﬁ the electrical doubio layer. Thebe xonof

She stirface potential by neutwalising she surface
charge and therefore decrease the electrostatic force
of repulsion. The fact that 1% is the ecation that
is .t.uiftnﬂlﬁ‘tn'n!utraltolﬁg the echarge (see point
9 above) indicates that the spherules probably have a
net megative surface charge, However, this is
almoss certainly very swall as .ccra‘.tlon ecocurred
in to'kl ﬁ.oxland in concentrations down to xo“u .
Ca c;z. On this th.ori. as the concentration of the
counter done (cations) is inereased, a concentration
utll'bo reached where the number of fons adsorbed
onto the surface of the spherules is sufficient to
compensate for the charge borne by the spherules.
Higher concentrations will tend to (.p.rt a po.tftvc
charge o the spherules, (Kruyt 1952, 1949). This
should be reflected in the aggregation of the
spherules., This s shown to be so when the values
of the collision efficiency fur spherules in

polutions of divalent cations are examined, Starting

fyom/
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from the lowest concentration, in the case of calciuw
chloride solutions, the vulﬁo pf the cblllitoq
orrtotonﬁy tncf..--- up te 10‘3 Mol.r.:at which cone-
Qontruﬁlon tﬁo lecithin spherules are pr.-uuaﬁly at
or about the mero point of charge. Next cowes a
;ipcoﬂqf concentrations where as a result of the
poolttvofqhoéco oontribut§d'by'tho adsorbed calcium
ions, t‘orbvie a significant electrostatic foree of

repulsion to prevent adhesion, as can be peeén from

" the very low value of the collision efficiency in

: 1672 Melar calecium chleride, Fubsequently, an
inerease of the cﬁéeontr-tton will lead to adhesion
'nad .ccrocot;on of the lecithin ophotuloi once more,
s a consequence of the increase in the concentration
of the new counter ion, the chloride ion, This is
again found to happen with the increased value of

the collision efficiency ln_IO"1 wolar calcium
ehloride, This reversal of charge phenomenon can
also baziﬁvokod to explain the qh.uéco in the vnlﬁ;
of of obtained for the aggregation of leecithin
I.pﬁornlco in solution of other dtv.lont cations (see
Table )¢ The reversal of charge aoo-o.ant(‘lrlc;a-n i
theeco rooult; to occur at different. concentrations

with the different cations and the order of increasing

conecentration/
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congentration at which it occurs is the same ae order
of the decreasing effectiveness in aggregation, .
nawely Caleiuwm, BDarium, Strontium, Magnesium, <It is
~to be expected that an inerease in the concentration
of the monovalent ione voula -lso'load to such a
reversal of ch-rgo,“howov;r this could nﬁt b§
invertigated as the increased ooncentracjon ;luo
inereased the density sueh that the spherules were
buoyant and aggregation ?pdid not be observed,

The polaé croup if phoaph-tldyl choline
(1ecithin) 1r a  gwitterion consisting of a phonph-to
'vbuy and a quaternary ammonium ion, There is much
evidence to show that both acid and base in this
anphoterie head group are fully ionised and the
compound is iecelectric over a wide p#d range
(Pangham and Dawson 1959, Bangham 1968, Hanai, Hiydoa
and 'rayxoruss). ‘n 1& thought that. the quaternary
au-onlui fon and the pbopphato_-ri coplanar (ﬂan.t;
Hayden and Taylor 196%) which leads to an internally
:c-p-!o.tod lvtttorton {Anderson .nd Potblca 1956) .
shab and Sebulwan (1965) have quo.uouoa this
conelusion, but their arguments are based on the

results of monolayer studies, the relevance of which

to/
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to Jtoﬁorsldn. are not oioar. The results discusnsed
above are consistent with the model of a fully
internally compensated szwitterion which -.7‘pooaoy-_-
net, albeit low, negative surface potential circa =
~1 willdvelt (Manai, Waydon uud‘fuylof 1965)o The
effooct of epecific ions is alse tnt.foottn.. The
Q!d.#.oflth.»docro.ntu. effectiveness of univalent
atttoﬁd“ln:thcdaino .;'tho order of the increasing
-{onie rgdi.-i- LisNa1X, which is also thvordor”ot'
decreasing energy of polarisation (D-vt‘u and Ri@oal
1963). Thie tends to -dcgoqt that the differences (u
univalent cations are duc.to the properties of the
cations thguoolvﬁa and not to any specific affinity
of the pho-pboltp(d, which is in l1line with the body
of evidence that phospholipids do not show a specifice
affinity for any laivulone metal ions (Bangham 1968),
Om the other hand, the results for divalent cations
are not so straightforward, The order of effective~
ness and of the reversal of charge concentration do
not erloct-tho order of increasing ionic radius and
polarisability which is Mg:Ca:Sr:Ba. The position of
caleoiun seems to reflect a greater affinity of this
don for lecithin thch would be confirwed by the
results of Shah and Schulman (1965,1967) on the

inteoraction of caleium and lecithin,
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The effect of toqpnraiuro on the aggregation of
lobiihli -pboruloa w--'nlqo tnvopttc-tod. Equations
T by 8 and G‘do-onatr.§o that the only iompﬁrnturc
dependent term in this tro-tﬁont is the viscosity,

n:. of the iuﬁponalons. Thus, .csroé.tlonu'it.
different to-por.tnroc can be uo-p-rod if due
\allou.noo is made for the oh-ngc in vtooootty. rriu
ecuntion 6. tt can bo seen that the force oon-cnnt. :
A, u directly proportional to the viscosity, and
thus to compare .dho-tv.no.o on the ba-ty of collision
orftclohcy. allowance must be -iq, for swall doctoa;o;
'ln the value of collloiohAorrtotodoy'rbr an lnoréﬁqo

: tl the viaco.tty. The viscosity of solutions at the
Onporlttroo used are given in Table ![ Thie change
in viscosity, with a waxiwum of the order of 0.3
contipoises, would be expected to alter the value of
the coiltnton efficiency by sowe & 0.5 when expressed
ae & porbo;taco. if the adhesiveness of the p-rotclca
reuains constant, This 1is a swall corro.tlon“ihd
comparisons cean be wade of the aggregations at
different temperatures without caleulating a force
eonstant in each care,

Temperature may he of importance in the adhesion
of/ |
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of the lecithin -phoruldi because of possible phase
changes in the phospholipid (Luzzati 1968, Chapwman
and Vallach 1968), sueh phase Srancitiéns having
beon proposed as a mediator of mewbrane interactions
(Xavanau 1965), Further, it is possible that
temperature chinjoo may cause a change in fbo5oon-
formation of the polar head group (see .ono) which
_would alter the surface eharge of the spherules
and hence their net adhesive interaction, 7
‘l‘nbl"N illustrates the fact that tewperature
has little effect on the aggregation and adhesion of
leecithin .phoruloi.- Thc.dtfforoneos-caourod.ﬁln

which are
the value of the collision efficiency, X , is

significant at the 5% level by means of a 't' test,

of the order expected, purely because of dtfforonco-
in vtocoatty. Thie to eonfirmed by the blrorrtugonco
r.-ultc whieh tend to indicate that the spherules
are similar at the three temperatures, This is not
nncxpootod as the phase transition for egg folk
leeithin is thégght to occur over a wide temperature
range, probably covering the range of tonpor.turon.
hnod. as it consists of lecithins with hydrocarbon
chains differing in longtﬁ and unsaturation,
.(CNQp-.a and Wallach, 1968), Any other poesible

changes,/
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changes, such an’thé ortont.tton of thé'dtpolar bo.d'
“¢toup. art .pparoutly not. -urrlclont to .ltor
lolgutrte.ntly the .dbohtvo interaction,

PhOaph.ttdyl serine u.o used to provtdo informa-

- tdon on the -'grccatton of spherules with a oonoldor-"
able n...ttvo oh.rco. Pbo-pb.ttdyl .ortao was ‘
" chosen because it boor- un extra no.ttivo char'o at
physiological pn. due to. tta c.rhoxyl group. It was
chosen in pr‘foronoo to pho-pb-ttdyl ochanolautno
<(copbq1§-) as thp{ch.r.q_bobavtour of this latter
2§oupoim¢ v-rtg; oou.tdofnbly-vlth econditiones of
'prorifntlon and storage. Measurements indicate
thai-pbo-ph.tldyl sorine dispersions have a zeta
potential (potential at the plane of shear) of sewe
«60 milldvolts (Bangham and Papahadjopoulos, 1966),
The birefringence studies, as discussed barlior.
indicated that the lamellae were charged,

The values measured for the collision efficlency
are given in Table ¥ ‘ Because of the assumption,
_4n the treatment of the cellision effieciency,
that the particles are uncharged there are obvious
difficulties in the interpretation of these resulte,

However, to use the collision effieciency as an

approximate/
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approximate gulide to the aggregation and adhesion
of the particles, the resulte of Table V illustrate
the typleal behaviour of a suspension of negatively
chtrioa'p.rtl;los (eoe ;arltor diseussion on leeithin).
Im ;htl 6-... there is no evidence for a reversal of
eharge as with the lecithin spherules and higher
coneentrations of any don nro'r;qu;rod to effect
floeculation of the spherules. Thus, detectable
ltlt‘..t&bn firet .pﬁ‘nr- in xof3u NaCl and tnllo-’
™ c.cxi.uvbtoh' is to b; expeocted ffo- cdleulatton.v
ualn. the rordhla civon for tbo docr.-oo Of potonttnl
Uttb distance fro- a obsr.od surfhoo. These show
thni ir tho diffuse double lnyor-lround the ‘
“‘vhoaphottdyl serine spherules is trontod as a flat
doublo lnybr (which ie qntto reasonable tor sueh
large particles) the potontl.l will P.'. dpcronood
oxpon;ntlnlly~to zero over a distance of the order of
508 4n 10™%M NaCl (Verwey and Overbeek 1948), thus
allowing an adhesion in the secondary winiwum (qoo
!immuo:i). The fact that a fast aggregation
occurs trdnllo.’ﬁ Cléi’ te in 1line with results op

monolayers of phosphatidyl -or(n§ vbtch’tnﬂtc.tod'

that there was a 131 blnding,of ealcium ions to

'yho-phattdyx serine no%oculoa at -hout 10 3" caleium

in/
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in the presence of 0+145 M KC1/Tris~Cl (Bangham and
!‘apoh.djoﬁoul-o. 1966).

The problewm of .pplyiﬁc the treatment for
uncharged particles to such spherules with a
relatively ht.ﬁ surface potential is mlved by these
two latter oou-tdointtonu. The values of collision
officiency weasured in highest concentrations of
cations, where the potential falls rapidly to zmero,
oan be ured in the theoretical treatwent outlined
above, as there is alwost certainly no significant
ol‘dtro;t.tlo force of repulsion at these concentra-
tions (Verwey and Overbeek, 1948), The results of
Pangham and Papahadjopoules (1966) on the binding
of caleium ione to phosphatidyl serine (see above)
aleo indicate that bW¥ concentrations of the order
ld‘al caleium the charge in the spherules might be
expected to be neutralised by bound onloftui‘ton'-.*~

In a i‘ivlfioon o(’th. rpaulto‘ror'pbo.phntldylV
cholln;i;nd pho.pb-tidil.oorihc the structure of
the polar ﬁ;od group and iho eurface poﬁoattnl are
the two key p.fn-otcr-. The polar -ototy of the
two compounde differ in the group whieb it beund
by an ester linkage to the pﬁo.pﬁnt."r.up. As
their names indicate in phoesphatidyl choline the

group/




60,

group is the guaternary awmmoniuw baio. choline,

with a -truoturoA(CH’),.;CﬂzcﬂzOﬁ and in phospha«-
tidyl serine it ie the i-t36 -old,...rlno; HOCH, v
NW,s CH,CO0H, The phosphatidyl. choline head group
thus consists of the strong base choline and the '
uodor-toty,ot}onc acid, phosphorie acid, These are
toutuod'.v.r a wide pH range nnd thus the boad group
is a switterion. 'lictaéblootr.phoroot-.(B.nchq-
_and Mbou'l939) ‘shows that m-;mnum.‘._.r1 this
compound are isoeelectric over a vide pH range.
Hanai, Maydon and Tayiof (1965) have argued that
such a result leads to the conclusion that the
oholtuoland phosphate .roup.,Q:Q*oo-plan.g in a
plane perpendicular §o the fatty uotd.ohaina of

the molocule i.,e. in the plane of surface of the
particles (ree also Vethica 1965)., Shak and
échulnhi (1967) tutorproi thelr results from lecithin
wonolayers on the basis of the head groups being

in the extended configuration with the quaternary
ammonium ion cleser to the plane of shear than the
phosphate group., The sort of results presented
h.fo which indicate that the surface potential is
‘low or mere are also in favour of the co-planar
ionftgyr‘ttou rather than the latter configuration

in/
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4n whick the surface pdtpnt;.; vouldlbo Q:pootcd'“
to be some 40wV positive, ‘Mom.' the high
resolution prefon magnetic resonance spectra of
dispersione of egg yoli leocithin show a very Q.rkod
peak for the protons of the choline group N(cns),,
;Gh‘p-'a .nﬁ_'nllnoh.ul3‘§j'ibteh would suggest a
" guneldereble amsunt of wivenstt for Shls groups
On the other hand, xét-y studies on L-Ieglyceryl
phosphorylcholine cadwium chloride trihyuénto o?oi
Shit 85 She oryetalifhe stute She cheiine Sestdus’is
in the ‘gauche' conformation rather than the extended
form (Sundarabingaw 1968), which would tend to hinder
froe rotation. L

Sueh considerations lead to a re-interpretation
of the results of the aggregations for lecithin
sphorules, Ir ﬁho head .r.up‘t- in the cowplanar V
configuration the surfave potential would be
'cxpidiod to be mere (100'.bov0) and the rovﬁin.l of
charge phenowenon observed with dtvulont'-..ttpn-
roflects the binding of caleium ions, pro-u-abiy to
the phbthito group. If the spherules have no
charge, there should e no diffuse 1.}.:- of dons
round the spherules and the results should reflect
changes in the stern layer (the layer of ions

adsorbed/
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_adeorhed at the surface) and not cb.qgoi'ln thlokdon.
of the diffuse layer., lowever, the results for
~nono§ulout cations, which show that a concentration
of 10’“" NaCl is required for aggregation to oeccur,
would oﬁggost that there to some charge on the
spherules and tho’@pcrioso of the flooqul.tlon:oon-
\cdntvttth vtth‘tipr'-oiuc valency ;r the §ntto§
-uccgatu that the nit charge is negative, Siwmilar
roiulto vdrv.obiatnod by Thomas (1962). Tbl-.t-
womewhat difficult to reeoneile with the standard
representation of the head group. It ie possible
that the results reflect contaminants in too small
& concentration to be detected by T.L.C., for
oz.np}o, pﬁo-ph-ttdte acid, The results, hovov-r;
clinrly demonstrate that phosphatidyl choline binds
divalent cations, in particular calecium, quite
strongly, confirming the results of Shah and “chulwan
(1967 a & b). Presumably the calciuw ie bound to
the phosphate group but the nature of the specifie
mechanism for this binding is not yet eclear, The
poaatbtltty‘or oh-n'o;.tn-tho conformation of the
dipolar head group cannot be ruled 6nt .ﬁd}lt is
possible that binding of ecations way favour a

parttﬁujur conformation and stabilize it. As

temperature/
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temperature seems to have no ét!ntftc-nt effect on

the aggregations, it prp-u.nbly_dqp- not -tcntfto.nt;y
alter the head group ndhfbr-.tto;;' : '

Phosphatidyl serine on the othorqhind 2,- a

negative surface potential, which is a'ckﬁioquonoi,

of the aeidic p‘rtno group, This baa -u amino group
with a pKa otAnbouf 9 qnd‘-'éarﬁoiyl group w(th'a

pRa of about 2, fhin at physiological pH it has an
oxfr- negative charge compared to lecithin. Spherules
of thllvéﬁtﬁUuﬂd will therefore be expected to bav;

a diffuse double layer about thew and‘tncioactqt
fonie strength should not only result in tnci§-oodvf
v.daorpttpn of oouneorQQQno in a stern layer but'nloo

a decrease of the diffuse double layer thickness.

Both of Oﬁooo effects will contribute to a wiminution
of the force of oioocroat.tlo ripulctou. The
results dewonstrate the latter effect and a comparison
of the minimum concentration of wonovalent and
divalent cations required to produce aggregation,
namely 107°M NaCl and 10™7M CaCl,, show that they

are in the wvasto (10031) which is $o be expected if
tho'offbol is primarily oh the thickness of the
diffuse double 1.7§r (Xruyt 1952), The inereased
rate of aggregation, as reflected 16 an increased

value/
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value of th; collision efficiency, vttﬁ a further
ineorease tn‘tho‘tonto;ltrcugth may albpzroault,tro-
op;htftc adporption of on‘toua in the stern layer,
: vhioh is to be expected from the results of.B.ngb.-
~ and Papahadjopoulos (1966) which suggested that
avove 1077 N CaCl,, Shére Ao s change in the binding
complex, 3ivi-¢ a higher o.loin- ce,phoipb.ttdyl
serine ratio, Ubfbrfuu.toly the results, in tht--
case, .11-. no test of binding in tbo:otdrn layor%--
no ch-rco.r'vornnl was éb-ory.d in the concentration
range Iood nithoush stern bgndtnc certainly occurs.
‘Tb. resulte oﬁt-inid agreed with those if Abramson,
Xatzwan aﬁd Gregor (1964), :
Tﬁo"tvo eo-pouhdl thus show binding of .atlone;
| probably to the phosphate group in the case of
loclthli.'nhtlo in pbo-phntidylinortuo b;th"tbo.f '
phosphate and the carboxyl group are available for
the hﬂndinglot catione, Iu.both'o.ibn.vgtvnlout
cations are bound more -troa.iy than monovalent
.ﬁttona and lecithin shows a cfoator affinity, as
shown by reversal of charge concentration and
oollisdon erficiency, for ihlolu- tonie ‘h.n for the
other divalent eations,used. The order of this
. dneveasing/
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inereasing affinity Mgi:€riBaiCa is different from
that obtained by Pungenberg de Jong (Krpyt 1949), =
SyriBiMgiCa, but it seems likely that not very pure
samples of egg lecithin were used in this latﬁor
study, The dtrrorohoon 1u'tbo values of the
golliision erficiency which iro uroed to adduce the
_dtffbrouooo in affinity are small but they are.
JOOIhtotoat dtrroronooo. The results obtained for
the two co-uou-d- do not allow the o.lculntlon of
binding constants for the nttonu a 4only useful
for gualitative comparisons,

toho of the main purposes otutgtofncudy was to
attompt a measurement ot'tho London~ﬂ...hof qoast-nt
cpljtho adhesive energy of these phospholipid
-.pﬁognloo.f The ih.ori behind the weasurement has
beon outlined in the 'litortal and Nothodo' section,
As was discussed at tbo-bccinatac of this section,
ﬁi. theory rbr'ovilunttuc the Lendon-Hawmaker
constant from a measured value of the collision
;.‘ft.‘..‘7. l- based on a number of .u'u-ptton-
© whieh' nr- do-ouotr-bly rooabaablo “in the case of
lecithin, The Load.n-ﬂ.q.kor con-t.nt. A, (see
;.qﬁdtttno 4, 5 and 6) 45 a eb.roitoiiatib.pag.uopor
of the tueorphtton of agglomerations of -oliou;ca

'(Krurﬁl .
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v(truyi 1952), Thus Les value in the interactions
nn&or different iouto conditions should be constant
assuming thqf the ionic oonoontrgttono do not
‘affeet &, The different values obtained for the
ﬁoolitston efficiency rot!oot a change in the total
lntor.ottou- onorcy vbieh is the sum of the London :
..‘trnotivo energy nnd tho cuorcy of olootrOQtnttI
repulsion, the latter changing with the tenie
_econditions but uot §ho former. As outlined earlier,
one of tﬁo ma jor assumptions of this thqoryg is

that there i+ no significant force of electrostatie
. repulsion, This .o.u.pt{on ie ron-oulbio in the case
'of-ldcttﬁln-npborul;c vhtob have at most a_very low
~'¢lrflti Chnt.o.' Thu- it was decided to cnlculnto
the loudon—nu-nkor oon-tnut from the oolllczon |
;Q!ftotondy'obtutnod for t.gmoc.ttou under . tho most
“!lvu-rublo .ondittonon Tboao wvere tho htghooc
'mmt_tnuu of monovalent cations and the htghoit
.;aiilit‘tloi ot’dtviloui‘o.tioa cch‘qvod bofb;i‘.
.chct;o rovoraul; Thi l‘teor v.o'chbaon.'ua-oly
10'3l caleium chloride as tﬁla is probably somewhere
noar the zero point of charge of the espherules and
most elosely fulfils the above assumption. The
value calculated from the resulte at 20°C for

lecithin/
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lecithin and phesphatidyl serine is given in Table -
VIL « . Wmlues bawed sn the experiments in 10™M
c.lclu- ohlorldc at 2°C and 37°C are also dieted in
Thblo SEI » A value of 2-8:1015-00/000 was used
for the dispersion frequency (se¢e below),

These values for the bondoq-lhh‘kor constant can
be. Sempared with . thens Jortvod from theoretical
ealoculations and by othor'oiporigonﬁai,-.thodp. It
if ponaiblj to derive a value for the constant, B,
!Sr the inior.oitbn of two isclated wolecules which
is given ‘7 ‘ ' _
J el A% ke
(u-.xm-nucﬁn 1961) where the onrnrcy 61‘ ncu-uuén."
is given by " vltb hvi, tho tonta.tton potoutt.l
-(vt is Oho tt.qnoncy of vlhr.tton of the dtaporotoa ,"
electron) .ad X o Cho pcln-tnbutty of the -oloculu.-e
G othor wethods fbr oo-puttnc By, from tbo cpttoal
constants of eho -oloculo. due to a uu-bor orvauthoro
are c‘v‘u in Moolvyn-"ugho- 1961), They roqntr' @
_knowlodgo of the rofr-ottv0+tudo: over a. v.aco of
v.v.!angtb-. The value of A ean be derived from
.qu.t!.on LQ) by uoaﬁ of tho oxpusalon (Kuyt 1952),

2 -
&0 1" B . 10
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where q i# the number of atow per 0-3. This
expression ‘a based on the ,samption that the
foreces between molecules are strictly additive,
wvhich wmay not be true for the passage of the foree
through a dense -idtnig ‘1Afshits and coeworkers
(Lifehits 1956, Landau and Lifshits 1960,
Dmyaloshinskii, Lifshitz and Pitaevskii 1960) have
dov,lovod a theory of the molecular attractive
forees -‘...... solid bodies in & 1iguid wedium based
on the tdo. or a tluot-nttn. electromagnetic field,
The oxproanton for the lttrnGttVo force which 1is
‘dirlv" from the Iaguoll stress tensioN is glvcn-th‘
ior-b'ifitho -.Qrooiopto dielectric constants and
dloloottlo loss tao'or ot the tntor.ctlng wmateriale,
In tcrn- of tbo Quor'y of attraction between two
-cpl-tnginlﬁozl..icn-.qf_-.tortnl"l"oop.rptod by a

aﬁ-llnplua.f u‘p..05 of nodtun "a", the expression

is :
© E) QLC.ED
rgﬁ'r'lj [e’E.LL‘.'(, *Q'_(u‘ ).]dg 1)
where 1 L . l = Planck's constant and 2 .(UG,)

and £2(1%) are the dielectrie permeabilities of

the -.dtl ov-xuatod on Oho t-..fnnty ax is in the

a-pxux tboquoncy u)auo. (Rnunctnu -nd Ninham 1969).
ucuom/ A
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Althoﬁ.h §ht- latter wmethod overcomes the
diffieulties of the pairwiee cu-ﬁ-tton -ofﬁod and
allows for the medium tntorvoutnc hhtwoon the two
interacting bodlo-. it requires a knovlod.o of tbo
dieleectric d.t. over a vtdo rroqaoncy range, exocept
for interactions at large distances ( 71000‘) vhere
the static dielectric constant can be used, As the
interactions under consideration are probably
considerably less th.n thla (...1002. see below),
it .tlbt sreem that tho Ltfuhlts theory is of no more
Q-Q th.n tho Loadon-l.-.kor oquattoaoﬂ no-ov.r. '
Parsegian and Ninhew (196,) have c.lenl.tod a
theoretical eonstant for the force im thin lipid
'_fllno -nibs'q.t. for hydreearbon filws, with a
..-!ib.r~ofanu-ﬁqpttono“yhiob simplify the caleulation
of expression 11. The iniuo}'qr the LondoneHamaker 3
@onstant A, they calculate is 4¢3 to 5ok x 10" erge.
Haydon and Taylor (1968) derived a value of A

of 546 x lo =14

ergs from the contact angles for thin
filus of glycerol wonoseleate in n-decane, Other
ltptd-’bayo been -eudtod.vih particular arachidie
acldssols (Ottewill and Vilkine 1962) which gave a
value of 6 1-10*150713. Although no other values are
avallable for phospheliplds (aoolhouov.r, Haydon
1967), it 1¢ not unreasonable to compare the vnlﬁoa
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caleulated from the eollision efficiency with the
" values 18a86d above.

The values of A given in T-bl‘iﬁi, were cal-
culated using a value of the characteristic wave-
length of 1.06 x 16'7-, based on the vibration
fregquency of 2°8 x 1013 cycles/see, given by
Parsegian and Ntnbén (1969) for ethane, Ottewill
and Wilkine (1962) give a value of 2+73 x 1023 cyeles
per seeond for stearic aeid, This 1is not too serious
an assumption as the effect of retardation is prob;bly
small for these -gérogattdu- (see below)., The values
obtained for both lecithin and phosphatidyl serine
are in th§ range 0+9 « 2.5 x‘10°1kor¢-. This 1is
within the fnnco of values which have been obtainod
for other lipids (see above) and the values are thus
coneistent with other theoretical and experimental
determinations,

Prom the values of the lLondone~Hamaker constant,
the energy of the attraction was calgeulated. To do
this, a knowlodge of the separation of the adhering

particles ie required, In the Introduction, it was

pointed out that on the Derjaguin, lLandau, Verwey,
Overbeek theory of colloid stability, particles may

adhere in the so=called primary or secondary winiwmum,

The/
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The firet is characterized by strong adhesions which

are not readily ree-dispersed and the latter by weak,
re=dispersable adhesions, The aggregates forwed in
10.‘l divalent cations and in 1o"u monovalent cations
weore readily re-dispersed ucehintc.lly and these
probably represent adhesions in the secondary wminimum,
However, at 10™°M divalent eations (10™'M Ca

for phosphatidyl serine) and 10™'M wonovalent cations
veory stable aggregates were forwed, These were the
ocaointr.ttona for which the London-Hamaker constant
was galeculated and the energy of .ttf.otlon has also
been ealeculated for this value, assuwsing that the
adhesions are in the primary minimuwm with a separation
of 52 s It i+ theoretically possible to calculate the
energy of adhesion in the secondary oinisum but this
requires wore certain knowledge of the distance of
separation, which can vary over the range 100-3002,
and aleo iﬁvolv.. computational probli.. (Curtis and
n.chtn. in press). With a separation of 52, the re-
Cgrdattoa correction is negligible, as this separation
is very small compared to the Lendon wavelength 1033.
The energy can thus be calculated frow the expression
for the attractive energy between two equal spheres

 of radius at a winisum separation H, (Kruyt, 1952)
As

Vatt = = 128

The/
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The wvalues for the energy an .inn g- Table Vlil .
They eover the range 0975 - 18 x loii‘oi'-. whieh
ean be alternatively oxprba-od in terwms of KT aﬁd
they are of the order of 200KT. This is greatly in
excess of the energy ioqutrod for stable adhesions
to socur, If these values for the London constant
are u-o@ to nppro:tn.to'. value for tho energy of
adhesion in a secondary winimum with a separation of
about 100%, value of the order of 20KT is obtained
which, although not a strong adhesion, confirms that
| particles éf‘thto size can adhere in a secondary
winipun situation, (ef “ehenkel lnd»Kitthnor 19‘0)0

The aggregations have been deseribed gualite
atively, a full gquantitative account of them would
roequire a full deseription of the surface charge
piopcrttoo 80 n-:to t.ko into account the repulsive

eneorgy teorwms, However, quantitative .--.---uto of

the energy were made at ooaeontrnttont where this term

should bhe sufficiently small so that it can be safely

Ccnornd. This condition is true probably eonly in
10"! Ca Olé for the ecare of phesphatidyl serine, and

the stable aggregates formed are possibly a result eof
adsorption of 4ons in a stern layer., Othor factors
which have been ignored in this account of the . -

agaregation/
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' j.prhgntton'idc adhesion of pboopbollptd ophovulitf:
are the effect of the toht@ head groups in structuring
the boundary layer of water in the form of "soft ice"
(nurjicutu. 1964) and pessible otuilo ottbqii

(Uhvpdf 1967) and Born repulsions (Kruyt 1952).

The forwer possiblility has been exawined by Johnson et al
{(1966) whe coneluded that deviations frow the DLVO
fhoiry in tﬁo floqoul.ttoﬁ of polyvinyl acetate sols
eould be explained by structuring of water next to

. the partigles providing an additional repulsive
potential, Sterie factores resulting from large head
groups at the surface of particles give an additional
entropie repulsion terw, It is very difficult te

- wmake allowances for otthéf of these terus, and again
4% is probable that their contribution to this system
is no“urbit as no significant deviations were
-observed whioh would Fequire their invecation,

The fth.l qﬂéntton to be asked is whether these
results ean be applied to cells, The behaviour of
Gells has been primarily studied by weans of model
systems l‘llgqtnc tissue oculture methods (Vedss, P.194F
. ABererombie and Weaysman 1933, 1954, Steinberg 1963,
-Roth and Weston 1967). Model systews have con-
tributed considerably to our knowledge of cell
behaviour and from the very nature of cbo 1l6tn¢

oxganisn/
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erganism are a necesrity rather than a eonvenience.
However, when we consider the resulds of model
fayuiign. ve dro«ii.‘ntyp'ro-ovoﬂvfro- the living
organism and Ghoﬂfér. the results mét b;hntod
wuith olé.uu-poctlon.. In this study, caution is very
definitely "the password of the day" as it woves one
step further and uses a model of the cell itself,
Nowever, as was seen in the 'Introduoﬁtou’.
phospholipld spherules are thought to be formed of
struetures which are similar to the wewmbranes of
cells, Although these obviously "fall far short of
the real thing" (Banghaw 1968), the hope is that
parameters weasured on such a system can be appltod
to the cell wembrane., As the primary site of cell
contaet reactions is the membrane, it is further
hoped that the parameters way be useful in an analysis
5: ecoll oontibt behaviour, ;n particular adhecion,
The weasurements of the London=Hamaker constant,
Ay, are of tntoroit with respeet to cells, As this
London foree is approximately additive, the terws tbr
the phosholipid constitute only one eontribution to
the total term, Put they preobably constitute the
major eontribution as the bulk of the periphery of

the/
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the eell tﬁ pﬁo-phoitptd and the London<Hamaker
egonsrtantes might be oxp.‘tod to be qpup-r-blo. The
contyribution of othai componentes tav.uyv-y very
difficult to gu..m.c. (but see Vold, 1961),
Measurements have been wade of the Londeon<Hamaker
constant for various cell types., Wilkins, Ottewill
and Bangham (1962b) using Puchs® téo.t.ont derived a
value for A for sheep leucceytes of 1.6 x 10~ ‘erge,
Curtie (1969) using the technique detailed here
derived values for a number of cell types in the
range lb‘lh - 10.‘,0r'o. The values measured for
both phespholipid are thus very similar, not emly te
one another, but also to the value measured for cells,
I¢ is thus possible that the phosphelipid is of
prt-nry fwportance in the adhesion of cells, The

- faet tb-t both phoopboltptdt h.vo edmilar v-luo-.
would indieate that any alteration in the type of
phoc’holtﬁid constituting the membrane will h.vy
1dttle effect on the attractive tut;r-ottoa. nlthdu'b '
significant proportloao of charged phosphelipide -y
result in oon-ldor-blo surface potentials and hence
an increase in the energy of olootrOQOQtto repul sion
{ Bangham,1968), quite apart frow the action of other
eharged groups on the surface of the wembrane,

The/
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Tb.‘¢llcu1.tiou;”of ihdf.;‘;'y of adhesion are
also piocgtiy dybltpublq to celle as ti; spherules
are of . 31-11¢r eize éinco to cells (9 suspension,
‘The values for the adhesion in the primary winiwum,
in .ﬁo.a. of 100KT,. indicate ‘h-t tbo;b .id,v‘ry
i!iblo adheslions and are oo-yqr.blo to thoio cares
Ub;rn cells are thought to adhere im the primary
- windimum, for oxnnblo -hooﬁ loucocytes (Wilkins,
Ottewill and Panghaw 1962), ehiek meural retina eells
and various tissue culture lines (Curtis 1969). Such
& value for the London constant would also allow
adhesion of cells in a secondary winiouw (Curtis,
1966, Brooks et al, 1967) with an energy of the order
of 20KT on the theory of cell sdbeston dus. s Cursis
(1966). Thus the phospbolipide of the plaswalewwa way
be a key p.rn.otor.tn determining the attractive
foree botween cells,

The action of the different lons, although the
ovidence is romewhat temuous, is also of 1ngorobt .
The greater efficacy of ealeium lons in pfonottuc
aggregation and their presumed binding by phosphelipids
is of partioular interest, inotu- fons have long
been econsidered of key importance in cell adhesion
(toinberg 1958, Banghaw and Fethiea 1960, Curtis 1962)
although/
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although the clatme of potassium have been advanesd
- (Rapraport and Hovlo 1966) . Armbor ‘of '"..t-udto.' have
boo- oade on tho ability of othor dlvtlout on'toua
to substitute for ealelum in .dhontou. The results
ottataod vary with tho coll type nltbou.h calcium
15 the wost .ouor.lly otfbottv- ion (see Table in
Armstrong and Jones 1968), the most -uuumc
o:.ooltou being the sheop poly-orphounezour lonoocyto
. n'htcb is: -ost ro-ponctvo to n.riu- (Vilkines ot al
; : ., ,19‘31)0 It has boou .onorllly caau-od that the oalotu-
‘ ; blud- to C.rbbtyl groups on the cell ‘surface, altbouch
tho earboxyl groups vhtoh have been measured do not
bind ealeium very .atnjongly (ple = 145, Sulop and
Martell 19‘5) and it has ﬁoca prOpcsid that binding
alse involves co=ordination with .ubatttutod amino
groups as in cheluting agents (Armstrong and Jones
1968), Hovoﬁur. Shose is Do dvidencs for sueh a
weochanism, mqo results and those of Bangham and
Pqu.hil}ppotlb. (1966) on tpn'btndlng of caleium to
thlph.’tdyl iorth,:vhtih‘lqn ﬁiﬂbtldo_nOri strongly
than wagnesium, way tudieate Shat Sbe Blbding by
pho.phollvldi of q.ldtu---ay be of;grodtor importance
in. a atudy of cell adhesion thnn bas been previously
Shought. ' '
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Lece speculatively the binding of calecium by
phospholiplids has relevance to its effect on the action
potential of nerve cells (Katz 1966), on the pere
weability of wodel membranes (Banghaw 1968) and en
the junctional uncoupling of cell mewmbranes
{(loewenstein 1966),
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