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. monola.'yer capable of reaching low v.

‘ saturated and saturated 1ec1th1ns were capable of ach1ev1ng
,near zero Yy as long as- they were compressed below the1r

. ..respect1ve bulk phase tran51t10q=etemperatures (tc) When .

.monolayers were fdtmed at 37°C u51n; mlxtures of d1pa1m1toy1'l‘."

phosphatldylchollne (DPPC) and other '1ower melting 1ec1th1ns” .

(1) the relatlve amounts of the two components’ (2) the tC of : o

) the lower melting 1ec1th1n and (3) the rate at which the

' d1pa1m1t0y1 phosphatldyl ethanolamlne [DPPE) and 1t5 methyl-

,
Qi
1y -

ii . .
. ABSTRACT . ,; R
D . Surface propertles of various phosphollplds and-‘

thelr s1mp1e mlxtures have been studied to 1nvest1gate the

' requ1rements of lipid phase in lung surfactant .\ ser‘les

~

of saturated and unsaturated 1ec1th1ns ‘have been examlned ‘

‘ u51ng a modlfled W11helmy surface balance for their ab111ty

i .{‘ ,

to reach low surface tensmn (Y) Both monolayers of un-- '

tzhe ab111ty tg reach low surface tension was dependent on:

’monolayer was compressed It has been suggested that . o PR

compression of blnary \monolayers may result in a "squeeze- P B

/e ¥
b

" out" of the more f1u1d lecithin produc1ng a DPPC- enrlched foE b

/
,/"

7

Surface ten51on area 1sotherms of monolayers of

ated analogues, N-methyl dlpalmltoyl phosphatldylethanolamlne :
(N- me DPPE) and N, N d1methy1 dipalmitoyl phosphatldyl-

ethanolamlne (N N—dlme DPPE) have ‘been examlned The m1n1mum )

-

'surface tensions achieved were YDPPC < YN, N- d1rneDP1;E < YN MeDPPE <

. .Y Monolayer mlxtures of DPPE and DPPC showéd that lower
DPPE . . .
- ‘ - S . 7/
/
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'3 °+  INTRODUCTION

- The mammalian lung is an intricate network of air-

ueysileeding from the tfachea through the bronchi reaching

to the terminal air exchange vessels, the alveoli. " The

_alveolus, the Latin word for "little hollow", is a cupJShaped

_an area of 70-80 m

structure measuring from 0.2 to 0.3.mm in diameter deoending

.ok o ‘ D ‘ _
on ‘the degree.of inflation. . In'the mature human lung there
are approximately 3 x 108 alveoli whosge surface would cover

z (for general discussion see Avery et al.,

”;1973)' <BEach of these alveoli 1s surrounded by a complex vas-~

Ny

culature to enable efficient respiratory’ gas exchange.

t

-A newborn infant has one-tenth the number of alveolf.

>

as an adult and each alveoli is one-half the sizé of a mature

' structure (Avery et al., 1973). Because a newborn infant,

has smaller airways and has to overcome an initial surface

tension resistance of a fluid filled .lung, the first breath

may have to overcome some 80 cm water pressure, about 10 times

the pressure needed for breathing.once the lung is fully

- aerated. The problem of overcoming high eurface tengion is.

" alleviated in the mature lung by the presence of a surface

results: in the comdition known as Respiratory Distress

actlve material called pulmonary surfactant at the air-
alveolar.lnterface. In some premature 1nfants espe31aff9

those who are,born after only three-quarters of .the normal

gestat&on period, a deficiency of pulmonary surfactant

Syndrome..(RDS) or Hydraline Membrane Disease. (HMD)



-

L3

(Avery and Mead, 1959).

¢

The presence of surfactant was proposed as eérly__/

as 1929 yhen a German scientisf, von Neergaard (1929)

compared pressure-volume relationships of exised lungs

filled with air and with-isotonic gum arabic., The gum arabic

solution eliminated the air-alveolar interface, so that re-
tractive forces were due only to tissue elasticity.‘ There
was however a large retractive force seen in the air-filled

lung when the air-alveolus interface’ was Ieft intact. He

.'intrepreted his results to mean that the lung must contain

another component besidés tissue elasticity to provide

pulmonary retractive forces. He calculated that.this com-.

ponent imparts between two-thirds and three-quarters of the

total retréctive force., This;component was suggested to be

P

due to the surface tension in the lung. Material which
can accomplish such a reduction in surface tension is now

known to be present at the air-alveolar interface and is

3 . .
called pulmonary or lung surfactant.

o

A simple model .

LN - ~

N
0

The interconnecting alveolae of the pulmoﬂary
system have been d&scribed by simple model which involves

the union.of two bubbles as shown in Fig. 1. The alyéoli

in the lung at any given time are not all, -~ the samesize;

§9mé are completély open while others are simultaneously

closed. The pressﬁre across any -such bubble may be described

s SSERS

by the %quation of LaPlace:

B L R PN e T s SehatE I B e T T
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e,
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Simple model of interconnected bubbles to describe -

. the al#eoiar:sysfem. The colldpsing pressure is

'P_ZY

= 2 ‘where Y = the surface tension and r = the
v oL (,r,r . ™~
radius. If r, becomes very small so must Y3 or -

the increase in pressure will tend to collapse the -

.smaller bubble into the ldTrger one. Lung

'.surfagtaﬁt has the ability to reduce surface

i

tension with a decrease in surface area (or r in
\ . . . .
the case of a bubble) and stabilize the system.
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and r = bubble radius. If one considers. the model in Fig.'‘l

where P = transbuuble pressure, Y = surface tenssion (mN-m

and Y., 1s constant for both bubbles, it is clear that the
pressure across 2z would be greater than that across 1 SO that
1 would collapse 1nto 2 If the surface tension was the same
:1n all ‘the alve011 in- the lung the smaller alveoli would
51ma1ar1y collapse into larger areas. Eventually there.

:would be . areas of the lung with very little gas exchange 50

' f}//;at overall resp1rat1on would be less eff1c1ent If how--

‘ever the surface.tension decreased as the size of the bubble
Y dimlpished; the pressuresacross,the small bubble, .according
to the LaPlace equation, couldxdecrease. If the pfessurp is

the same in both bubbles‘then no collapse widll occur; and.\

" thte systeém remalns stable. The substance called pulmonary

surfactant when placed at- the air-water 1nterface is- capable

of varying tne surface tension‘as the surface area is changed.
It has been suggestdd“that this model of inter-

connected bubbles may be too simple and that'a system of °

structures- associated by adJacent septa m1ght be a more:

appropriate ‘model. This type;of model as descr1bed by

' Hildebrandt (1978) maintains ﬁhat the surface area of the

| ‘
alveolus decreases anisotropically, or without any decrease
in perlmeter ~Figure 2, redrdwn from (Hildebrandt 1978),

pictures each 1nd1v1du 1 alvedlus hexagonally (a) and upon

corfgpse (b) it becomes elongated to reduce surface area in
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Ahisqtrdpi; model déscfibes‘the alveolar system as-

one in which changes in surface area are brought

aBout without changing the perimeter of the

alveoli such as extending a hexagon.' System

‘'

allows- for the whole system of alveoli joined by

adjacent septa but doesn't allow for shortening -

and stretching of}alvédlar walls. (After Hildebrandt,

1978.) . 4 L S
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: ‘Figure 3. Possible alveolar model which employs character- -

istics of the bubble and anisotropic model.
Alveoli are joined by adjacent septa but are
‘ permitted to stretch,: shorten and fold.
;- \ oo . ;
{ ) L . . ‘e
: o
Iy .
BRI O : - -
o \
\\
@ {




e ol

I
C
.
-
'

. ;
- e -
N
S R . .
: 6a .
- - .
. ’ - :
- N - -~

”
' H
s
.. . . . L
. H
.. .
. : . '
° X3 . . *
s
. N .
a ) .
. . ce
. - o
. . 4
, . . . .
. . . ’
) a
. * -
o - . ot ,
, .
.
-, . o e :
s v e e wepgh ol e - , .
. k e R : N . =




B e —

LA

g

an "accordion" fashion. According to th s model, alveolar -
walls form pleats and folds without.shortening‘them. " The’
isotropic bubble model must allow for considerable elasticity

N S :
in the alveolar walls to permit large changes in surface

area and. hence lung volume. The anisotropic consideration :

-

however, contends ‘that changes in surface. tension are

‘effected by’ the folding of ‘the walls and exert no retractlve

forces. It is known however that. the lung, does exert a

_retractive force (von Neergaard, 1929) and is. ﬁhc111tated by
LN o
Xhe elast1c1ty of. the alveolar walls., | '

1 4
It may be the case however, that alveoli mlght be

moré reallstically represented by a compromise between the

”bubble" and the "accordion" model The hexagon in Fig. 3
may better represent the inter- relatlonship between
adJacent alve011 via a common septum. The model 1nvolv1ng

MA

1nteréonnect1ng bubbles however, accounts for the elasticity

: exemplifled by the mammallan lung. A possible plctorlal

representatlon of such a model is shown in Fig. 3.
This model is essentially the same as that shown

in Fig. 2 but the alveolar walls are shortened slightly upon,

" exhalation. In the deflated state though, one might expect

the alveolar walls to be folded and wrinkled as their o
resting length is surpassed.
Whichever model if any, represents a true - - - °

picture of the alveolar system, the ability to reach low

'<surface-ten51on and resist collapse upon deflation is

contingent on the efficiency of the surfactant system. -In

N
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 and other foams whlch seemed to dlssolve and d1sappear due . -
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.1ikely an oversimplification.’ .Even if the alveoli haue flat - .

PR

- .\ " - - ° o ' » ( - ) - » '
Fig. 3, as the walls come closer tdgether, the surface tension
must decrease to near zero values to resist .collapse and

allow re-expansion,
{ e - oo

- . s . - 3

The two-dimensional structure shown here is also

surfaces, they. probably have a large number of them and the

more approprlate model W111 probably be po;yhedral in nature :
The more faces in the polyhedron, the more it w111 approach

the shape of a sphere used in the 51mp1e, bubble model"
,.A brief history \\‘ ',.7'<_~'; ' L '[,“ ‘3

4 A significant'breakthrough”in the understanding.of ?'
respiratory mechanics came in 1955 when Pattle examined
tracheal foam fromrabbbtsw1th lung edema. . He was’ surprlsed

to notice the stab111t} of the bubbles wh1ch arose frem—the v
foam.. He attr1buted the stab1lity of the foam to the in- .
soluble surface layer 1ns1de the bubbles. These bubbles
rema1ned unchanged in size for periods. of up td 60 seconds

and were remarkably res1stant to antlfoamlng agents.ﬂ Their

re51stance was very'notlceablygreater ‘than that of serum’

to what he called "1nternal pressures“- Pattle considered | L

the- 1nsolub1e layer ‘on “the 1n51de of the fracheal foam to be

“ a k1nd of muc0prote1n. He .reasoned that‘the surface ten51on ) { e

‘to fill the alveoll W1th a transudate from the cap111ar1es"

o

of the lung bubbles was zero for "1f 1t were the same as

that of an ordlnary 11qu1d enough suction would beﬂexerted -:;,f'
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.. - He also realized that the_ability to reagexgow snrfaee
tension must be part of the design of‘the 1ung. To explain
?attle'§ findings one must again return to the LaPlace
equation. In the stable bubble,pressnres do not'increase

" to a.collapse point-because the surface tension decreases

o T e e e s v+

appropriately; ?nd likewise in bubbles formed from serum,
: [ .
the inner surface of the bubble is such that/;;>wili not
7 - sustain low surface'tension and collapse occures, -

. Clements (1957), u51ng a Langmu1r«W11helmy balance,

13 N ’ -

'7E:> . examlned the surface propertles of extracts of lungSofrom

cats,_rats and dogs (Rig. 4) The large loop represents.

3 \ ' - lung extracts analyzed using the Wllhelmy balance and the

‘narrow loop represents-measurement¥ of serum, The dashed

curve ;s eased'on recelculetion of lung Pressure-yinme‘

measurements by Brown (1957). The lung extracn data is

:v, .'- . cleériy'different from that of serum; as the surface a}eé is
: . ; . ‘

decreaggped the surface pension drops to about 10 mN-m™ 1 while

;\i ' o the serum achieved a minimum v .of-about 28 mN:mﬂl.P These -

Y

-feéﬁite.alEO showed thé; the;compreésion portion of each
‘curve isfmarkedly'differennlffom the relaxation portion,

. . Cleariy, the overaii.process is a‘reversible pnocess but
p0551b1y the mechanlsm of compre551on is different from that

' of felaﬁatlon. Recalculatlon of Brown S pressure volume ~.
data r (Brown, 1957) showed that the 1ung achieved a lower

‘ surfacegééﬁelon than the lung extract but'the slopés of the
curves ¢§neLpreSSure—volume date and surfaee tension.

data are similar during compression. The minimum surface

T T TR g ¢
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_tension achieved.and the overall shape of the curve are

similar for the PV data and lung extract but these.measures

were both different from serum. : ) .

w -

In -1959, Brown studied pulmonary pfeparations using

a variety of féchniques: i) blowing and aging of a bubble at

the end of a T-tube fitted with a force transducer; ii) a

modified-Lanémuir§Wiihe1my surface balance; and iii)

pressure-volume relationships of exised 1ungs; With

preparat1ons made from sl1ced lung to expose the inner

"\

. surfaces of whole lung extracts, nasal mucus, alveolar foam

and blood serum, . Brown found similar characteristics for

all materials taken from the lung. Under compression the

surface tension decreased to 10-15 mN n ! and on re-expans1on

’rose,to 40-50 mN.m 1.‘ Furthermore it was-foﬁnd that trypsin

destroyed some of the surface properties of lung extracts

i .

"indicating- that the effectlve mater1a1 was prote1nac1ous in

T4

nature. Two years later, Klaus et al,, (1961) combined
lyso-lecithin, sphingomyelin and dipalmitoyl‘ph05phatidyl-
choline to produce a surface tension-area diagram which’

closely resembled that of a whole lung extract. Both

reached a minimumisurface tension of 5-10 dynes cﬁflAdhd had -

remarkably similar hysteresis loops. This was one of the

: ;_/ﬁi{ft studies which directly compared a known mixture of

materials with lung suffactant in an attempt to characterize

the. re1at10nsh1p between its chem1ca1 compos1t1on and its .

P

surface properties.

: Brown (1964) fourd that surfactant was primarily .

a
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d1pa1m1toy1 lecithin. Much‘research has been done' to fully

characterlze the molecular nature of surfactant and a very l

/|l

thorough analysis was performed by K1ng et al., (1972 II) on a

purified fraction of canine surface active material. It was

:'found that this material contained 11-12% protein and 87-88%

1ipid and very small amounts of sugar and nucleic acids.

Of the 88% lipid, it was also found to contain 78%

phosphatidylcholine (PC) and 63% of the PC was disaturated

containinﬁ primarily palmitic acid Similar analyses have

'been obtalned by other researchers using - d1fferent prepar—"

atlons (eg., Toshima et al. 1972 Trauble et al., 1974)

Klng et al., (1973) 1solated a 34-35,000 dalton protein from .

_-pulmonary surfactant wh1ch const1tuted 85-90% of the tontal

surfactant protein, They .also found a 10-11,000 dalton.

protein with @ high percentage of hydrophobic residues and

"a great affinity for'phospholipids. It may be possible that

the shaller_proteia'is a breakdowh'fragment of -the 34,000
dalton protein{ It has been observed that this larger
surfactant protein»may be formed late in fetal developmeht.
(Gikas gt_gl.; 1977) which cofncldes with-the appearance of

disaturated lecithin and both may-be determining factors

'in'thL prevention of RDS.

It has been found that alveolar lung surfaetant .

is 1n1t1a11y produced 1n the Type II cells (Macklln, 1954)

et al , 1971). Tr1t1ated precorsors of lipid and/or prote1n

were: followed and demonstrated’a rap1d progression of T&le“

L

, and stored in the cells ‘in the form of lamellar bod1es (Askin-

. - '
n et e Wy s '
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Figure 5. Possible mechanism of'formdtionﬂ transport and- o
+ monelayer insertion of,lung surfactant, :Surfaétant E;EE;$:¢¢¢%.~'
L is made on Tough endoplasmic reticulum of type IT ° B :

pneumocytes, travels.through the golgi, packagéd

into lamellar bodies, extruded into the subphase

and inserted into a monolayer at the éir-water : o /
interface. (Adapted from Goerke,. 1974.) . o - -
&
o i
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- Figure 5, based upon those by Goerke (1974) and Ki‘ng (1972 111),

T

activity from the rough endoﬁlasniic reticulum to the golgi

apparétus and into thé extracellular space (bulk phase).

indic’ates current ideas about the formation aj1d movement of
surfactant to t'h'e,air.water interface. The surfaétant which

is -formed on the rough endoplasmic reticulum is packaged,

'pass‘es via the golgi "apparatus, is stored in laméliar bodies

',; and secreted into extracellular flui;‘d.'a To achieve low

_surface tension, the surfactant must be inserted into a

- monolayer at the air-water interface. The mechanism of .

insertion of the monolayer has not been resolved.
o . . ! .
© The surfactant system is‘af‘cbmp‘lex mixture of -

- protein and'phospholipids. The remainder of this di'scusis:'mn

K will ‘be concerned mainly with the physical properties of the-

phospholipids of surfactant and the ways in which the

behaviour of phospholipids at .the air-water interface is

tbulk phase dispersions to the monolayers as a functi
" temperature, They found that significant increases

amount of lipid in the monolayer only occur -above

inf.l'uenc‘ed by. their ther_mqti‘opic properties.

Solid pure 1ibid_s (Phillips and Hauser,‘19&74) and
lipid mixtures (Baﬂghamg& al.y 19793- \;'hen placed on a" saline
surface in a dr}; state Aép-re~ad only ';‘f the temperature !is
above the t. of ihé- hydrated ‘lip'id S0 thét'the lipid is
fluid. Gershfeld ot al., (1877, 1979) have studied t}jue' :

sprééding of dimyristoyl phosphatidylcholine (DMPC) ‘rom

on of

the hydrated 1lipid.
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, It has been’ estabhshed that d1pa1m1toy1 Ct

v

phosphatldylcholme (DPPC) is respon51b1e for the surface

tension 1ower1ng ability of lung surfactant (Clements, 1967)
Monolayer studles have showgl that when DPPC below its tes

is compressed in a monolayer to low areas per nIolec_ule, the
surface tension is lowered tc? almost 0 mN-m™L (eg. Watkins,

1968, Villalonga, 1968). As was previousl»)‘r discussed there

are many components present in 1ung surfactant (eg. King

‘et al., 1972'I: Trauble et al.; 1974): Although DPPC is -

"respon51b1e for reachlng 1ow surface tensmn,' it is- very.
“slow to form-a monolayer from bulk. phase at 37 C (eg, - o
- Tierney et al., 1965 King and Clements, 1972 III Bangham .

et al., 1979). It has beerr propos_ed to be the function ‘of

H

_the remaining,phosph;olipids and protein in iuug surfactant

to 'aid in the insertion of DPPC into a monolajfer

(eg. Goerke 1974 King et al. 1979' Clements, 1977)' It is

| further suggested -that the fluid 1ipid monolayer so formed

undergoes refinement to leave behind rigid 1ipid capable of
reachlng low surface ten51on (eg. Tierney et al., 1965,
Watkms, 1968; K1ng ,and Clements, 1972; Hildebran et al.,

1., 1979).

Phase and structure of phospholipids

Lung surfactant is.found in both bilayers and

~ZF

.monolayers and their inter-relationship is important isr.-

understanding lung function. Early.monolayer stud';es

) (ran Deenen et al., 1962; Standish et al., 1968) have been

- . N . .
I, . . s e e amn o e 3 e ke et ] ¢ B L el St e et e e gL Ry
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applied to the ellucidation of bilayer ‘structure blit.v the
converse has not been unlversally true. Since lung sur-
factant ex1sts as a bilayer arrangement in the cell
the study of its bilayer structure can lead to‘a
better understanding of its functional role”;iff_’this state.
- Phospholipids adopt a number of phases in an
aqueous - environment (eg., Luzzati ﬂ al., 1974), \There ate
-two main 'eategories‘ of these.;‘)hase_s. 'fhe first of these is -
a lamellat phase which 1nay consi'st'of; (15 plenar sheets of -
2 a one d1mens-1ona1 lattlce (2) 1ong r1bbons of f1n1te width
organlzed 1n a two dlmensmnal lattlce and (3) dlSCS of .
f1n1te W1dth organlzed in a three dlmensmnal 1att1ce Th'e
' second category con51sts of extended cylmders packed 1n .
hexagonal arrays which include Hexagonal I and Hexagonal IT
g T phases; Other phases, T and R consist -of finite-length rods
| ‘ joined ,thriee by three.or four by four forming a two
dinen‘siounal hexagonal structure stacked on a three dimensional
" lattice.. | |
| The most predomlnant phases found in b1010g1ca1

t

systems are the lamellar phases . - Unsaturated phosphatldyl-"
ethanolamlnes (PE's) can, however, ex1st in hexagonal II form
(Cullis, 1979). IW1th1n the 1ame11ar structure, there exist
two bi_ologically eignificant phases. - The gel phase . ’
‘represents -a phase .in which the intra mol‘ecﬂ.'lar movement of
the fatty acyl chains.is highly restricted, The liquid
cry‘stalline phase is characterized by a I_high.degr'ee of

" intra- and inter-molecular movement. A hydrated pure
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phospholipid undergoes a transition from a gel to a 11qu1d
crystal phase at a characterlstlc temp>erature called the

tran51t10n temperature, -(Chapman_, ¥975). Complex

mixtures of phOSphOllpldS have . transition temperatures

' .occurrlrlg ‘over a wide range of temperatures depending on the
nature of the mixture. Gel to liqﬁid crystal phase '

-‘trensitions have been demonstrated for aqueous disi:ersions'
of PC's, PE's; phosphatidic acids (PA's), phosphatidyl-

"~ glycerols (PG's), phosphatidylserines (PS's)

‘phospha_tidy,li'nositiols (PI's), cardiolipins, and

. sph1ngomye1 ins.

In most blo}bglcal systems, the majorlty of

- phosphat1dy1ch011nes have an unsaturated chain’ and ex1st as

" a fluid, liquid- crystalllne species at the temperature of

the organism. PC in lung surfactant has a h1gh proportion
ofl DPPC giving it an unusually rigid .character. DPPC has a

t. of 41°C, meaning that it would be in a rigid, gel phase

.at body temperature. It has been suggested that the high

b

proportion of DPPC is responsible for lung stability at end -

expiretion (Clements, 1967)

Some. of the flrst systematlc studles on the

thermotroplc properties of phOSphOllpld monolayers were

performed by Phllllpe. and Chapman (1968). They_ obtained |
pressﬁreearea ('m-A) cﬁrves of .wvarious saturatedv, single-
acid phosphatidyleholinee and phoephatidylethanolamines.at
vari‘eus temperatures. These experiments were done ueing a

modified Langmuir surface balance. They found ; Coe

e

Ld A ' Y
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that DPPC undergoes a transitien from a liquid expanded to
11qu1d condensed -phase’ at 22 C;. a similar transition was"

seen at 22°C for dlmyrlstoyl PE. .This transition was
suggested to be similar to a gel to 1'iquid cr;rsi:al tr'ans'ivtion
in bilayers. . It was noteworthy that the expanded-condensed
transition occurred in the two’ mo‘leE:ules‘with different
headgroups but was not seen in dlm;rrlstoyl PC which is
‘certalnly more similar to DPPC than the PE. The key to- thlS
obse‘rvat"ipn was the, 'relat'ionship betwesen the temperature of
the .isotherm to the transition tempe‘ratﬁre'of.fhe- lipids;

ThlS tran51t10n isa dlscontlnulty in the T7-A curve “which'
results in the plateau region of the 1sotherm. Ti\e poinf a'tl.
‘whlch the dlscontlnulty occurs changes with- temperature"as .
can be seen in Fig. 6. For example the ‘1sotherm of DPPC at
6..2°.C'is liq;id condensed (or solid) at zero surface pressure
while the isotherm at 29.5°C only became condensed at 40

"1 This was confirmed and extended in a recent

dyne.cm
study by Blume (1980) wﬁo showed fer these and other.1lipids

“that the monolayer phase transitidn from fluid condensed to -

.f1u1d expanded is shlfted to higher temperature as the .

pressure is 1ncreased .If ‘the temperature of a DPPC mono-

layer is ralsed above 1ts t ' films' camot sustain' 'hig}i
pressures (Trauble et al., 1974).

Watklns (1968) reported that using a compressron
rate of 0.3 cm2~sec 1,e temperat_ure of 25°%, th ere was‘a
* deflection in the c,omp_res‘sio.n curve of DPPC at a pressure

~- near 45 dyne cm'l; ‘this is at a higher pressure than that

-
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~noted %y Phillips and Chapman (1968), - This plateau;

according to Watkins denoted a 1055 of surface'material as a

~resu1t of over compre531on past 1ts limiting area. and

3

represents the collapse p01nt on the balance. ThlS is in

4 agreement with Gladston and Shah (1967) who described DPPC

as belng in a 5011d state above pressures of 40 dynes en” !

accompanled by a loss in surface active mater1a1 denoted by

" a reductlon in hystere51s area. Walklns also noted that

fﬂmN 'm

S
-are mobile there is ‘a reductlon of - the maximum surface

<

‘ DPPC under hlgh compre551on squeezed‘to a pressure of 71

?. DMPC on the other hand reached surface pressures of

:.’only 50 mN m-.at whlch p01nt the f11m collapsed ‘Slnce

-‘¢hese experlments were performed at 25 C DMPC was already

‘u:
b

past its tran51t10n temperature (t oa 239 ) T

} -,

- It 1s apparent that- above t when fatty'ac1d chains

'attalnable by compre551on.. In Iung surfactant there are

'surface ten51on. It has. been found that DPPC is capable of ;

- is past'41?G when the 11p1d is 1n‘a fluld, 11qu1d crystalllne‘

.:51gn1f1cant amounts. of unsaturated lipld& It has been

shown that unsaturated 1ec1th1ns have a tendency to broaden

and lower the transition temperature of DPPC (eg. Ph1111ps -

et al., 1970; Davrs et a1 1980) As a result‘surfactant

*at body temperature is in mixed fluid and r1g1d state.

}

Th1s raises the p0551b11;ty of there being some other

. funct10na1 role for the fluid 11p1ds rather than lowering

spreadlng from a bulk crystal placed on-'a clean surface.

Th1s however, may be accompllshed only when the temperature

L

4 g
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: phase (Ph1111ps et al 1974) Above 1ts t. howeverv

‘ 1s 1ncapable of reach1ng near zer9~surface ten51ons

[V

DPBC

It may ’
be the ~function of the other surfactant substltuents to .
e T fiuidize ‘the ‘DBPC s0 that it will spread to the surface o &

(Klng, 1974 Notter—et a1 1975, ‘Clements,_1977) When

R lower meltlng leC1th1ns are mixed with DPPC in bulk phase

g
the_resultant t_ is lowered accordingly (Keough et al., 1979).
Sh , g St S :

Thish"nixed component" surfactant'has a’broad'phase‘transition

from 15 to 40° C (Clements, 1977) S0 - that it 1s concelvable

' that spreadlng of surface actlve mater1al to the air- p o o
alveolar 1nterface 1s fac111tateﬂ at 37° C
=1“'suggested that thls(type of flu1d12at1on of surfactant

l

|

It has been C . ”51

occurs: ;

et al: ., 1979 Clements, 1977)

Tki»':rj“.; (Bangham

14

A mechan1sm'
has’ been suggested by Whlch thlS fluid surfactant l1p1d .'u o 7 P

becomes r1g1d (Steim, 1968 Watkins, 1968;. Clements, 1977

Bangham et. al., 1979 Hlldnnbran, 1979) This mechanlsm-

'"’1nvolves the exc1u51on of the fluid 11p1d leaving beh1nd a

DPPC enr1ched surface capable of lowerlng surface

,less ‘than 9 mN~m ;

tension to‘,'

X . . . !

the value measured by Schurch et al., = - o A
C : )

4

-‘(1976) an 51tu at funct10nal res1dual v61ume
: Thns concept of 1nsen¢1on aqd exc1u51on Qf” g
psurfactant goes back-to 1965 when Tlerney et-al.,‘(1965)3
hypothes1zed about the phy51cal propertles of the pUlmonary :. . . ;\{
1““1? d surfactantﬂmonolayer.' It was proposed that the composition. |

:~-1s dependent on’ the solub111ty‘of the. molecul@s in the sub-

s

: phase They also, proposed that under h1gh compress1on of . ' B

. the surface of a monolayer, molecules must leave the surface

..

PERPRN
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~:'::' . and enter the:subphase It was also speculated'that-sdme |
'?‘molecuies -are of d1fferent 51ze and shape and have relatlvely
weak assoc1at10ns whlch could result in one or more com-
ponents be1ng selectlvely squeezed from the surface
Furthermore they also suggested that surface active mater1als
may re—enter the surface qulckly-when re—BXpanded |
’ A mechanlsm for the: 1nsert10n of 11p1d 1nto the .
Timonolayer ‘in’ lung has been proposed by Morley et al ,‘(1978);’;;~" )
- It 1nvolves a relatlvely "dTy'" surfactant complex-(less than ‘ | |
",15 molecules of water per molecule of phosphol1p1d) wh1ch
’ .iﬁ:moves through the squhase to the air- water 1nterface. It
‘ ;15 suggested that spreadlng from the dry form is 51m11ar to.
ispreadlng from a crystal. (F1g ‘)r Thls occurs however,
on;y when the lipid is in the flu1d,11qu1d crystalllne state
L(Phillips et.al.}”1974)v In support ofﬂthis‘concept,
Grathwhoh et al (1979) have found that lamellar body
.structures from porc1he lung‘have only ‘small quant1t1es,of
free water. h A‘,,‘ _. | R o | | 'p
Gershfeld et al., (1977, 1979) examined in detail
‘the\ab111ty of dlmyrlstoyl phosphatldylchollne to spread to
a- monolayer from a bulk phase d15pers1on It was observed
that below the -bulk phase trans1t10n temperature spreadlng

occurred at an extremely slow rate. They explained that l‘. D I f{

‘there exists an eduilibrium between.bulk-phasefgel'lipid and

a gaseous monolayer a very low concentration of surface s N S
. material._'As te is surpassed,and the lecithin becomes.

.liquiﬁ crystal, another equilibrium is‘establisheﬂ,betweeh,\}
) . ) . . ' . .‘ R BN [
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'Mechanlsm of 1n¥ert10n of surfactant from bulk
‘phaﬁe 1nto a, monolayer at the air- water 1nterface.
 Subpha5e 11p1d must be very "dry" ( 15 molecules
of water per molecule of lipid) for 1nsert10n to.

be fac111tated ‘(After Morley.gg gl., 1978.)
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thevgaseous monolayer and a 1iquid—expanded state. This is

shown by an apparent decrease 1n surface ten51on. It is

' noteworthy that Gershfeld et al., (1979) have found ev1dence

" that’ at_approx1mately,slx-degrees.abovevthe bc of DMPC tle

Y

surface structure mav.form’a bilayer. Sufficient 1lipid is

. present in the surface at that podnt to create such‘a.bilayer.

: Whether or.not such a bilayer could exist in the air-water
B 1nterface in a1ve011 and ‘what 1ts consequence for

:pulmonary funct1on mlght be, are totally unknown at thlS eh

't1me. It 1s 1nterest1ng however, that Bangham et al., (1979)

:have suggested that a complex surface structure is.

mflrespon51ble for the 1nsert1on of the monolayer but the

i

'ﬂsurface structure ‘may not be related to the surface b11ayer

'postulated by Gershfeld et al., (1979) : J ‘ o Ft

&

It is apparent that monolayers may be formed
S

{ ea511y from the bulk phase 11p1d only when it is in a f1u1d

- . N

‘state. There was reason to belleve, however, that 1ec1th1ns

above the1r respectlve t s> are 1ncapab1e of reach1ng near-

.

Zero surface tension. Clements (1967) observed monolayers L

;of egg yolk 1ec1th1n collapsed at 18 mN m -1 when compressed

at. room temperature. It 15 now known that these would be

above their bulk -phase’ trans1tlon temperature. Watkins ~

(1968) showed that DMPC, a‘saturated lecithin, could reach

only’24 mN.m~ when highly compressed. The'subphase temperature

'V'_ was reported to. be ‘poorly controlled~but was about 20°C.. The

apparent elevated//1nimum surface tension indicates that the .

‘ run temperature was probably nearer the t. of DMPC whichwis 23°c,

Trauble et al., (1974) presented 1sotherms of. DPPC at 43 c but dld

e e ey i
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not continue the compression past approximately 20 mN*m 1.

" At this point however, it was evident,thatlthe shape of the
- curve was different than isotherms below 41°C and the mono-

.layer ‘could not’sustain- syrface pressures beyond about

1

5. mN'm~~. If flqidized DPPC cannot maintain low surface

' tensions, then there must exist a mechanism by:which lung

1

'lipid'DPPC may becoﬁg rigid. Since body temperature in the - .

mammalian lungAerains s;ablé at 37°C1 then a phase change

must be effected by somé'means other than ;empérature change.
It has been suggested that.comﬁreésion‘of fluid surfactant - -

Ve

monolayer results in the exclusion of the‘fluid lipid leaving'-

"behind a surfacélenrighed in DPPC (eg:'Wafkins,‘1968;’
‘Clements; 1977,%Hildebran ot al., 1979). At body

temperature DPPC is in a rigid gel state which is capable of

lowering surface tension and stabilizing the lung at end

' .expiration.

. The fate of squeezed-out material from pulmonary

&

surfactant is another aspect which is unresolved. There is

a possibility of the formation of bilayers or micellar

structures in the subphase. Another suggestion has been

made regarding a.more sophisticated surface structure in the
. : . oA -

form of multifolds or ridges (Ries, 1979). Notter et al.,

(1980) have found that some reinsertion can occur from -

excluded structures but it is not known if this process ia

a major mechanism for providing material in the monolayer

in vivo. .
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- Objectives of the stndy

[ ’ i ' .
" As early as 1963, Clements studie"the effect of *

1ncreas1ng-temperature on the pressure volume relatlonshlp

of mammallanvlungs He calculated that b’e minimum surface

/

‘tension at end exp1rat1on at 27°C was 1.5 mN'm -1 while at

-1

‘47 C the m1n1mum surface ten51on was 18 mN m ~. The reason

for the increase 1n surface tens1on ag we ‘have- dlscussed was

because of ‘a change of- phase to a 11qu1d crystal which is

'1ncapab1e of sustaln1ng h1gh surface pressures. A year

ié:§r a 51m11ar result was seen: at 48 C as well as 1n

umothorax 1ungs (Gruenwald 1964). Gruenwald explalned

ffthe results by'exp1a1n1ng that at 48 C "the surfactant was

:st111 present but had somehow change its state",

' The mammalian lung requires rigid, gel phase lipid

to sustain high surface pressures and stab111ze the lung.

“Rigid 11p1d however, would not make an. efficient surfa;tant“
since gel_phase lipid is incapable of spreading from a: bulk

Co. : A cqs .
bilayer structure to a surface monolayer to utilize its

surface activity. It has been suggested that there must

exist a delicate balance of DPPC and fluidizing 11p1d in

klung surfactant so'that efficient surface spreadlng may be

.facilitated but. also that the fluid 1ipid can be expelled

on full compression (exhalation) to achieve a rigid surface

monolayer (eg. Wetkins,‘1968; Clements, 1977; Hildebran

‘et al., 1979; Bangham et al., 1979). This surface monolayer

» wouldibe capable‘of stabilizing the lung.. If however,'thef-“

mixture of DPPC and other lipids was too fluid then .
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'exc1u51on may not allow for a r1g1d enough surfdce to reach

i
4

To fully understand the balance of 11p1ds needed
'for an eff1c1ent lung surfactant one must have adequate
knowledge of the surface and bulk phase behav1our of ‘the
lipids involved. It was/the'intention of'this study to

examine the surface characteristics of a series of pure

1eC1th1ns of varxous types as a funct1on of temperature to

see if saturat1on was a’ sime quo non for ach1ev1ng low surface

The second obJectlve was to study monolayers of

some b1nary mixes of DPPC and well deflned pure fluid 11p1ds

to‘prov1de 1ns1ght~1nto,pqtent1a1 mechanlsms of surface

refining. -Some prelimihary studies of mixtures of these

CRE 4 . Yo e

pure’ 11p1ds in bulk phase were also-to be done.

b
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MATERIALS AND METHODS

Materials: .

Dipalmitoxi'phpsphatiéyltholine (DPPC), dimyri-
stoyl phospﬁatidylchoiine.(DMPC);.dilauryl phospﬂatidylF
tholine (DLPC), 2-1lyso-1-oleoyl phosphatidylcholtne, egg

: phosphatldylglycerol (egg PG), and dipalmitoyl

phosphat1dylethanolam1ne (DPPE) were a11 purchased from

-§igma Chemical Company, St. Louis, Mo, . N,N“dlmethyl
:dipalmitoyl phospﬁatidfigthénolamine (N,NfdiMeDPPE) and
Nﬁmethyldipélmitofi'phoéphatidylgthanolamineA(N-Mé-DPBE) were‘
6btained from Calbiochen. “Ong batch of”Z-oléoyl-l-pﬁlmitle—z::

'sn-glycero-3- phosphochollne [POPC) was purchased from Applled

Sc1ence Laboratorles, State College,'PA 2- oleoyl ~1+
stearoyl sn- glycero 3- phosphochollne (SOPC) and its
positional ;somer ‘1-oleoyl-2-stearoyl-sn- glycero -3-
phosphocholine were preﬁared by the method destribed by
Keough and Dayis (1979)~aqd of Datis et al., (1980).

A second batch of POPC, used in mixed<mon01ayer experiﬁents;

and 2;linole071-1;stearoyl—gg;glycgrb;S-phosphocholine (SLPC),

were . prepared by the methodsldescribed by Cubero Robles
et al., (1967) and Roseman et al., (1978). All lipids

' —_—

showed - one spot on thin layer chromatography although a

small amount of 1,3-isomers 'was detected on occasion.
Positional analysis, as described by Keough and Davis, (1979)'

" showed that of the two batches of SOPC prepared one contained

6% of its opposite isomer while the other contained 18% OSPC.

'Ana1y51s of OSPC showed that it contalned 17% SOPC wh11e the

Y
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. POPC made in our lab contalned 12% of the opp051te isomer;

POPC from Applled Sc1énce proved to be 12% acyl migrated

" and contained trace amounts of stearate and palmltoleate
e &£0.5-1.5%) DPPC was pur1f1ed by thin layer chromatography

and stored at -20°C in chloroform’methanol 1:1. All

13

syntheses of the mixed acid 1ec1th1ns were gcarried out by ’

‘D " X.P. Coolbear and Mr. P.J. Dav1s The structures and

abbrev1at10ns used for all phosphollplds are g1ven in

-

Solvents were purchased from Flsher 801ent1f1c,

,: Dartmouth Nova Scotla. Hexane used ‘was pest1c1de grade X
".whlle the methanol was 99 9 mole percent pure Acetone ‘and

‘Qchloroformwerepurchased as-A.C.5. grade and the chioroform_'

?

was redistilled in glass. Diethyl ether was anhydrous,

A.C.S. grade purchased frdn\Fisher Scientific.

Water used to form subphase solutions was

deionized and doubly distilied in glass, the second time:

from alkaline permanganate.. The subphase used in monolayer
experiments was 0.15 M sodium,chloride. The pH of the subphase

-was monitored periodically and,fqund to be between 5 and 6.

Methodology: '

Surface teneion measuremenfs were'accomplished’
u51ng a modified - Langmuir- W11he1my balanc; bought from |
K1mray Medlcal ASSOC1ates, Oklahoma C1ty, Oklahoma. The
balance employs a ‘teflon trough (5.0 cm x 11, 5 cm) and a

motor dr1ven teflon barrier whose speed may be var1ed from .

0 17 to 3 6 cmz,set -1 by changlng theﬁiomblnatlon of the

D e e T = TR P
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driue pulleys. The pool'sire may be reduced f£rom 100'oercent
pool s1ze (53.4 cm ) to 15 percent pool size at compress1on
ratesvarylng from 9 m1nutes to 30 seconds per cycle.

Some troughs and wipers were made to the same. | o \

specgfications by the university shops.

; H -

The surface tension was measured us1ng a plat1num

-d1pp1ng flag (5 cm in perimeter) connected to a 51mp1e force
,transducer and a record1ng scrlber ‘The flag was roughened
w1th fine carbonundum paper and flamed prior to use. The -
j.teflon dam and trough were clearfed by soaking them overnight

in acetone, followed by three acetone washes and one ether |
“wash, and allowed to air dry. Before form1ng monolayers, the.
'surface of the saline subphase was asplrated unt11 no
reductlon in surface ten51on occurred at max1mum compress1on,

Th1s 1nd1cated that all surface material had been removed
-‘ .

-"’Wlth excessive wear, dams and troughs. had to be replaced,

This was evident by the inahility‘of DPPC to;reach near zero

.mN-l_n_1 Monolayers of DP?C.were checked on e regular basis
for this purpose and to maintain good qualit& control., -

" Surface tension measurements werefmade in an environ-

-mental chamber bu1lt bv the Un1ver51ty shops The chamber, which was

thermostatlcally controlled could malntaln the a1r tempera—

ture from 0-50°C’ with an accuracy of + 1° C; Air temperature

was monitored continuously and the tempereture of the subphase

.was measured.subsequent to each experiment’by'dipping the
thermometer directly into the suhphase. It is the subphase-
' 2. ’

temperaturés that are given in the results. A1r temperatures
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. were generally:I*ZOC'highernthan the subphase temperature.

Spreading ‘of monolayers -
ﬁjpids were Ztoreo in chloroform-nethenol (1:1)
tv/v) at -Zoqq'at a known phosnhorous EOncentrat%on as
determined ‘by the method of Fiske and Subarrow (1925). To
form a monolayer an appropr1ate concentrat1on of 11p1d was’
blown to ~dryness. under n1trogen and redlssolved 1n a known

5 to 5 x 107 L) of hexane methanol (98/2, v/v)

volume (1 x 10~
The hexane solution was applled dropw1se to a clean sallne
surface and the solvent was allowed to’ evaporate for flve
f.mlnutes before compress1on was’ begun. Calculatlons and other ”
~'ﬁﬁeterm1nat10ns were generally done on the first compre551on
)ﬂlonless otherwise stated. Thls was- to, ensure that surface ’
“conéentrations were accurately known; gompre551on to low
surface areas generally reSult‘in.loes of moterigl from the '

. monolayers.

.- Bulk-phase dispersions

Bulk phase dlsper51ons were prepared\?o achleve
-a, flnal 11p1d concentration’ of 0 5 mg of lipid per ml of
.1sa11ne. In each case, DPPC was welghed .accurately (to the
‘nearéet,o.l mg) and dlssolved in a minimum of chloroform in

- a large test tube. In binary and tertiary mixtures, known .

,amounts of other const1tuents dissolved in chlorof_ i

methanol (1 1) were added to the DPPC solutlon. The solvent-‘

was evaporated to dryness u51ng a gentle stream of nitrogen

‘and evacuated under reduced pressure for 2 hours. Fonty mls '
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“of 0:15 M sallne was added to: the test tube containing the
mlxture of 11p1ds and was - then heated to 50 C The dlsper-
sion was vortexed to achleve a homogeneous suspens1on and

allowed ‘to equ111brate at 37° C nhe dlspenelon ‘was then -

-

poured 1nto the surface balance-apparatus'which had been

pre- cleaned and zeroed Varlous compre551on rates and

. mixture were employed and are descrlbed in. the results,

LT .
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"Al . ‘f.-'P{g 1ung;surfactant-preparation

o

.f Pure porC1ue. surﬁace actlve materral was prepared
'faccordlng to the method of King & Clements (1972‘1) Certain
.delflcatlan,tOvthe procedure were neceseary to achlere ‘
appropriate ceﬁtrifugation forces aﬁdyyoiumes.' The.pig Aung
was attadued froh’the'Provineral Abbatoir-and put on ice
dmmediately; Solutions used.in‘centrifugatioﬁ procedure v
. uere prepared.according to the published method except iu the

case of solutioh 2-in which 0.6 M sodium bromide w

‘ ‘1nstead of 0.06 M NaBr. These solutio re‘given in Appendix B!
With a 50 ml ic syrlnge and a piece of .
tapered ghe tubing 600 ml of solution 1 was infused

endotracheally. -The whole lung was‘massaged gently by hand
and the previously infused material was with&raun. This
procedureﬂwas repeated twice. .1450 ml of lung wash was
'collected and  spun at‘900'rpm (160 x éav) for S;min in a. ,
GSA rotor.in a Sorvall'ﬁc—3~centrifuge. The combined -

supernatants.were then centrifuged at’ 40,000 rpm

i
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(125 000 X gav) for 48 mln in a Beckman 42.1 rotor SThe
supernatant was then dlscarded and the resultant pellet was
suspended in 152 mlg of solutjon 4 (King aid Clements 1972 l)
ané spun at 24;0001rpng(75,000 X g,y) for 15 hours in a
Beckman swf27 rotot: A small, brown pellet and clear super-

natant were discarded whiletthe'White flthing pelliele was .

’-.resuspended in 70 mls of solution 1 and spun at 28,6007rpm :

(ﬁi,OOO X gav)ufor 2 hrs'in a ﬁeekman 42.1 rotor. The fegultant'

supernatantfyas{discerded'and the pellet was fesuspended in

78 mls;of selutien 3. A contlnuous gradlent was made Wlth .
solut1on 2 and spun 15 hrs at 24, 000 rpm in a SW 27 rotOr. E
:SﬂPfﬁFe active mater1a1 appeared as' a white band ‘
epproximately one-half-way{up theutube. ‘This material was |
collected by aspiratign, suspended . in solution 1 and spun at-
29,500 rpm (65 900 x g ) for Zghrs in a Beckman 42 1 rotor.
The pellet was. resuspended in solut1on 3 and spun 15 hrs

(8l 500 X. g ) in-the 42 1 rotor.' The floatlng pe111c1e was

asp1rated suspended in dlStllled water and centrifuged for

“.2 hrs' at 65, 900xg in a Beckman 42.1 rotor. .The pellet was

»,suspended in d15t111ed water and d1a1yzed w1th distilled water

for 48 hrs-at.ﬁoc.' The non—diffusable.material was considered

to be the surface act1ve material. “ The final foneentratidn' -

\of the d1a1ysate was 1.0 umole P per ml 1n a, f1na1 volume of

© 1.5 mls. .

Assu;}ng it had a phosphate rontent of 2,.9% by

| welght -the value found for purified dog lung SAM by King

"and'Clementsv(1972 I11), our dialyzed dlspers;on would have

contained approximately 1.1 mg 6f‘total solids per ml.
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Rabbit lung -surfactant preparation :
. A. ’ . ‘. * ! 3 ‘- : * ’ JI,

A pre11m1nary experiment was carried out to compare

the surface properties of 1ung lavage mater1a1 to thase of
pur1f1ed surfactant and synthetlc phospholipids. Lavage 0
‘mater1a1 was obtalned from the 1ungs of an adult, femaie,
‘New Zealand Wh1te Rabbit.. A tracheostomy tube fitted Wlth a
50 ml syrlnge was: inserted into the trachea and the lung was o
-~gently 1avaged W1th»40 ml of,phy51olog1ca1 sa11ne (0.9% (w/v:f
ANaCl)' The materlal was collected and the procedure was . "F"Z“d
repeated w1th two 30 ml a11quots of sal1ne. The three washlngs ”,';Qi
;were comblned and centrlfuéed for 5 m1nutes at- 500 X g in-a 'T: i

SSS4 rotor in a Sorval RCZB centrlfuge. It was the comblned

supernatants which were examlned in this experlment.

1]
-~

wT . -

. L s
' . A e . B Y e N '{ '
el : - t. . N . . . . . . . \ , - .. HI
1 . A N : < L . . . . L T o R L
. e L B ) . . . . coov e .
o . o P . . . - . - . L e . L
RO TR Y . .. e M Cmra, e, e = : N H e
QTSR I B R R MR s o A ! R : .

1
r L LOCIY TRET T



T ————y—— S

e e i s e o )

o SN Y i w2

RESULTS

Simple lecithin monolayers

The lung surfactant system requires othér lecithins |
besides DPPC to attain lung stability. As a result’ this
study investigated a séries of saturated and un;aturated~
"lecithins. It had generally been assumed that hoﬁolayers
'of unsaﬁa;ated 1ec1th1ns would not sustaln hlgh surface
pressures on h1gh compress1on (eg Clements 1963) and 1t had .
been ‘'stated that they were be;ng.compressed above: their tc's.

kY . . , , .
While some reports supported this idea’ there were no syste-

" matic studies.ﬁb sort out the relationship between lipid ‘

fluidity, lipid unsaturation'and the ability of the appropriaté

11p1ds to reach very IOW'surface ten51on when compressed

-Using a surface balance and a temperature controlled chamber,

we undertook an investigation of monolayers-of both saturated

and unsaturated lecithins with known tc's to ‘determine

whether the conditions for achieving low surface tension were’

.:.l_;.'... .,%h - ;.«_WT‘..;..‘_»_.V-,._.,._,-‘ .

eithef‘Tigid‘théins—Ur—saturated—chaiHS“UT-both*;”‘*—j”f;——‘

Single component monolayers of various disaturated

and: mono-unsaturated leéitﬁigs_were_gxamined using.a modifiéd
Langmuir-Wilhelmy tyﬁeusurfécé balance. Typical isothefmsu
"are outlined in Fig. 8. The sﬁructuresandrabbreviatibns for
- all phospholipids are given:in Appendix A. In theﬁe.éxamples
compréssion of.é fully expanded ﬁonolayéfﬂwas, effected at a

rate of 0.172'cm2-sec'1 using a surface load.of

approximately 0.008 micromoles (umole). Such a compressfon
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"of d1pa1m1toyl phosphatldylchollne [DPPC) at- 37°C results 1n ’

"1 7 This

a m1n1mum surface tension (ymin): of about 1 mN-m
result is similar to those obtained elsewherle (Watkins, 1968;

'Hildebran ¢t al., 1979). If however, the expe'r'imental-'

'temperat_ure was incteased to 43°C, past the.transition}_’cem-

..'p"erature of DPBC (Chapman, 1975) . the isotherm which reeults

"is in fre.me b of Fig 8. As can be seen the nminimum surface

BCERN R Mﬁ_ . .tension for DPPC past 1ts Jbulk phase tran51t10n temperature SEEINEL R .

fls 20 mN + m 1

,';: 3 - ‘ . .( .‘ ' To ensure that thlS effect was not pecullar to only

| - ‘: .‘ 'DPPC a lower meltlng dlsaturateghlemthln DMPC ‘was examlned

h '"“_-“.under 51m11ar condltlons below and above its phase tran51t10n
temperatu:r:e of 23 °c. At 10 Oc, below its t - DMPC’ can easily ,.

‘. approach 0 mN-m~ but can only achieve 20 mN m- ahove its o
.‘it . Flgure 8 also shows 1sotherms for OSPC and SOPC which o B ,

C
had t. 's .of 8°C and 6 C respectlvely For both lecithins,

“ Lo - monolayers compressed below tc.achleved 0 mN-m-; whilelebove"
' tc, 'Y. of only 20 mN-mN-m"1 could be reached. - POPC, DLPC and ~ - - ..
‘.;3'-, : . SLPC, .b'e~cause their tc'e"r are ,below 0°c. could -only be ‘

. examined above t.. Table 1 shows that the results of these

isotherms indic ate that above t' " these ],ecithins. are in-
capable of reaching near zero surface tensmn. .
The pPreceeding results 1nd1cate that for a 1ec1th1n
' 'monoleye'r to reach low surface tensmn, ‘a r1g1_d_.or gel’-phase
iipidiie necessary. These ‘Tesults were extended by perfbrrﬁ'ing"
‘..is'othe'rlps. at’'a wider variety of temperatures. These results '

are summarized in'Table 1.  From the work of Clements'(1967) - % :

) '
. ., - ! . )
~ e : B~
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Table 1. Minimum surface tension achieved by a series:of
monolayers 6f lecithins at different temperatures.

Tc = gel ‘to liquid crystalline transition
- temi)erayure; Tm = mgasurement temperature;

. .. o, . . :
ymin = minimum surface tension achieved at maximum

. . - compression; F = fast compression at 1.02 cmz-s'ec 1; ,
S = slow compression at 0.17'cm2-sec 1 i
. ' : Lo
R . O A L } :
‘ Tey, - Tmy  Ty-Te, Compres- min_
Lipid -~ of’ ool Mot "sion” mN-m-1
-Rate ' o
“Lo- . . DPPC . 41 (Ref.3)-, 14 . =27 s - 0 T
: Do . S 23 -18 S 0
33 -8 ‘S -1
37 -4 S C0-1
370 -4 F 0-1
o 44 43 S 14-16
DMPC 23 ‘(Ref.3) 2 -21 S 0
. : , - 10 -13 S 0
- 14 - -9 - S yA
33 +10 S 19
36 +13 F 16
: Co 36  +13 - s 17
DLPC -2 o0 42 S 17
e - .10 +12 .S 15
SOPC 6 - 0- -6 F . 0
. 0 - -6 S . 0
-3 -3 S 0.
9 ' 43 S 23
36 +30- B 15-18
. S 36 -+ 30 S 20-22
0SPC .8 B | -7 S 0
x ' 9 o] S - 23
POPC -6 4 | +10 s 17
y C 13 +19 .8 20
: 42 . +48 'S 20
, * POPC from Applied Science,
[
: 0
- A | .
! L e e
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'_o"n DPPC .and PC's. contalnlng unsaturated chains 1t had been
'thought that PC's ‘with saturated chains were necessary to
achl_eve very low surface tien51on during compress1on. iThe
data in Table 1 show that th1s is not the case. Unsaturated
lecithins when compressed below their t (eg. SOPC anci ospC

at 0 %) are capable of ach1ev1ng surface tensions near

) e 0 mN m 1.. This 1nd1cates that the ab111ty to reach low surface

-~
”

ten31on_15 rel’a‘ted‘to pnase ratner than the- gtfucture alone and

e
&

N 'that lecithins with "rigid" acyl cha1ns are requlred

X Monoia)gers containi'ég-binary mixtures 6f.1e'cithins
'I{ung'5urf=act.an‘t is a compl’ex,»rﬁulficompenent sys'tevml
in v‘}hdic'h the ability te proride ’pulmona'ry stability 'reQu'i'res
a fine balance between’ Dl':’PC anr.i its other cons,tituents._ ‘This
study »hasninvesti'g.’ated simple binary moae}.jystems of DPPC.-
and unsaturated lec1th1ns to aid in understandmg their -
basic 1nteract1ons. Flgurn 9 shows a series of isotherms of

'mlxtures of DPPC and SOPC at 37 ©c. The dashed 11ne represents ‘

. ‘ the. flI‘St compressuan' which was at a rate of 0.172 cmz-sec_l‘

and solid 11ne is, the ‘second compress1on at a rate of 1. 02 cm2

se_c-‘l.' Both 1sotherms were a result of the same 1n1t1ally "
'sp'read monolayer and similar results' were attalned “for the

oppos1te compre551on rate sequence (1e 1.02 cm2 .sec’l first:

S
and 0. 172 cmz-sec 1 second) On the fastér compress:l.on each

g monolayer could reach a lower surface ten51on than that
ac_hleved at the slower rate. Mlxtures contalnmg less than

2 50 percentvSOPC are capable of ach1ev1ng less .than 10 mN-m 1~‘ '

/, » .
. Lo .
FEEAN : . - N
. . ' N v .
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s '
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v
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]

for . the conpression at 1.02 cm? - sec™ T but only 12-20 mN'm

-1
for the. correspo_nding mixture at the slower rate. The
mixtures containing 70% SOPC, on the other hand, did not
achieve ymin of 12 mN'm'1 at either compression rate.

To see if.this effect of lowering of surface

ten51on was related to lipid phase and not 11p1d structure a

number of controls were examined (see Fig. 10). At 0°c both

—DPPCand SOPC "as well as ‘mixtures of Dppc-so'pc"(65:-.35-"an~d" -

30: 70) were capable of- reachlng nearly 0-mN'm 1, s“ince the

measurement was done below both of the1r t . If however,

,'mle_:ures of DMPC and SOPC were measured at 37°C neither the

one containing 65% nor 30% DMPC was able to reach 0 mN -l

" At 37° both components were above-their respective transitions.

temperatures resulting in a fluid monolayer.
: To check that ghis effect of the lowering of

surface tension in mixtures.of DPPC and SOPC .was not "a'

' result of the continued cyclic compressions, separate mono-

layers were checked at both compression rates. . Figure 11

. shows'a‘series of isotherms of separate monolayers of

DPPC/SOPC mixtures at three different sur.face‘co.ncentrations

'and two rates 0.17 cm /sec and 1.02 em /sec. Previous
‘ 1sotherms were obtalned using a surface concentratmn
I-capable of undergoin at least two compressmns The effecr:
"~of surface concentratlon was examined by applymg 1nd1V1dual
' monolayers of 0. 0075 ’0.015 'and 0.025 umole - of each |

, mlxture. clnolayers compressed at 1.02 cmz'sec 1 reached a

lower surface ten51on than comparable m1xtures compressed at
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0.172 cmz-éec'l. For some mixtures the 4bility to reach Lgy;?‘

", ) ~ ' . ...
surface tension was also somewhat dependent on ‘the 1ipid
. ' P % s
surface concentration. As the surface concentration was

increased the minimum surface tension achieveable was’

decreased accordingly.: For example, mixtures containing

oy

65735 DPPC/SOPC reached lower-;urface tensions when initiated
from a surface load of 0.025 ymole lipid than a monolayer

containing 0.0074 ymole lipid when compressed at 1.02

. en?-sec™ 1, Taese results are expressed.graﬁhigally_iﬁ

: F;gure'lz.‘ Compfeesiohe‘at 1.62 qmz-sec'l‘of the 6,01§‘pm01e
nd 0.025 ﬁhele pef.suffaef_wefe fery,similaf in their -ability ,
eo reach low eurface teneion.' The;two highest eohcentrationS'
Ifeached lower surface tensions thaaﬁthe.o 0075 ﬁmole mono - .‘

-layer espec1a11y at the 65/35 molar ratlo. For.the.

0. 172 cn?- sec’! compression rgje, a lower surface tension .

was achieved fbr the monolayer. contalnlng 0. OZS-umole than
either of those. haV1ng 0. 0075 or 0. 015 umole espec1a11y for
“the 90/10, 65/35 and the 50/50 molar mixtures.

The surface balance; was modlfled_to obtain cycling
.-rates up to 3.6 c:mz-sec'1 and mbnolayers were compressed at
" ;this rate. The results are shown in Fig. 13. The compres-

sions at 3.6 ;mz'sec 1 reached lower surface tension than .

_eifher the corresponding isotherms'obtained at' rates of

0.172 or 1.02 cmz'eec'lf. For example, for a 30/70 mixture

of DPPC/SOPC, the minimum surface tension for the fastest -
‘rate was 11 m\*m ! while it was 15 mN'm'l and 14 mN-m™! for

‘:phe 0.172 and 1.02 cmz-_s,ec'1 rates‘fespectively. It is
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S

Surface tension - area isotherms of mixtures of

DPPC/SOPC at 37°C at a surface concentration of

.b.0075 umole. Isotherms compressed at 0.17, .

2 1

-sec’ L. The molar ratio of DPPC .

to. SOPC is givéh in each paﬁel.
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.noteWorthy however, that whateVer the compreSSion rate’there

| ex1sted a graduatlon in ymin which depended on DPPC content.
| To make sure that this effect of surface tension

. lowering was not peculiar to SQPC and DPPC afseries of

binary ﬁonolayers were examined using other lecithins mixed

with DPPC. Figure 14 shows 1sotherms of DPPC and POPC at

a surface concentration of‘0.0075 umole - at three d1fferent

compressibn‘rates..'It is-obvipus'that the same effect of a

stepwise'yariation in minimum surface tension is obtainee |

where an increasing concentration of POPC results in'an

_elevated ymin. ‘It is also. apparent that the minimum surface

ten51on is dependent on compre551on rate Invarlably the

. minimum surfacevten51on is lower for a compression at 3.6

cn?-sec™? than 1.02 or 0.172 cmz-sec'1 for a comparable molar .

mixture. Even at the fastest rate however, a 30/70 mixture

oot
of DPPC EnﬂtPOPc:w351ncapable of reachlng surface ten51ons

‘below 12-13 mN w1 A .

'In an attempt to investigate.Whether the
achlevement of low hs min in mixed 1ec1th1n monolayers was a
functlon of phase, structure, or both a similar set of
,1sotherms'were examined using dllauroylphosphatidylcholine

- (DLPC) as the uid fipid. lDLPC is a disaturated lecgthin,
like DPPC, béﬁfias at, = -2%, very near that'of'POPC ,ri

(tc = -390). Figure 15 shows thé‘results of such experlments

‘ .usLng DPPC and DLPC at a surface concentration of 0.0075

umole compressed at the threé different‘rates. The same

general effect of the lowering of. surface tension is seen
. , N l . . . . ‘ . 4
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Surface tension » area isotherms of mixtures of '

- DPPC and POPC at 37°C at’ a surface concentration

of 0.0075 umole.. Isptherms’compfessed at 0.17,

2.-sec—l.

1.02 and 3.6 cm The molar ratio of |

1 . )
DPPC to POPC is given in each panel,
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.

Sﬁrfgce fénsibn - aréa'isdthefms-of mixtures of
DPPC and DLPC at 37°C at a surface concentration
'of 0.0075 umole. Isotherms compressed at 0.17,

1

1.02 and 3.6 cm?-sec” . The molar ratiq of DPPC

_to DLPC is given in each panel.
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Pl

.and ks 51m11ar1y dependent on the relat1ve concentrat1ons
4
of the_twp components and the rate of compress1on.

Stearoyl 11noleoy1 phosphatidylcholine (SLPC)
Y ,'A t;ﬂe -18 C), a more fluid lec1thin,_was also tested for its
' ability to affect DPPC's surface activity. 37°C isotherms
rat the_fouf'¢oncentrations and three compression rates are
,shown in Fig. l6 As can be seenQa similar pattern of
:,: results .as the three prev1ous m1xtures is obtalned
| | - Figure 17 shows a graphlc comparison of the minimum-
fsurface tens1on obtained by all four lipid mixture of mono-
“:;layers compressed at three d1fferent rates. The’ab111ty
of monolayers to ach1eve Aymin was dependent on the type of
.f1u1d 1ec1th1ns used and their proport1ons w1th DPPC. = The
d1fference was greatest between mixtures of. POPC/DPPC in
.compar1son to SOPC/DPPC. In most cases mixtures of SOBC

reached lower surface tens1ons than comparable mixtures of.
and 3. 6 cm2 *sec 1, mixed monolayers of DLPC and DPPC behaved -
s1mllar1y to those of SOPC plus DPPC. ’The ymins, however,
e ‘-" ~ of all pure 1lipid crystalline lecithins were similar-for

equiralent-compression rates.

It is evident that‘reaching low surface tensions.
is’ dependent upon compresslon rate because invariably a |
faster compression reached to lower ymin than a slower onet.

S Also, lt 1s very clear that ymin is dependent on the relatlve

. with the lowest percentage of fluid lecithin reached a

e ——s e e s i b e i an B e e e - [P - L - E Ll SR TRY S SUIPRIURR S SRR

N concentrat1ons ‘of the two lipids. In all cases, the mlxturesf

. s the other three\lrp1ds.. For: compress1on rates of 1.02 cm2 ‘sec %“
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,,Figufé'17. Effect of various fluid lecithins ‘mixed with DPP

~

on-the minimum surface tension of®surface tension-
. ! - ¢ M & .
area isotherms compressed at 37°C. Monolayers

compréssedAat'rates 9f 0.17, 1;02 and, _3+5, cmz'sec-

Values represent méan + } range (n =

1

o

2) except for

1

DPPC/SOPC at 1.02 cm?isec™! where values are mean

4). Values on graph entitled

~+ 8.D. (n
‘0.1% cmz:secnl.represent Siﬂgle values; otherwise
where range.is not given it is withiﬂ fhe sizé of

the symbol, For clarity, the error bé:s are given

on_one side of the- symbol, i.e. they represent one-
f "

half tﬁe'range.
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lower ymin than mixtures of that particular lecithin with
higher fluid lecithin concentration at the same compression

rate.

Phosﬁhatidi}chdlines Vs fh05phatidylethandlamines v,

The preceding studies have investigaféd the ability"

. of mixed lecithin monolayers to reach low surface tension, '
:It is also interesting to study the surrace activitiesfbfj
mixtures of another phosgﬁolipid; dipalmitoyl pﬁosphatidyl-

) . , )
ethanolamine (DPPE) with DPPC. PE has been found enly in

- —————— - —— -

i
N s

small amounts in mammalian lung s?rfactant (eg.. King and
Clemeﬁts, 1972; Trauble, 1974). 'it is; howéver, a
zwitterionic lipid like lecithin and'would ﬁerhaps behave
in'a similar fashion. Indeed earlier stﬁdies at low
surface pressure§'(eg. Phillips and Chapman, 1968;
Trauble et al., 1974) would tend to confirm this. Very
little work has been done with surface properties of PE
“monolayers. DPPB monolayers havF been stﬁdied below te

(Notter and Morrow 975) and they only attained a
-1

of interest to examine the monolayer characterlstlcs of

. collapse pressure of 55 mN'm - Furthermore, it was also
mono- and dlmethylated PE's. Since these preliminary
studies were'undertaken, a report by Evans et al., (1980)
ha§ appeared‘where the‘compression of the N-methylated
derivatives of DPPE have been examined. Full ﬁygterésis
loops however were not given in the study.

Flgure 18 shows a range of isotherms at 23 c

s,
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.
, Figure 18. Surface tension - area isotherms of mixtures of {
. . a ¢ ’
_DPPC and DPPE-at 23°C. Initial surface , :
concentration of 0.008 ymole. Compression rate ”, .
N —1 '
. of .17 cmz-sec .
. : [ v )
: o . \
. ! 4
¢ N

* [ !3 !
. o . A ‘
. ' =~ !
y I
H
L] "
¢ ) . v . '4" : " :
. . . ] t-
N " N . ybl . N " i
- ‘ PoLe i 2
o - . )
. } ' . b i
1 . ! * "1 },
. 3 ' i . !
s " ‘ - N ]
B e e = ! - e s r:r ‘ 5




)

Pty 4 ot = g e =y

SURFACE  TENSION (m N-

+ 70l—L

50

75 25 50 75

»

POOL, AREA PERCENT




reached only 18 mN.m

54
obta_ined~ from mixtures of DPPE and DPPC. Amounts of
0.008 umole were aﬁplied to each surface. -DPPE monoléyers,
-1 at a compression rate of 0.17 'an‘ *sec

although it is below its phase transition temperature

'(tc DPP'E, = 64°C, Vaughan and Keough, 1974). "'Theré was a

progressive decrease in Y min, however, as seen in Fig.. 18

which depended on the relatlve concentratlons of the two

lipids. As the concentratlon of DPPE was 1ncreased there
) J

'weré\ also changes-in the shapes-of the hysteresis loqps

2 -1

\ ~'_’7_

v ot g 5 e g Wi
' .

tending toward that of DPPE itself. The DPPE isotherm oh

relaxation is subs’cantially different from that of DPPC.
On. relaxation the surface tension drops in a similar way as
DPPC until it reaches about 25 mN-m"l at which'fime further

relaxation results in a slow increase in surface tension' to

.70 mN- m'l.. As the concentration of DPPE is 1ncreased the

m1n1mum surface tensmn attalnable tends toward that of DPPE

'1tse1f. - It sh,ould be noted ‘that these are preliminary
¢ c ' A

experiments and that some of these changes in hystereses

angles (Notter and Morrow, 1975). Sandblésting of the

- platinum flags may be -useful in further experiment?s of this

type to attempt to reduce contact angle changes.

Figure 19 shows isotherms of N:-Methyl dipalmitoyl .
phosphatldylethanolamlne (N=-Me- DPPE) and N,N-dimethy1l
d1pa1m1toy1 phosphat1dylethanolam1ne (N, N diMe-DPPE) as well

as DPPE and DPPC. Again 0.008 wumole of 11pid was applied

© to a clean surface. The dimethyl species reached a minimum °

[y

. shapes may be céused by changes in dippiﬁg platé contact o

B Ty o {
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.

a

surface tension of 4 mN-nt.:!l while the monmilethylated DPPE

could be compressed to ’only 11 mN-m‘l. It seems then that

the structure of the head group 1is an mfluencmg factor in

.

the achlevement.of low surface tension. o -
i

" Bulk phase dispersi‘cm&

‘The producticn' of surfactant has Been suggested 'to

occur from a secretion of material from the type II

2

- pneunocytes, through a more complex bulk phase structure and

1974),

D

onto a surface monolayer (Goerke, The nature of the

water interface is unknown. It has been suggested that
) lainellar bodies with minimal hydration may insert at the
interface and that spreading of relatively dry material may

occur at the surface (Morley et al., 1978). It could be,

however, that the monolayer nay :spread from material in -the
siubphase which is somewhat more 1ike traditional 1iposomes.
.Thus the surfactant monolayer may behave as a monolayer ove:—
| a bulk ph'ase\di‘spersion.' Certainly many animal models- nd
'at least one study, with humans (Fugiwarﬁ, 1986) have emp loyed
* bulk _phase lipid disﬁersions as a replacemen.E surfactant. To
gain a better insight into surfactant fuﬁtfibn end to aid in . o "
the design of such "wet"‘replacement surfactapts, studies of
the propert1es of monolayers over Bulk phase wre undertaken. |
This would allow.us to deterlqme if\the properues of sol\.r‘ent-
spread and absorbed monolayers were. sinular. _ ;., Lot

. D15pers1ons o{-' 1ip1d mlxtures contammg 0. 5 mg

~ ' . " f
LX) : . . . ' T
A} . At
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-1ipid per ml of saline were examined at 37°C and the results

are shown in Figs. 20 and 21. TFigure 20 shows 37°C isotherms.

of dlspersmns of DPPC and SOPC. A 65/35 molar mixture of
DP_PC/SOPC (Fi‘g. 20A) shewed an Initial surface tension ofv'
53 mN-m'.'.1 which compressed to 13 t_nN_-m"} at a rate of

1.02 cmz-sec-l. When the surface was relaxed the surface -

- teﬁé'iori Went to 70 mN'm'1 ‘but if tﬁe'trough was left
undlsturbed at 100 per cent pool, size, the surface ten51on -

falls wi thout - compress:.on. After thirty minutes the surface

‘tension .dropped to 4l mN'm"l. " Compression of this surface -

at’a rate of 3.6 cmz/sec results 'in a vy min of 2 mNem™ 1,

“Relaxation to 100 percent pool size resulted in a surface

tension of 70 mN'in‘-l'.. It was then decided to leave thls

surface undis turbed to see how 1ow the surface would fall
without compressmn. After 51xteen hours, surface tens1on
had fallen to 20 mN-'m which compressed to. 0 mN- m” 1

3.6 cm?-sec™t,

B -¥hen-a known- amount of lyeo-oleoy.l;phosphatidyl

choline was added to the m1xture.' The resulting bulk phase

‘molar concentration was calculated to .be DPPC/SOPC/lyso-

- oleoyl. PC, 61.5[34.0/5.5-. Th1s mixture was prepared by

evaporating a known quantlty of 1lyso- oleoyl PC/chloroform

solution to drynes’s using n11;rogen.' The DPPC/SOPC d1sper51on

" was added to the',dfyllyso PC ﬁeate’d. to 50°C: and vortexed. |
. ~until an even disp‘ersionw/aé,}xtained. The di'spersic\gn was

_ poured into a clean. trough at 379c. Initially', the surface

tension of the dispersmn was 30 mN-m 1 and dropped to 2'7A-mN~‘m'1 i

.
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Figure 20.

X

Sulrfa'(':e tension - area isotherms of 0.5 mg lip’id/ml

dispersions of DPPC and SOPC at 37°C.'_ ‘

Fig. A. shows 3 compressions of the DPPC/SOPC

(65/35) dispersion. Compression 1 (—) was at a
rate of 1.02 cm2~sec-1'and compression 2 (".,"')’

and 3 (---) were at 3.6 cm? - sec™ Y.

Fig. B. shows compression of a dispersion of

DPPC/SOPC/1lyso oleoyl PC (61.5/34.0/5.5) at

1.02 cn-sec”l.

¥

Time periods on panels represent the
time required for the indicated fall in surface

tension when the surface was left fully expanded. .
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Figure 21.
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|
Surface tension -~ area i'so_the'rmghof:' A_- DPPC/ .

egg PG/lyso oleoyl PC' (65/20/15), B - DPPC/0SPC/
15'50 @leoyl PC (67/24/9) and C - DPPC/0SPC/lyso

..

oleoyl PC (65/36/5). In Fig. _'A, compression

2 1 while in B and C compressions

2, "1 pd” ‘
were at 1.02 ch™ - sec 1:“*“‘« Times shown on panels

was at 3.6 cm‘ sec’

Aand B repres'ent the amount of time the surface’

" was left fully expanded and the extent of the drop _

in surface tension, -
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‘values.

to 65 mN'm~

60

in twelve-minutes (Fig. 20B). COmpressibn of the sutface 5;
1.02 cmz-sec -1 lowered the surface tension to 2.5 mN m‘? at

.15 percent pool size. When fully expanded (the surface tension

increased to 35 mN-n~l But dropped to 27 mN:n L withid two

. : . » l e '.' ) N ‘ : -
- minutes. BSubsequent compression again reached 2.5 mN-mfl_ihdﬂ/—~\

1

'7|Te—exp3nded to 35 mN:m ©. Addition .of more lyso-oleoyl PC

by resuspension giving a final molar concentration of

-~

A

_.60/32/8 DPPC/SOPC/1yso, PC resulted 1n a minimum attalnable

surface tension of 10 mN'm 1. It is oBv1ous that there is

a fine balance of fluid and rigid 11p1d to glve optlmum

. spreading ability as well as‘the.lowerlng of y to near-zero '

o .
3

Flgpre 21A shows -the results “of isotherms bbta1ned

'at 37 C with suspensions of DPPC/egg phosphat1dy1ch011né/1yso v

oleoyl phosphatldylchollne (65/20/15 molar rat10) The

mixture was poured at 37°¢C g1v1ng an initial surface tension

\

_and'comPEQZsing to only 18 mN- m‘l

1

of 63 mN-m.~ and re- expanded

1 at 100 percent pool siie. After one hour the .

initial surface tension droppéd.to 45 mN'm "1, Compre551qn
' 2

of this surface at .the fastestvggte of 3.6 cm -sec'1 still

‘ reaphed only 18-mN-m‘1; A second such compression again -

-1 ’ ' : S )

achieved 18 mN-m .
-]

Oleoyl stearoyl phosphatldyl choline (OSPC) was

used in some dispersion preparatlons to determlne its effect .

. on the surface properties of DPPC. A 0.5 mg lipid per ml

dispersion of DPPC/bSPC/lyso—oledyl PC in aﬂmolar‘rafio of ~

67/24/9 was run.on the surface balance (Fig. 21Bj. The
3 .

i
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Compression of this surface'resulted in®a. Ymin-of 0 mN-m

" Jn F1g. Zlc.v'Compre531ons went from 50-55 mN -

- 61
" mixture had an initial surface tnesion of SS_HWQm”P: and =
compressed at a rate. of 1.02 cmz-sec'l to 7 mN'm"L. - Re-

expansion to 100 percent pool-size resulted in a surface

tension of 48 mNsn'l. When this surface was left at 37°C

for'onephoup-the surface tension dropped to 21 mN-m™ L.

-1

Two subsequent compre551on5 were done in succe551on both of.

-1

Wthh started at A5 mN'm © and ultimately reached near zere

surface ten51on The second compression 1oop however, was

ﬁ smaller than the flrst 1nd1cat1ng a loss of surface actlve ’

‘materlal A 51m11ar mixture conta1n1ng 65% DDPC 30% 0SPC

and 5% lyso oleoyl PC was examlned and the results are shown

1tolmNm1"

at a rate of 1.02 cmz-sec'1 over at 1east eight cycles

- " As a comparison, bulk phase‘dlsper51ons of blologicai
systems were also prepared. Figure 22A shows 2¥37°¢ isothern
of a saline_wash fron an adult rabbit. . An initial compression~

at the 1.02 cm?-sec ! rate reachéd only 12 miem L but

" ..subsequent compressions easily attained near zero surface
. —_— . .

. tension. This cycling was repeated over 20 cytles but the

hysteresisvloop became marginally smaller on every compres= .

sion.

-y

RS

! 'Purified surface active material (SAM) from pié lung -

" was prepared according to the method of King'é blemgnts (1972 1).

The isotherm of a dispersion of the SAM at a concentration of
1 umole of phosphorus per ml of saline is shown in Fig. 22 B.

It's properties were very Ssimilar to those obtalned from the
. A ¢
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Figure 22.
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'Sﬁr‘face tension - area isotherms of: A -’adult
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rabbit saline iluxilg: wash and «B.- purified surifacei"

active material extracted from porcine-lung wash.

2;$ec-1 at

Isotherms were compressed at 1.02 cn

37°¢C. g o
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.tabbit ‘saldine wash materials When poured at. 37 °c the .
) m1xture had a surface ten51on of 37 mN m -1 and compressed to-.
7 mN'm -1 at a- rate of 1.02 cmz-sec 1 Fully expanded, the
' surface tens1on was 43 mN ‘m 1 but dropped to 23 mN nl ‘in
Just 30 m1nutes. uCompressmn from. 23 mN-m -1 ach1eved zerov )
) surface tens1on but subsequent’ compress1ons showed loss’ of ,
surface matenal as 1nd1cated by a reductlon in the size o:E ‘
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‘ 1nd1v1dual components.
. #
1ec1th1n, especially d1pa1m1toy1 le?/thm, is found in lung
K1ng et al., 1972 II) and is- malnly .
. ' v o

extracts (Clements ’

R N B
.. N Lo e . .o

- . . ':.- . L . R

. ¥

‘Disc‘ussro_N- e

S1mp le monolayers

3 o

. :
events wh1ch occur at the Mater 1nterface in the surfac-
S
- o
i

tant system one must f1rst d1scern the behav1our of itds
It has been well establlshed that

To grasp .a more effect1ve understandmg of ‘the

1
- 1

1962

respon51ble for the lungs reaching low Surface tensmn
For almost thirty years the surface act1v1ty

l
Values at 37°c,
~of. varlous phosphatldyl cholmes and phosphatldylethanol-

ammes has been studled us1ng mddlfled Langmulr Wllhelmy

2
balances. However, many of th@s studies were done ‘at

23°C and were not tompressed to high surface pressures and.
“Since surfactant is .

re-expanded in a cyc11c fashjon.

compr1sed of saturat_ed phosph‘olipid%/,&uch' as DPPC, as
' ., 1972 11) itdis . |~

well as unsaturated 1ipids; ‘(King et al
appare‘nt that there exists in the total lipid, a m:.xture

of liquid crystal and gel phase 11p1d (Trauble et al., 1974
Stelm, 1976 Cl.ements, 1977). If this 15 so, then the
questlon might arlse as to what are the corrsequences of
*+fluid lipid on the surface 'properties’ Figure 5 ‘shows the.

surface behaviour of DPPC at two ‘different temperatures.
' : 2O
-1

Above the tran51t1on temperature of DPPC, the 43°C isotherm

reaches only a minimum surface tensmn of about 20 mN m
at 37 C the monolayer reaches near zero surface

L]
C .

B R
[N
. ~

. Below the 't _,
L. ka




o 1mportant fact‘r

- chemlcal nature of the. fatty, ac1d

o SOPC as shown on the table proved to' be very 1nterest1ng. )

At 0 c both are in a r1glc1 state and- ea511y reached near

15 another dlsaturated 1ec1thm wh1ch when compressed in"a’

-surface tens1on lowering ability of lec1th‘1ns is shown in . '

. hi'ghly, compressed may pack very cl'osely together. -

. , S .
. ‘tension. It had been prewously suggested that the

determlnlng factor 1n lowerlng surface ‘tension was the

presence of saturated chalns (Clements 1967) although it had

“been- suggested (Stelm 1976) that cha1n rigidity was the

If one looks at the results of the . o
d1myr15toy1 phosphat1dyl cholme ,,(DMPC) 1sotherms in Flg 8 ta

. L
: 1t becomes more apparent that the lowerlng of surface S

tensmn to near- 7ero values is: related to the phys1r'a1 state |

W

of the phOSphOllpld'S fatty acyl cha1ns rather than the ' \

Belowﬂts t DMPC was -

f: capable of reachlng low y but in . -a flu1d form- at 37 C it -'.g'.‘
achleved only about 20 mN m

L]

The behav1our of OSPC and

0 mN-m" -1 but when above. the1r respectlve t 's, they too only

“reached 20 .mN m- -1 _ Van Deenen et a1 ) (1962) compressed SOPC |

o

4

on a fllm balance but they applled a' surface pressure.

] ST
»'of only about 36 ‘dyne-cnm -1

J

at.room temperature Dllauro'yl PC_ i

"monolayer above 1ts t

t'ension ~ POPC and SLPC, because the1r t 's are below 0 C

b o
can only be compressed 1n the1r f1u1d state and did not '

~ reach values of 'y near zero. L - ’

’

.

: S
A p0551b1e mechanism for the d1fferences 1n : '

Fig.-23. 1In a rigid state, the fatty acyl chains,. when

!

° R
o

!

. ! ’
cannot reach low m1n1mum-surface L o
I

This may " B

. have the effect of excluding all the aqueous subphas,e- from

G-
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~ compressed to such an, extent

. has been employed by Bangham et a_l_.,

thermo dynéamic terms .

o contract11e force..‘

. ,conta1ned a

iy

. N .
oo T . “ B A o e ’
S Loae - - - - .

- . . N P

Ci 8T /

If however, there is a high degree of. chaln movement as -is -
the case w1th f1u1d 1ec1th1n surface molec!.fules cannot be

When thlS 1s the case, the

1ng some aqueous materlal in the surface and resulting in an'’”
—

.elevated minimum obtalnable surface tensmn.

The use of the term "surface contractlle force"
.

(19179) 1nste ad of .

/

" . surface tension. since the "dynamic behav1{our of such f11m‘s

""_past the collapse pomt cannot be dlscu[ssed 1n 51mp1e

"

We ‘think that the{‘51mp1e v1ew pre-

‘sented above is not 1ncon51stent with: the loss of surface

.

The result of over {compressing such a
monolayer shall be dlscussed 1n a later section.

It 15 qu1te concelvable that r1g1d d1saturated
1ec1th1n mlght ea51ly compress to a low area per molecule
Just by the nature of the shape of the molecule. 4 Because it
has long, uniform, fatty acyl chalnS'that are 1dentical'ilt~
xnay' pack very tightly with iits nelghboursu» It had been
W1de1y thought however, that unsaturated fatty acids
k1nk at the point of the double bond . ThlS
would have an effect of spread1ng the fatty ac1ds on a .
1ec1th1n molecule to occupy a much larger area peT molecule ‘

determlned by the arc subtended by the fatty ac1d cha1n
(Fig. 24)'

~a

Huang (1977) suggested that a tw1st of the chain
about the double ‘bond mlght result in a much stra1ghter

» T e

G U U

”-'monolayer cannot sustaln such a high surface pressure, leav-

o

' the surface, thus'lowering surf»ace tension| to very low values. -

1c

LR
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3

~~xbelow tc. We have calculated the areas per molecule at L.

o state the unsaturated 1ec1th1n can be compressed to occupy

» may not requlre as much DPPC (Lau . and Keough, 1981) in ‘theif
q‘ surfactant system. These unsaturated 1ec-1th1-ns may be able -

- to contrlbute lung stab111ty at’end explratlon ‘at low tem—

Ll LN S A

A
i

s .. . .
‘ f - |

fatty ac1d re51due such as 1n F1g 24b. .iThls would - result in ei
i

only a small increase in the area per molecule 'espeC1a11y . i

below t and one m1ght expect packmg of ' the unsaturated

\
llplds to“be not too dissimilar from that of saturated ones

ggpmN.;m'l ‘for DPRC and SOPC both in the I‘ilgld and f1u1d
'state. Below’ 1ts t. DPPC has’a 11m1t1ng area per molecule o
of 4 RZ per ‘molecule wh1le -at 43 C'1n its 11qu1d crystalllne
phase 1t has an area per molecule of 56R2 per molecule. | ___,_',,,l_,,‘ -~—~
S(DPC can be compressed to a9 R per molecule at 1 o) wh11e

above 1ts t the area per molecule 15 60 RZ per molecule.

From these results it -is ev1dent that when in thj glgld

- I

an area 51m1lar to that of the dlsaturated spec1es. The:

1nc:rease in area per molecule in gomg from gel to 11qu1cl S

crystal is about 11~ 12 RZ wfor ’Bot‘h moI“edules .\,Mme 1ncrease ,-.

1n the areas per molecule may come ‘as a result of the

mcreased chaln movement in. the f1u1d state. The fact that
unsaturated phosphollpn,ds can reach low m1n1mum surface
tens:.ons may be 1mportant in the case. of pdikllothermlc -

animals. - It has been suggested that ‘turtles 11v1ng at 4°C o

peratures - - ) . ’ o e . -
The results on the pure mon‘olayer. Studies can b'e:-". e

‘ ’ e e s . . o . K i . .:jn _"\" . ) ‘
summarized by indicating that the ability of lecithins to .

o .
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. -low surface ten91on? To help answer the - second quest1on,

P U B *—-.—:_w..., . '
. - “ ' .
. . . . . v
.

0 . . o s
.

'Aachleve very low surface ten51on under h1gh film compression

N
is a functlon of lipid phase and not: of structure alone

N

e o Binary monolayeTrs - .

LY

and f1u1d 11p1d there must be numeTous 1nteract10ns and
p

mechan1sms 1nvolved at the a1r water 1nterface The normal

,

°surfactant system is one in wh1ch there ex1sts a mlxture of

¥

"both f1u1d and r1g1d 11p1d Some questlons arlse about such

' complex system'” iy} If the lowerlng of surface ten51on

requlres rigid~ phase 11p1d why is the f1u1d llpldé{resent?

2)' If there 1s f1u1d 11p1d how does the lung reach. very

monblayers of 51mple blnary mixtures were made’ w1th DPPC,
the rigid 11p1d plus a’ ser1es of lower me1t1ng lecithins.
nformatlon Sn 31x1ng of tw? of the lo“ﬁmeltlng
1ec1th1ns (POPC and SOPC) w1th DPPC 1n 11posomes has been
prov1ded by Dafis et al., (1980) . The overall effect of
mixing 10wer me1t1ng 1ec1th1ns with DPPC~15 that there is a

net lowering of the tran51t1on temperature of DPPC, the extent,

'szMhlch is determlned by the ‘molar percentage of the fluid

1)

~11p1d Mixtures of DPPC and SOPC were compressed in a

» monolJyer at 37-C and the results are shown in Fig, 9. ;For_

LY
T

each partlcular 1sotherm 1t 1s obvious that the faster rate

f.;s_capable of reachlng a.lower surface ten31on than the
" slower one. It is also seen that the m1n1mum surface ten51on

[15 dependent on the ratlo of SOPC and DPPC concentrat1ons.

This is con51stent W1th a recent’ study show1ng 1sotherms of -

. Since surfactant is a complex'composition of rigid

wani f,




,surface;tensions‘lower than,lO_mN-m
'A.layers only reached 15- 20 mN*m
uissopc (30/70) reached only 13 mN: m

- [P Ey D ¢ et trevm s v e e - L e
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DPPC and'egg PC (Wildeboer-Venmems, 1978). ..
There has, been some evidence presented that in the
lung and in mixed monolayers that low sunface'tension'is

achieved by a type of surface refining\yhich involves the

'rexclusion of all or part of the fluid moiety (Clements, 1977;
‘f.;Hildebran gt:al., 19?95.Morley et al., 1979). The idea of

;excldsion or Usqueeie out" goes back to 1968 when'Watkins
' L”proposed'that'this bhenomenon occurred in films of DPPC and

. egg ‘PC (Watklns, 1968).- Our results 1nd1cate that the lowerlng
“\i.'of Y 1n mlxed monolayels may occur as a result of exclus1on of ‘

‘;,f SOPC, Monolayers contalnlng greater,than 505 DPPC, achleve

1 although SOPC mono-
1. Monolayefs combining DPPC/

1. These observations

. are consistent w1th the exclu51on of the fluld component.
"dur1ng compressron This exclu51on is dependent on the rate

' at which the monolayer is compressed because monolayers

compressed at faster rates reach.lower Y than those at slower
4

rates for the same molar m1x. There are a number of

ﬂpotentlal explanat1ons for these observations. ' buring slow

-

compre551on an exclus1on reinsertion cycle may be fast

enough,to yield a relat1Vely fluid monoldyer at all t1mesc

during compression Secondly, a certain maximum .compression

]may be necessary for squeeze out to occur. A third possi-

s .

b1l1ty is that the balance of forces governing 11p1d

exclusion may be k1net1ca11y dependent. Flnally, it may be '

that selective exclusion does not occur at all and is a
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o

. ’ N , . . . '
result of the kinetic responses  of the mixed monolayers to

applied afessure;

To" ensure that the changing minimum attainable surface

tension for the varlous mixtures was related to 11p1d phase,
. and not 11p1d structure alone, mlxes ‘of 65/35 and 30/70 of
DPPC[SOPC were compressed at 0°c. At th;s_temperature both
‘components were in a:tigid.phase; _Isotherms, as seen in ‘
Fig. 10, reachedlnear Zero mN'm'l_for both mixtures,end both -
rates: When DMPC .was substituted for bPPC to: give mono- '“
layers at,37°C in'whtch both iipids'were in the'fluid;phéSe,’:'d
. loﬁ‘surfece tensjonstcbuld not be‘echieved e&ee.fprfGS/SS :‘ '
| DMPC/SOPCIat'the fastéf rate. Thus, either squeeze-qut did
not oécur'at all, or if it did 6n1y a_fiuid‘monoléyet.ﬁhsl L
‘ left remalnlng at'the surface |
Surfactant, because of its complex comp051tlen of

phosphollplds is. comprlsed of r1g1d and fluld lipid. at 37%C
(King and Clements, 1972VII, Trauble et gl., 1974). Agcording
to the previous discussien 1ow-surface tension may he
achleved when the lipid is in a r1g1d state. it has beeﬁ_;
suggested that thlS would nece551tate the exclu51on of fluid
lecithin on exhalatlon (decrease in alveolar surface area)
to attain a refined surface rich in rigid phase lipid
: ie.—DPPC (%iements, 1977; Bangham et 31;, 1979).:“In our simple‘
monolayer studies it has bee?enoted'that repeatéd compression |
of phre DPPC results in a decteese‘in the area of tﬁe
'compfession-relaietioh hYSterisis'loop Thls is- 1nd1cat1ve

of a loss of DPPC from the monolayer to the aqueous phase

"
.

W e —— g . Ce et e s S
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" by. the qualit of ‘the surfactant
2 oY ity

: 1nfants w1th RDS haVe been exam1ned to ascertain the fatty

~ RDS surfactant 1ec1th1n. Lecithin from premature infants

73

It has heen;discussed previously that lecithin.below its'tc

is very slow to form a monolayer from a dispersion (Bangham,gg al.

1979). If on high compression, 1lipid (including°DPPC) -is

,excluded from the surface there must also exist 'a coincidental’

system in which 11p1d mlght be relnserted into the surface.

It is _conceivable that this movement in and out of the alveolar

'falr 1nterface is influenced by the nature of the f1u1d lipid -

+

so that the eff1c1ency of the overall process is 1nf1uenced

Recently tracheal and pharyngeal asp1rates of

'normal term 1nfants, normal premature 1nfants as well. as ‘.

" .

4

ac1d proflle in the phosphat1dy1ch011ne m01ety (Shelley

‘et al. 1979). A summary of this data, shown in Table 2,

~shows ‘an obvious deficiency in the amount of palmitate in .

Rwainfants‘as compared to normal term infants and even
premature .normal babies. Approximately 75 percent of sur-

factant lecithin fatty acid was palmitic acid in the normal

term infants while this component made up only 55 percent of

— -

w1thout RDS conta1ned about 70 percent palmitic acid. From
the precedlng d1scu551on it 1s obvious that.a decrease in the

> . SR
amount of DPPC will reduce the overall amount of rigid ‘ v &f}

,‘ 11p1d and hence the surface ten31on lowering ab111ty of the"

'sutfactant...A,closer look at the fatty acid profiles reveals

-

that RDS eurfactant\lecithin contains elevated‘quani;pies of

stearate,voleate, linoleate and arachidonate. Thesm“valuee




s

*

Table 2. Surfactant phosphatidylcholiné fatty acid profiles

of pharyngeal asplrates from 1 day old premature

)"

infants with and w1thout Respiratory Distress Svndrome
(RDS). Premature 1nfants without RDS were

designated cdntrol irfants. Also shown are thé
precent fatty ac1ds in surfactant from normal,

full term 1nfants ‘(Adapted from Shelley et al.,
1979.)° e

R ) . . . ¥,
B Sy e . f . :

WT PERCENT OF ‘
PHOSPHATIDYLCHOLINE FATTY ACIDS -

INFANTS' - FULL

EEE : . WITHRDS - CONTROL - TERM
MYRISTIC ACID (14:0) = 1.5 . 2.5 3.5
PALMITIG ACID (16:0) 5.0 ' 69.0 | 74.0
PALMITOLEIC ACID (16:1) 3.5 =T 5.0 ¢ 5.0
STEARIC ACID (18:0). - 9.0 . " % *5L0 . 4%s

| OLEIC ACID (18:1) 18.5 1.0 9.0
_ LINOLEIE AtID (18:2) 50 - 3.0 T 2.5
ARACHIDONIC ACID (20:4) ' 8.5 ‘45 2.0

- ' i

A s e o 4
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tend toward those values of normal infants after about

‘eighteen days. 'Notter‘(1979)‘suggested'thatfthe apparent

lack of palmitate'in'RDS surfactant could be-compensated by
the 1ncreased quantltles ‘of longer chain fatty acids :

especially stearic.. As can be seen from our study descrlbed

l.above, this ‘would only occur if the“resulting lec1th1ns had

in the presence of hlgher stearatp content.

‘and saturated lécithin (Table 3). If one assumes that there =

a t < 37°C; The 1ncreased amounts of unsa*urated 1ec1th1n

¢

would" tend to f1u1d1ze the overall surfactant ‘mixture even o

©

The. fatty ac1d ‘values: of Shelley et al., (1979)

for term, normal premature and RDS 1nfants were recalculated -

,get an estlmate of the relat1ve amounts of,d1saturated o
. . . a - . e ‘1' EEY

.are no diunsaturatEd species and that ‘each unsaturated fatty
ac1d is palred with a saturated fatty acid, the ratio of »

saturated to unsaturated lecithin for.nprmal, tFrm 1ntants'
is 65 percent.to 35 percent. A similar calculation reveals'
that thls rat1o is 30 percent to. 70 percent for RDS 1nfants'

and 53 percent to 47 percent for normal premature infants.

. This calculation emphasizes the difference betwéen the .

"quality" of the lecithins from‘normal and RDS infants.

Assumpt1ons of the presence of two unsaturated cha1ns in

' some. ‘lecithins could lead to a higher est1mate of d1saturated

Pp, but there would be a counterva111ng effecthf lower

fluidity . for the.diunsaturated (two unsaturated fatty acids) .

, leC1th1ns

An 1nvest1gat1on of the propert1es of very simple,

. N :
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vTabl_é 3 Rat.io of disaturated PC to {xns.atu‘nated-PCv from™
| pharyﬁgeél aspirates of.ﬁremature infants'with‘
_ Respirat.ory Dis‘gfess’ Syndromé'andv\without Respiratory
':DiJstress Syndrome_tcontrol ijf'h.vnts); Also éiven
, ;g the ratio from aspirétestof normal, full term °
. ‘infanés. (Recalézlated from the data of Shelley
et al., 1979.) '

+

e .
" RATIO OF DISATURATED

-~ . . TO UNSATURATED PC -
/7 ' - : ;
"' NORMAL TERM INFANTS . : 64:36
* CONTROL INFANTS - 52:48
'INFANTS WITH RDS o 30470
L

B e TS DR
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model monolayers containing one saturated (bPQC) and one
unsaturated lecithin (SO?Cj in raties similar .to those
calculated from the,data'of Shelley et al., (1979) were made.
The use of SOPC would be expected to give a conservative‘

estimate of the effect of the fluid component since it's t.

" is relatively high compared to other potential unsaturated

!
1eC1th1ns in surfactant

As can be ‘seen from F1g. 6 compression of a mixture

" of DPPC/SOPC (65/35) (1e the-model(mlxture for the normal

term 1nfant) reached 7 mN.M’l'while the 30/70 mirture (or‘the

-1

RDS mimicing model) achieved only 13 mN-M The . 50/50

'DPPC/SOPC monolayer (or that for the premature 1nfant wlthoutf..

-1

RDS) e could be compressed to 9 mN- M the same value

obtained for an in situ measurement by Schurch él al., (1976).

Although these mixtures'of DPPC and SOPC serve 'only as:

‘sihpleimodels for the surfactant lecithin compositions), the

results'show that the minimum surface tension achievable is
dependent_on tne relative properties of fluid and rigid -
11p1d in the surfactant and that the ™ *eff1c1ency" of the.
system is related to the "quaL1ty" .or comp051t10n of the
surfactant,

Some isotherms were studied in two sequences,

(fast compression first, slow second; or. slow first, fast

. ‘ , S
~second). It was observed that the order of compression was

[y

not_fmportant, as long as there was sufficient lipid on the

surface. Fast compressions always achieved lower surface - .

tensions than sldwer ones. Also, separate monolhyers of

“
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"DPPC and SOPC were inyestigated at three dlfferent surface

‘concentratlons and at three dlfferent compr3551on rates ;

- (Fig. 13) The y min was a function of the ratio of the

o

fluid and rigid: 1ipid for a'fixed surface concentrat1on

Rl
and compression rate. While monolayers at higher concentra-
tion, or those compressed at h1gher rates, reached lower 'ymins
than those of 1ower concentratlons or compress1on rates, the

dependency of Y min on comp051t1pn was malntalned-throughout.

It is apparent that the putative process of selective

'exclusion is a-dynamic phenomenon because -for a specific

- molar rat1o the m1n1mum surface tension decreases w1th

! ¥

T

.1ncrea51ng COITIPI'GSSlOTl rate.

It could be argued that the reason that the MONOo -

.1ayers contalnlng DPPC/SOPC (30/70) did not reach low surface

tension is because there was not enough DPPC present’

originally to lower surface-tension. To investigate this

’possibility 25 nmbles of DPPC/SOPC (30/70) was applied to a:

‘clean surface.. hls mlxture conta1ned approxlmately 10 nmoles

’

of DPPC. It has been shown preV1ously in-this study that —

7 nmoles of DPPC is more than suff1c1ent_to lower surface

_tension to near zero. This mixture, even at this high

surface load, could not reach a y min of less than 12 mN*m

at 3.6 cmz-secr¥. Thus the inability to reach low y in these

mixtures was not due to a limiting amount of DPPC but due ‘to

the nature of the monolayer itself.

Other blnary monolayers

The results of the DPPC-SOPC monolayers have

[
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e

. . N M
R h . o \
| . PR P - . B
\ : e e gt S RS . e R s it . A it i 5y
P ARl v . g . - [ . . N K L L * *




f e e s i a

-

79
suggested that low Surface tension is achieved by the
exclus1on of SOPC a«d that the ultimate Y min is dependent
centrations of both components and the

on the relatlve con

rate at‘which they aLe compressed. To ensure that these

"surface properties are not unique to SOPC, a series of other

low-melting lecithins| were also examined. Monolayers of

'binary mixtures weré studied using DPPC mixed with POPC,

DLPC and éLPC As was shown with DPPC-SOPC m1xtures the

_ m1n1mum surface tensidn achleved depended on’ the relative

molar amounts of the twolcomponents for the other three

1ec1th1n mixtures. Anxlnterestlng consequence of the study
. %) .
was thaf for, a partlcular molar ratio, the m1n1mum surface

tension depended on the fluid lecithingused.: 'As was
discussed previously the extent of exclusion of fluid 1lipid

[N

and hence the minimum surface tension is phase-dependent but

according-to the result% it may also be related‘to‘the nature

- of the fluld lipid itself and the way in which it interacts

. :‘1
[

w1th DPPC.
Figure 17'sho&§ a graphic compafison of the ability
of all four sets of mlxtures to . reach low surface ten51on.
A; can be seen, m1xture§ of DPPC-DLPC behaye more like DPPC-
SOoPC mlxtures than the o%hers in thdS'respect ‘If the

aBility’to undergo squeeie-out'was totally phase dependent

one might expect 51m11ar results for mixtures of DPPC POPC

‘and DPPC-DLPC since the fluld components have similar phase

transition temperetures (3°C and—ZQC respectively). However,

mixtures of DPPC/POPC were least'effective at‘attaining‘lew‘
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] : Y min' M1xtures contalnlng SLPC (t = -18°b) aehieved
‘ﬁ"i ' values of ¥ min 1ntermed1ate between those of DPPC-POPC and -
| . the other mixes. _\“ '
| The reason that there are differences in-the ability

%

l

| | _

I ~  of the four mixtures to attain low surface tension on high
First

compression"might'be explained in .two different ways.

b ./ ‘ of all, it is pOSSlble that the amount of fluid 11p1d
‘ . .0 excluded is the same for all .four mixtures but the fluldlty

}1" Y of the resultant compressed monolayers var1es dependlng upon N

wh1ch low-melting 1ec1th1n 1s present. The bulk phase

/t‘l Hfful" tran51€1on temperatures for the four . 1ec1th1ns are in. the
- o otder SOPC > DLPC > POPQ > SLPC wlth'the'£1u1d1ty at 37°C
. ﬂ.*“ heing roughly in the opposite qrder;‘ Thevsecond explanation .
) , ma&Fbe'thet the'amount ef flhide}ipid excluded for a given
e molar mixture varies from fluid lecithin to fluid Iecithin.

' ‘ " It has-been shown that there.is a difference .in |

/_};:V ' .the abiiity of certain low me}ting lecithins to mix in e
o BT bilayers (pavis et'al:, 1980) and'is.reasdnable‘te thinklﬁJ
that this applies to monelayers. In this study it was shqwn
i that POPCAin,the'liquid crystal mixes more ideally with‘DPPC
gi"than.does SOPC ahd that this maybe‘related-to differences in

)ehain lengths It -is conce vable that for totally fluld mono -
SOPC would be e cluded more read11y than POPC in

- o - Ilayers
R a h1gh1y chmpreSsed monolayer because ‘it mixes. less we11 with
DPPC. Similarly, m1xtures of DLPC with DPPC reach lower 3

surface tension than does a comparable mlxture of POPC/DPPC.

Although POPC and -DLPC have s1m1larvtran51t1oh temperatures,

[ ! - B .
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‘_-the shorter chalns of DLPC may not allov as eff1c1ent

mixing as with POPC and exc1u51on of DLPC durlng compre551on
may be promoted more. However, it may be that the exc1u51on
of fluid lipid on high'compre551on is a more complex process

and cannot be described in such a simpie way. It is

apparent though that the strﬁcture and phase of the fluid‘ / ﬂ

11p1d may be 1mportant in: ach1ev1ng low surface tension
througbﬂexc1u51on._,.

=

.4“.

13

Phosphatldylethanolamlnes

L)

-,: Prev1ous work on monolayers at low surface pres—

sures - ‘has shown that theasurface propertles of PE's are only

'sllghtly dlfferent.than PC's (van Deenen.gg.gl., 1962;

Phillips and Chapman, 1968; Watkins, 1968; Netter et al., 197S;
Phillips and Hauser, 1974). An experiment has beeh carried

out to determine the effect that DPPE would have on the

-ability of DPPC to reach low surface tehsion, and to study

properties of various mixed monolayers of DPPE and DPPé uhder
cycllc, high compression- expans1on conditions (Flg. 18). The -
1nab111ty of 'a hlghly compressed monolayer of DPPE to’ rqach
low surface ten51on complles w1th observatlons by Watkins
(1968) who found that distearoyl phosPhatldylethanolamlne
(DSPE) reached only 20 mN'm 1. Tabak and Notter (1975) found

that DPPE was capable of achiev1nguonly,17 mN-m 1.: The -

reason why PC's are capable of reaching'iow surfaceﬂtensions B

. and PE S are not is probably a functlon of the packlng of the

surface monolayer.. It has heen suggested that PC's may have an

—— -
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‘average headgronp,orientation normal to thedsurface while,
PE's lie flat on the surface (Phillips et al.;'1974' Seellg
gt al., }976). This may relate to hydrogen bonding between
the PE head groups.. Also, Watkins (1968)/suggested that the

"PE/mﬁlecules were more readily excluded_ﬁrom the surface.

j B .
It is dpparent from these preliminary results that the
5 . o . | o
inability oi?PBto reach low surface ten%ions is not a.phase

- dependent phenomenon since these PE‘s wele ‘below their

phase trans1t10n temperature (Vaughan & eou@h 1974) It

is 1nterest1ng that the results showed t at by successively ~‘}-{’”
addlng methyl groups to DPPE -forming d1p lmltoyl N- methyl
ﬁ PE, d1pa1m1toy1 N:N- d1methy1 PE and f1na ly*DPPC the ab111ty

-, to reach 1owr;urface ‘tension is enhanced. As the monolayer

achieved a higher degree .of lecithin-like headgroups, 10ﬁer
surface tensions could be attained upon high compression.

This observatiorn is consistant with the fesults of binary

‘ monolayers of DPPC and DPPE (Fig. 16). As more DPPE is

added to the monelayer'thefabilhty to reach,lew surface

tension is lost. The mixtures however, reach a lower surface

tension than a comparable DPPC/SOPC mlxture This upholds

Watkins' (1968) contentlon that PE's, ‘because of the nature

. of the headgroup, are ea511y excluded from the surface on - P
L'high'compression. The results deséribedlhere agree with'/

~those of Watkins (1968) who showed that compression of a

suspension of DPPC/DSPE (7/3) added_to a saline subphase
reached near zero surface tension. ACompression rate and

isotherm ‘temperature WeTe not given.
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It has been shown that canine lung surfactant

) S
. c0n¢a1ns some 5-6 wt percent phosphatldyl ethanolamlne

ES
(Klng et al., 197211) There have not been. enough experi-

1

ments with PE's to elpc1date.the1r phy51olog1ca1 role,althpughv  ‘

one might 5Speculate that they'may'be invclved‘structurally or
possibly to promote movement of the surfactant to-the ,
interfdce. 'Cuilis (1979): has shown that-unsaturated PE's

»

form Hex II phase.' Such' structures may have :a role in the

insertion of surfactant into the.mondlayeruatlthe air-water

..

Ll

interface of the lung. - . - - N ' l"%.

‘

: R Natural Surfactants
RN ‘ o :
o . To prOV1de a basis of comparlson of synthetlc

studies to b1010g1cal studies some experlments were 1n1t1ated
ey

with crude and pur1f1ed extracts of anlmal surfactants o 3'

Figure 22A “shows surface isotherm of a suspen51on of a . -

'sallne lung wash of an adult rabblt. After an 1n1tlal

COmpre551on of the surface to 12 mN- 1; a series of
subsequent repetltlve compressions reached surface ten51ons
. Near zero mN - m- 1 There 1s a noticable reglon of hlgh '
compre551b111ty from 10-12 mN: 'm "1 d1sp1ayed in th1s 1sotherm.
Reglons of high compre551b111ty are those reglons which ik‘_j
show .a sl1ght lower1ng of surface ten510n over a relat1ve1y
Large change in surface area, This reglon has been - '
descrrbed by Clements (1977) and H11debran et al., (1979) :
as being. 1mportant with respect to the exc1u51on of fluld
mater1a1 from the surface.i A very s1m11ar result was -found -
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",After'reaching-aﬁYmin\of'11 mN - m
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for a pufified‘fractfpn of porcine surfactant (Fig 22B).

"L on the first compressioh
and a return to 44 mN m ; at full expansion. A thirty minute

wa1t1ng per1od decreased the Yeg to 23 mN-m -1

-1

and the

subsequent'{mln to 0 mN-m~ It, too, had a region of high

compressibility‘similar to thé rabbit saline wash

[}

Another fdctor which may play a promlnent role in

'surfactant behav1our is the apol1poprote1n descrlbed by ("f

King-et al., (1913) . In a recent artlcle by King and : o
MacBeth (1979) it was suggested that the 34, 000 dalton .

‘proteln may play a part 'in insertion of DPPC into theé

AJ

ﬁmonolayér. ‘It is noteworthy that the successful replacemeht
surfactant used ﬂy,Fugiwara eg'éi.; (1979) contained .2

percent bovine protein, but that employed by Morley et gl.,

4
(1981) had no protein present. °

Y-

i ' Synthetic bulk phese studies

The resﬁfts from experiments using known surface’

"concentrat1ons of phosphollplds spread from solvents

.establlshed a background for the understandlng of the more

Y

complex bulk d15pers1ons . Although monolayer studies relate .

1

“much 1nformat10n concernlng surface activity, they do. not

exp1a1n the phenomena associated with surface monolayer

formaJlon from a bulk phase This may be of 1mportance in

' the des1gn of art1f;c1a1 replacement surfactants for infants

born with Respiratory Distress Syndrome. A_useful ertificiah‘

LAY

'surfactant“should be caﬁable‘of lowerihg the surfece tension

- _' : - ., R

.
el



_mlxture was - 56% DPPC 21% unsaturated 11p1ds, 10% ‘PG, 6%

:1”other 11p1ds normally found in lung surfactants 5% neutral"
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&

'.in the alveoli of infants when infused endotracheally. .This

would necessitate the 1nfused solution spread1ng to the

alve011 and forming its own monolayer wh1ch upon exhalatlon, .

.‘would be capable of effectlvely lowerlng surface ten51on

Recently, Fug1wara et al s (1980) successfully used a

1

~ "semi- art1f1c1a1" replacement surfactant on premature infants

)

“'Wlth RDS. This mixture was comprised of a surface active

fraction from bovine lung enriched with DPPC and egg &olkf

g

h.phosphotidylglyerol (PG). " The f1na1 compos1t1on of the

”‘311p1ds and 2% protein. Out of ten RDS elght surv1ved afterf'

' endotracheal infusion and the remalnlng two d1ed of unrelated

LA . e

causes. The mixture d1d however, contaln 2 percent bovine
-protein. Since replacement surfactants from natural sources

may contain protein which would have a deleterious effect,

"' the ideal replacement surfactant would be a completely

} r ARERN

Esynthet;c mix. Recently Morley et al., (1980) have had_

~ -success in the treatment of severly distressed infants with -

‘,one sueh m1xture (DPPC/egg PG, 7/3) administered as a dry powder.

“"Two routes for adm1n15trat10n of art1f1c1a1

4 < 0 ¢

.“surfactants have proven to be useful. The d1spersal of a

\dry powder (Morley et al., 1980) or the 1nqu1on of a 11p1d

'Smlxture 1n bulk phase dlsper51on (Fuglwara et al., 1980)

"have been employed ‘Wlth this in mind we undertook a bre-

”11m1nary study of the surface propertles of some m1xtures of

1 st s

. «

unsaturated lecithins and DPPC when they were d1spersed in
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the bulk phase. .Certain .characteristics of the mixtures

were especially scrutinized. Firstly the initial surface

-tension of the dispersion was noted.: This measurement, prior

+

'to.any compression gave some indication of the ab111ty of
Athe materlal to reach a statlc surface ten51on the equ111-

. brium surface tension" (Yeq). The surface ten51on of canine

lung at totdl lung capacity has been measured by Schﬁrch'gt‘

al., (1976) and Found to be approximately 20 m'm, -1

and Johnson (1965) measured the equ111br1um surfaée ten31on .

. of saline extracts of rabblt lung lavage and found it to be.

'near 24 mN* m ..

v

" When looklng at the qua11ty of bulk phase dlsper-

“'sions as art1f1c1a1 replacement surfactant one must .also

\

look at, tHe m1n1mum surface tension achlevable on hlgh

B compre551on.; The main attribute of surfactant is the ab111ty-

to reach low- surface ten51on thereby to  stabilize the lung. B

fMlnlmum surface’ ten51ons ‘measured in 51tu were found to. be

4

-less than 9 mN- m (Schurch et. al.; 1976)

Another parameter of the surface behav1our of the
bulk phase dlsper51ons wh1ch may. a1d in the’ understandlng
of lung surfactant is - the ab111ty to reach the equ111br1um
surface tehsion after compression to minimum area. If
materiai,is.ekcfhded upon high.compression then the rate of:

return of material must be sufficient to lower surface .

‘tension on the next‘compression. When material is excluded
‘hfrom the surface, there is a certaln amount of 11p1d lost

”_on every compresslon (Watk1ns, 1968) so that the surface

\

I e e D RN 3 J——. PRI -

Tierney

.1.

S~ ,,'_

AE L T




ﬁq

87 - ;
conceatratien weuld decrease to a value incapable of
reaching low, lung~stabilizing surface tensions.‘ Since the
Asufface tension of a menolayer'at 10b‘percent pool size is
dependent upon the COncentration of the surface componeﬁgs,
the return of excluded material maybe monitored by a change
in the surface tension. " Eventually this surface tension
will reach a stable pdsition yeq. Measurements of read-
sorption of surface active material have been described
preV1ously (King § Clements, 197ZIII Notter et al., 1975'
E.Phillips et al » 1974). Pur1f1ed canine surfactant studied
by King et él., (19721), was stirred in a dlSh and the’
surface tension was mqnitored using a-Wilhelmy dipping plate.
The sarface of the}suspension was aspirated by,sﬁction to
remove any surface active'ﬁaterial present. Readsorption
rates wefe measured by observing the time fequired'to reach
veq, tHe lowest surface~cension’achievable_without any -
compressien.‘_The time;reqcired to reach yveq gave:an iﬁdie'
cation of efficiency.of'the»su}factaht te formla surface
ponelayeri This is barticularly important wheﬁ'cohsidering
an artificial replacement surfactant for‘infaats with RDS.
'The artificial material should be capable of achieving yeq
_very quickly so that subsequent exhalatlons may be sustained-
at low surface ten51ons .

‘ ~ Based on the results attained in the binary mono-
-1ayer study it was decided that the 65/35 percent molar

mixture of DPPC and SOPC in bulk suspension would be worth

jfurther investigation. The results in Fig. 20a suggest that

¢

I\



‘1mportant event in surfactant functlon it was dec1ded to

88

this mixture can achieve low enough surface tension to stabilize
' - .

the lungj(Séhﬁrch et al., 1976) but that .after each compression,

. it takes a long time to reach a low yeq. It was noticed that

"if the trough was agitated géntly the surface tension'dropped '

more quickly and it conéeivable that in-a s&stem where the
subphase was stirred, the lowering ?f §urface tensioz;fo
equilibriuﬁ val#es would be facilitafed. It apﬁears-from the
results'that high comﬁression of the surface removed a large
amount of surface actlve mater1a1 and thlS mater1a1 is very

slow to return. ThlS indicated that the materlal which had ‘

" been squéezed to the subphase formed a relatively stable

structure.

‘Since the return 'to a surface monolayer is an

1nvest1gate‘ways by wh1ch this return might be fac;lltated.

It has been discussed previously that stirring of the sub-

‘phase might aid-in shrféEevreadsorption but this property;is

difficult to relate to a physiblogical parameter.  However,

it\is conceivable that respifatory movements may play a

- significant role in moving surfactant to the air-water

interface;

! DPPC forms a very stable bilayer in bulk phase
(TierneylaﬁJohnsdh; 1965; King § Clements; 1972”III;
Villalonga:-IQ?Z) and its movement to é sﬁrface monblayef“
is very slowa\ The addition of a third component which was
capable of destabilizing thé bilayef improved readsorptive

_ . ¢
properties. A mixture of DPPC, SOPC and lyso-oleoyl

bt 1y
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phosphatldylchollne was prepared in suspen51on and surface

isotherms are shown in Fig. 20b. Fu,lly expanded the surface

ten51on of the monolayer over the suspen51on was approxmately

-1 and it could be compressed to 2 mN m 1. Schurch

-1

28mNm

et al., (1976) measured, in situ, values of 29 mN m and

o
<9 mN-m__ at total lung capac1ty and funct10na1 residual

volume respectlvely in canlne “lung. After. the 1n1t1a1

c‘ompression the surface tens:wn of the expanded monolayer

-1

was 35 mN-m -1 but dropped to 27 mN- m w1th1n 2. mlnutes

'Thls 1nd1cated that the lyso oleoyl. phOSphatldylchohne may

have promoted the msert:.on of llﬁ‘ld into the monolayer,,.
When the amount of lyso PC was 1ncreased ‘to 9 mole percent

a surfac:e ten51on of only 9-10 mN -m -1 could be achleved on ‘

. max1mum,compress.10n. The” addltlon of more 1yso PC ev1dent1y

increased the ”fitx:idity" of the monolayer so that ‘insufficient '

: . ’ ' N s .
material could be excluded on compression to maintain a

"‘rigid surface monol'a_yer.' It is of note that with the

mixture containing DPPC/SOPC/lyso oleoyl PC (61.5/34/5.5),
the time needed to aehiere the equilibrium value of 27-28
mNem™ L increased with successive compressions.' This

demonstrated thet the mechanism by which reinsertion OCCUTS’

' after each compressmn was not su£f1c1ent to maintain a low

sur/face ten51on on cycli 1ng and‘ that some materlal was lost

[

into the subphase. Apparently, there may be a fine balance

in the molar ratios of these components in bulk dispersion

to. attain optimum results for the parameters_ examined. Such —.

.a balance must exist in the mammalian surfactant system so



» expan51on fell to 44 mN em

m‘ecesséry-for lung function. Although the m1xture 1s very

90
tha‘t-.avlve»olar lipid in ‘the'bul'k“‘phase will be fluid enough to

" promote insertion of-ﬁPPC-’, but theé monolayer which is formed

L]

'-wiill be rigid enough to stabilize the lung.

M_Phosphatidylgl'y'cerol has been thought to play a -
possible part in surfactant function (Haljlman § Gluck, 1‘9’)76) :

and may aid in the promotlon of DPPC to the surface. A 3:1\

" molar mlxture of DPPC and egg phospha_t_ldyl glycerol gave very _'

encouraging-results for spreadability in. experimEnts-done by
Bangham et'él" (1979) when the materlal was spread fromma
dry state on- the’ surface. A mixture of DPPC/egg PG/ 1yso
oleoyl PC (65/20/15) showed very' poor resultslwith respect
to the- ab111ty to reach low ymin- (Fig. 21A‘)' .Low s‘urface '

tensmns could not be achleved even at the highest compressmn

.‘rate of 3. 6 cm /sec Even when the surface ‘was left un-

dlsturbed for .an-hour and the surface ten51on at full
-1

achleve low surface tension. The mixture is apparently too

fluid to reach’ values of surface tension anywhere near those

-very fluid, it does not promote 1nsert10n of mater1a1 into

. the 1nterface since a rapid fall in surface ten51on after

re- expansmn to 100 percent pool size. qu not seen

‘ _ Since encouraglng surface characterlstlcs werel
found in mixtures of DPPC with SOPC and lyso oleqyl PC
51m11ar experlments were performed with OSPC (Flgs 21 B &C]
For a mixture conta1n1ng DPPC/OSPC/lyso oleoyl PC (67/24/9), '

L
low surface’ ten51on, relatlvely rapid relnsertlon and a low

Vo L ea e aes . o o e e e s -

and subsequent compression could not




‘equilibrium' surface tension of 21 mN‘-m

"was achieved. Subsequent compressions reached 0 mN-m

.

"1 vere observed S P

The f1rst compression d1d not reach near zero surface tension ' ‘

perhaps because it was not compressed from y - eq. When- the

. surface was left undlsturbed for 1 hour, a'y eq of/,—ll mN-m"t ' \

-1

although the area of the hysteresis loop decreased 1nd1cat1ng

a 18ss of surface active material. When the amount of' OSPC

was increased to 30 percent and .the lyso reduced to. 5 percent
&

(frame C) low surface tensions could be reached even on the

'flr‘st compression.’ This mixture with 30 percent OSPC .also.
" displayed reproducihle hysteresis loops for ten successive-"'

A attempts 1nd1cat1ng no net loss of surface actlve materlal

The results show that in these systems small var1at10ns in the

-proportlons of 0SPC and lyso oleoyl PC produce s1gn1f1cant

changes in the xsurface behav1our of the mixtures. The *

. mixture contalnlng a h1gher proportmn of the lyso material

I

(panel_“B) was capable of ach_ievlng a lower ymax 1nd1cat1ng

v

the promotion of more 1lipid to the surface. The mixture
containing a higher proport&on of 0SPC to lyso material (C)

appeared to be extremelyﬁf/ﬂ,ﬁ‘ent at eliminatiné fluid =~ L

material ‘upon comﬂre'ssion as well as reinsertion of more

: mater1a1 upon re-e pans1on as ev1denced by its reproduc1ble

hysteresis indicating no net loss of surface material.

In bulk phase mlxtures it is likely that the fluid

 lipid determines the eventual ymin. Fluid 1ipid-is inserted
with DPPC into.the monolayer. The nature of this fluid

moiety will determine whether it will be excluded upen

-
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1a

compression. A very fluid bulk mixture will promote insertion )

of lipid b_I;t 'compxjes'sion will not result in lowy . This may
be .a result of insufficient- DPPC at the interface or in- .
kS
", efficient exclusion of the fluid component. If the bulk

«

phase mlxture is too r1g1d then not enough DPPC w111 be

1nserted into a monolayer.to reach low v on compre551on. ' -

»

General considerations e
. ,‘ - N ar
~The understanding of.the surface behaviour of
L] ' : ’ ; ]
. -certa'in‘pho‘spholipids' have given researchers much. informatio'n
: . - concerning the mechanlsm of act1on of lung surfactant . Using .

N a Wllhelmy type balance, 1t has, been demonstrated that the

e e A

Ctoow o0 . surface tensmn of lung surfactant decreases with S'urface '

S ) ' area and hence area per molecule The surface tension- area

wcurves obtalned for surfactant and its substltuent 11p1ds CoT -
i ’ ~are s1m11ar in shape to. that found for pressure volume curves
. :of gxised 1ungs-. _Avery and Mead (1959) used the surface
R . balance to detect the difference in the ability of normal

+ surfactant. to reach lower surface tension than that from

A . 4 'iﬁfants with Hyaline Membrane Dysease. The surfacé balance .
N is also very useful in studies Isuc,hkas‘ this one to examine - . ,'
the activity of certain phospholipids and their mixtures to" .
' ’fully understand the mechanism of action of lung surfactant;
. There "are'limi'tations to the extrapolation of

, 1nformat1on from the Wilhelmy Balance to the functlonmg

1ung. Flrst of .all it is d1ff1cu1t to determlne the rate of

change of the alveolar surface area and hence the compre551on .

v




rate at which to set -the balance. A11 the alveoli do not
‘open and close synchronously, some alveol1 are openlng while
others are closing. For this reason 'several rates were used

~ .in this study and these were similar to those used by other
. ' 2 -1

experimenters (Hallman and Gluck, 1976, 1.6 cm”'sec ~; Klng
’a'ndi Clements, 1972 III, 3.06 cmz-sec'l; H11debran et al.,
1979, 1.7 cmz's_ec'l). To achiéve rates faster than 3.6

em?- sec”1 the design of the trough would likely have to be

‘changed to av01d formatlon of wave motions within the trough.
Y'The 1mportant th1ng is. that the compressmn r'ate affects the
"fshape of the 1sotherm (Vlllalonga 1968) and we find that in ’
\mlxed monolayers the max1mum surface ten51on is affected by
compre551on rate : ‘ | ‘
Concern has been expressed by seme researchers
“that there is a cértain amount of leakage around the dam in
“the W11he1my type ba’l‘ance (Hlldebran et ﬂ. , 1979) Th:Ls is
a common -fear when u51ng teflon, glass or wax - as a trough
» and dam There ex1sts also the p0351b111ty that surface

: actlve material can- ""creep' up the 51des of the trough :
,espec1a11y vhen subjected’ to high surface pressures. To
'partlally alleviate this problen Hl.ldebran et al., (1979)
eoa'ted the inner surfaces of the trpugh,'and, d_etm .with 0.1M
. . lanthanum th.loride (LaClS). | This led‘to 're'pirod.‘uei'bllle.
| isotherms especially when'monolayers were kept 'et 'a'hi‘gh'_ ,

surface pressure for extended perlods of t1me. This. pro-

7 -

'cedure was attempted in this laboratory ‘but gave no not1ceable

'd1fferences in isdétherms. LaClS was found to 1nf1uenqe the
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: t.rans_i-tfon‘ temperature .Of ‘DPPC'T' Whena 1;2 weight:volu'me:
‘ dispersion of DPPC and 0.1 M LaCl, was ‘examined usi'ngA
.d':l'ifferen_tial scanning calorimetry, the phase transition

- ‘temperatutre was elevatfd “to 46°C as compared to 41.4°C .fo'r a

_ 51m11ar m1xture of DPPC and dlst111ed water. Because the -

' delicate one and depends on -the relative phases of the
'c.orlriponents, it ‘wa_s decided not to attempt further. use of the

.ia'nthanium chloride treatment in case any' residual-LaCl

 the d1pp1ng plate and the surface. It has been shown that oy
B the angle of contact 1nf1uences the surface tensidn measure-
ment (Sato & KlShlmOtO, 1979). ‘Care was taken to roughen

“the. p1at1num flag before usage “to attaln reproduc1ble results.

balance of DPPC and more fluld lipids in surfactant is a

-~

.

m1ght change the phase characterlstlcs of the monolayers. :

Another con51derat10n Wthh arlses concernlng thls IR

type of surface balance is the contact angle ‘made between :

Although the W11helmy surface balance has some

11m1tatlons it has proven to be ‘a useful tool 1n dlscermng

the mechanl,sm of surfactant function. Espec1a11y when used

in conjunction with other physical-chemical techniques for -~ [ -

examining properties of surfactant it *can provide useful
1n51ght into - the relatlonshlp between surfactant comp051t1on

and surfactant funct1on.
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‘made:

‘monolayers of phosphatldylchollnes is- dependent on the

-'the1r respectlve phase tran51t10n temperatures Conversely

“phase tran31t10n temperatures.

95

CONCLUSIONS

. . Tnis studyls'&stematical.Iy examined ‘the surface;~
aétivity of monolayers of some synthetdé phosphovl'ipid‘s under
a dynamic compress1on as a function of temperature It was-
observed that the ab111ty to reach low surface tensmn under'
high lateral surface pressure is dependent on the phase of

the lipnid Because phospholipids comprlse a .large proport1on

of lung surfactant, a delicate balance of fluid and r1g1d

11p1d must be malntalned to provide at:he correct surface '

'._aCt1V1tY ‘to keep’ the lung stab111zed ‘ ¢

- - From-the  results the ‘following ¢onculsions can be’

+

Ao The'abilit.y to reach 1o{v surface tensions i'nv_'

..

\

presence of rlgld 11p1d. Monolayers of unsaturated and

saturated‘-léci'thin's are both capable of achlevmg very low

surface ten51on when compressed as 1ong as they ‘are below

= a

s

‘ monolayers of unsaturated and saturated lec1th1ns are in-

o capable of reachlng very low surface tensmons above the1r

Y

. 2, In binary ‘monolayers~conta1n1ng r1g1d and f1u1d

11p1ds the minimum surface tension attalnable depended .on the
A

relatlve amounts of.the 1ec1th1ns. When DPPC was nixed w1th

-a lower. meltlng lecithin and compressed at’ 37°C the inimum

surface tension depended on the, amO}mt of fluld 11p1d present

As the mole percentag‘e of DPPC in the monolayer was

r 1
. . 1
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®» "decreased the minimum'surface tension attainable on

4 [y
' compre551on progre551ve1y 1ncre/ased ’ )

3." .The mlnlmum sur ace tens1on attalnable 1n )

blnary monolayers is- dependen ‘on the typp of fluid lecithin .

used Reachlng low surface t/ens-ions upon highvco'fnpre'ssi'on

may be dependent on the ability of the 11p1d to pack t1ght1y.’

in- the monolayer. Th?gse wh1Lh do not exclude readlly upon
compress:.on w111 not form a DPPC enrlched surface and, hence '
low surface tensmn. Lipids. which. do not pack t1ghtly in

the monolayer may be "squeezed out" to reach low surface

L, ‘.

' tensmn._ The ab111ty to form a tlght packlng arrangement .

.,' may be dependent on the spec1£1c structure as well as the

phase of the fluld molety. , S L R -,

'4. ~In blnary monolayers of DPPC and f1u1d . .

" lecithins, low surface tensron may be‘ achleved by the . L
© exclusion of "the fluid mgie"ty during"_ high compress“i"b'n( ~The
) ‘ . N | . v . ) M i N \ M .

) resultant DPPC enriched surface is ca‘pable of reaching low

sur face ten51ons R . ‘ D

5 The mlnlmum surface ten51on attalnable m.

bi’rrar.y monolayers is dependent on the rate at which the
: © -

™ surface compressed

6.. Monolayers of d1pa1m1toyl phosphatldylethano-'

. laniine, are 1ncapab1e of reaching low surface ten51on even

when the lipid is below'its te- '
. 7. D1pam1toyl N- methyl phosphatldylethanolamlne :
-and® Dlpalmltoyl N, N- dlmethyl phosphat1dy1ethanolam1ne show‘

: 1ntermedlate ab111t1es to reach Low surface tensions on

a . . R . '
. N . :

-
Semip s 1
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" amounts of the two components. L ’ -'

-‘_‘\f‘or pulmonary_ s~tab111ty.' Although other 1ec1th1ns canl reach

] 97

A ]

-

compress ion in comparlson to those of DPPE end DPPC.

-

8. "The m1n1mum surface tens ions of mono.layers

‘mixture of DPPC .and: DPPE’ depends on th\eylatwe molar

- . -~

Overali.sununaxl" , L L

Dlpalmltoyl phosphatldylchollne is the. major surface

. actlve materlal of mammallan 1ung surfactant and accounts

for its- ab111ty to reach, the 1ow surface ten51ons necessary

4

sur face tensions near zero ’mN°m'l unde appropriate conditions,

‘only DPPC 15, sulted as the maJor surfactant mater1a1 " The. key . .

to the un1quene59 of DPPC is in .its phase behav1our w1th

respect to temperature. A summary of the surface ibeha\uour

) of DPPC 1s shown in Fig. 25. DPPC"un’d-ergoes a phase tran-

-

1t10n (t ) at. 41°C at Wthh p01nt the fatty acyl chains go
from a r1g1d .loy motion state ,.to one which is more. fluld
with a hlgh degree of moblllty Below the t. DPPC has great
dlfflcult}’ in leaving the bulk bilayer to form a surface

monolayer. ‘Once in a monolayer,' the rigid 1ec1th1n fllms

1 -

- can reach extremely low surface tensmns when compressed.

‘Above the t ‘DPPC spreads spontaneously to a surface mono-.'

la,,yer but once, compressed collapses at about Y = 20<mN'm 1..

\ . a

At body temperature DPPC 1s in a rigid ‘'state. capable of

lowenng surface ten51on if 1nserted into the 1nterface. N

,Howe\{er to.p_romote 1nsert10n the phase of DPPC must be .

changed either by a change of temperature or some ther fheans.

R T B
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Figure 25. Summary of the monoldyer and bulk phase behaviour
; “'of lecithin above and below its phase tramsition
. . . , N . . " fl\\
.. temperature. -'Above t_ promotion to- the Tono-
. . : i bl
. ' ‘layer is very fast but subsequent compression -
results in collapse.. Below tc' monolajer insertion
o : ) o . ! BN .
. ‘is slow but compression results in low surface
- tension. .
. A t ! -
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Since the bodf does not normally.cﬁange its core temperature
to'any significant degree, the Phase of DPPC maf be altered
by the other surfactant compouents. - A hypothetical scheme
is .,shown in Fig. 26. The other surfactant componeﬁts may
"fluidize" DPPC‘to promote insertion into the interface.
Because th1s new ‘fluid monolayer is 11qu1d crystalline in
nature ‘it is 1ncapab1e of achieving the low surface tens1on
needed to prov1de lung stab111ty It has been postulated

that under high- compress1on (or a decrease in molecular

‘surface area) the f1u1d 11p1d will preferentlally exit .the

surface 1eav1ng a DPPC enr1ched surface capable of reach1ng

near- zero surface ten51on. A fine balance of 11p1ds must

exist so that the bulk phase 1s flu1d enough to- promote

insertion 1nto the monolayer but the monolayer can become

sufficiently r1g1& to lower surface tension.
‘This work.provideS'specific‘information about the

surface and fluidity relationships of individual'molecuiar

.species and their simple mixtures. These studiés contribute

to the detailed understanding of the complex-surfactant

mixture at the molecular level. These f1nd1ngs also prov1de

some 1nformat1on about how individual molecular spec1es ‘and

their simple mlxtures may be useful in the de51gn of

replacement surfactants.
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“1ipid the lung. General insertion of fluid lipid.~

and DPPC into the monolayér; cbmpression of. the

monolayer ekcluding some fluid 1lipid leaving behind
a DPPC enriched monolayer capable of effectively

lowering surface tension; excluded material S

"incorporated into subphase structure. .  °
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APPENDIX B
. !
'COMPOSITION OF SOLUTIONS USED IN THE ISOLATION .
OF PIG LUNG SURFACTANT (King and Clement's, 19721) \
. .
: MOLARITY ..
- et _Density I ITH I
~ Solution (g/ml) " NaCl:” NaBr MgCl, . CaCl, pH 7.33 ‘ '
"1°, 1.008 © 0.15 - -° 0.003° 0.003 - 0.005 g
2 . . 0415 0.60 ° 0.004 0.004 0 i

=7, N OO

HE

- 1.057
1.124.
1.143
1.174
1.096 -

. 0.15  1.40

0.15 ~1.64

0.15° 2.02

0.15 1.05

o o.so

%

L031
.035
043

024

0.031

0.035
0.043
0.024

0
0

.005
.005
.005

.005

.005 .
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APPENDIX C
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