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Role of Lipid Polymorphism 
in Pulmonary Surfactant 
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The development of artificial surfactants for the treatment of respiratory distress 
syndrome (RDS) requires lipid systems that can spread rapidly from solution to the 
air-water interface. Because hydration-repulsion forces stabilize liposomal bilayers 
and oppose spreading, liposome systems that undergo geometric rearrangement from 
the bilayer (lamellar) phase to the hexagonal II (H,,) phase could hasten lipid transfer 
to the air-water interface through unstable transition intermediates. A liposome system 
containing dipalmitoylphosphatidylcholine was designed; the system is stable at 23°C 
but undergoes transformation to the HI, phase as the temperature increases to 37°C. 
The spreading of lipid from this system to the air-water interface was rapid at 37°C 
but slow at 23°C. When tested in vivo in a neonatal rabbit model, such systems elicited 
an onset of action equal to that of native human surfactant. These findings suggest 
that lipid polymorphic phase behavior may have a crucial role in the effective func- 
tioning of pulmonary surfactant. 

Surfactant protein A (SP-A) and phos- 
phatidylglycerol are key missing elements of 
the pulmonary surfactant system of infants 
with RDS (1, 2). Their absence curtails the 
rapid recruitment of the essential lipid di- 
palmitoylphosphatidylcholine (DPPC) to 
the air-water interface. Although produc- 
tion of these materials begins as early as 6 
hours after delivery, the degree of lung com- 
pliance, or the ease of breathing, during 
those first several hours is critical (3). Ex- . . 
ogenous surfactant systems have been de- 
veloped as replacement therapies (4). Be- 
cause clinical results for completely syn- 
thetic formulations have been mixed (51, 
we endeavored to design an alternative ar- 
tificial formulation solely on the basis of 
considerations involving lipid polymorphic 
phase behavior. 

Any effective surfactant formulation 
must transfer lipid rapidly to the air-water 
interface and must considerably reduce 
surface tension. Because the hydration- 
repulsion forces that stabilize liposomal 
bilayers oppose rapid spreading, we fo- 
cused on mechanisms that lead to bilayer 
destabilization. Unlike the eel-to-liauid " 
crystalline phase transition, in which the 
livosomal structure is maintained. the la- 

ids into a new geometry (Fig. 1, A and B). 
This rearrangement could facilitate 'lipid 
transfer to the air-water interface through 
nonequilibrium processes that would expel 
lipid into the aqueous phase above its 
critical micellar concentration (6). 

We examined the spreading of lipid 
assemblies to the air-water interface under 
conditions that favored the HI, phase 
transition (Fig. 1C). Surface pressure (II) 
at the interface is related to surface ten- 
sion (y) by II = y,, - y, where y,, is the 
surface tension of pure water. When car- 
diolipin liposomes were injected into buff- 
er devoid of calcium, the spreading was 
slow, with a surface pressure change (An)  
of <2 mN/m at 14 min. However, when 

liposomes were injected into buffer contain- 
ing 50 mM CaClz [calcium drives the lamel- 
lar-to-HI, transition of cardiolipin (7)], the 
spreading was rapid (An = 44 mN/m within 
10 s). We next examined the spreading of 
dioleoylphosphatidylethanolamine (DOPE) 
liposomes (Fig. ID). At pH 9.6, DOPE f o m  
stable liposomes; at neutral and lower pH 
values, DOPE adopts the HI, phase (8). The 
transformation to the HI, phase upon injec- 
tion into pH 4.5 buffer was accompanied by 
rapid spreading of lipid to the air-water in- 
terface. Equilibrium n's were reached quick- 
ly (<30 s). Thus, transformation to the HI, 
phase allows rapid spreading to the air-water 
interface. 

Natural lung surfactant is predomi- 
nantly composed of DPPC, a disaturated 
lipid capable of low y upon monolayer 
compression (9); the other lipids in sur- 
factant may only facilitate rapid spreading 
and would then be "squeezed out" (10). 
With this in mind, we designed a stable 
liposome system that not only could be 
triggered to form the HI, phase but also 
included DPPC, a lipid that normally only 
adopts a lamellar arrangement. Our ap- 
proach was to formulate DPPC into 
DOPE-cholesterol systems that would re- 
main lamellar at room temperature but 
would adopt the HI, configuration at 
37°C. DOPE alone readily forms a HI, 
phase, but we expected it to phase separate 
from DPPC in any mixture capable of the 
lamellar-to-HII transition between 23" 
and 37OC. Inclusion of cholesterol, how- 
ever, would allow the two lipids to remain 
dispersed within the same membrane and 
would also act to modulate the lamellar- 
to-HI, phase transition temperature (T,,). 

The P nuclear magnetic resonance 
(NMR) spectra of a DOPE-DPPC-choles- 

mellar-to-HI, transition rearranges the lip- 
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terol mixture (tnolar ratio 7:3:7) equilibrat- 
ed to  different temperatures are slno~vn in 
Fig. 2A. T h e  line shapes indicate that only 
the  lamellar phase existed up to  30°C. 
Above 3 j ° C ,  a m i x t ~ ~ r e  of lamellar aind HI, 
phases was apparent. T h e  small-angle x-ray 
diffraction pattern of a similarly made sam- 
ple of 7:3:7 DOPE-DPPC-cholesterol (Fig. 
2B) showed spacings indicative of HI, for- 
mation at 37°C but not at 23OC. 

T o  delineate the phase behavior of 
DOPE-DPPC-cholesterol mixtures, we next 
examined the  "P N M R  spectra of samples 
formulated with tnolar ratios of 7:3:5 and 
7:3:10 (Fig. 2C) .  For the  7:3:10 mixture, 
the  HII phase alas observed at both 2 j 0  and 
37°C. For both tlne 7:3:5 and 7:3:7 mix- 
tures, there appeared to be only a bilayer 
signal a t  2 j °C ,  ~rlith the HI, phase apparent 
at 37°C. Although the temperature at 
~rlnicln tlne HII phase was completely estab- 
lished for the  7:3:7 mixture nras not deter- 
mined, the pure HI, phase was observed for 
the 7:3:5 ilnixt~lre (2613OC) and the  7:3:10 
inixture ( 2 5 1 ° C )  (1 1 ) .  

After the  lamellar-to-HI, transition for 
the  7:3:7 DOPE-DPPC-cholesterol mix- 
ture nras established by N M R ,  we exam- 
ined the  spreading rate to  the  air-water 
interface as a f~ lnc t ion  of temperature. Li- 
posoines were injected into a subphase 
equilibrated either a t  23OC, where lamel- 
lar structure ~vould be maintained, or a t  
37"C, where the  HI, phase ~rlould form. 
T h e  changes in H with time for both  cases 
are sho~rjin in  Fig. 3 4 .  Spreading a t  23°C 
was slow and produced oinly a modest A l l  
of 4 inN/tn after 14  tnin. Injection of the  
7:3:7 mixture into buffer a t  37OC yielded a 
marked change ( H  = 46 to  49 mN/m or y - 24 to  27 mN/m) ,  which, a t  50 p g  of 
lipid per milliliter, was conlplete in  <3 
min. A t  tlne same final lipid coincentration 
of 513 kg/inl, the  spreading rate for the  
7:3:7 formulation nras similar to  that  for 
Curosurf, a surfactant extracted from por- 
cine lungs (12) .  T h e  concentration of ina- 
terial dosed to  preterm infants would be 
much higher a t  5 to  10  rng/ml, assuming a 
functional residual lung capacity of 10 to  
213 inl/kg (13)  and a dose of 100 ing per 
kilogram of body weight. A t  such concein- 
trations, nre expect that  spreading in v i m  
wo~l ld  O C C L I ~  essentially instantaneously. 

Having shown that the  7:3:7 DOPE- 
DPPC-cholesterol illoinolayer met the  cri- 
terion of rapid spreading, we next  exam- 
ined the  characteristics of this ~ l lo tno la~er  
to  determine the  m i n i m ~ ~ n l  attainable y 
LIFO" compression. W e  examined profiles 
of ll \,ersus surface area ( A )  for a mono- 
layer of the  7:3:7 mixture deposited on to  
the  surface from solvent (Fig. 3B) .  U p o n  
compression a t  22"C, the  iiloilolayer 
achieved a H value near 5 0  mN/m ( y  = 23 

mN/tn) ,  \v l~ich remained constant \\-it11 
f~lr ther  comvressioin. This value did not 
change with repeated compression-expan- 
sion cycling. 4 s  expected, material nras 
lost from the  tnonolayer wit11 sr~ccessive 
compressions, as indicated by the  shift of 
the  H - A  1oot.s to  lower A values. Al- 
though this collapse pressure was slightly 
lo~ver  a t  37°C (48 to 49 tnN/rn), repeated 
cycling again did not  exhibit a n  effect. 
T h e  collapse point was also ~lnaffected by 
a change in  the  rate of compression (15 to 
120 cm2/min) ,  by repeated compressioin- 
expansion of the  tnonolayer belo~rl the  
collapse point pressure before compressing 
to  the  collapse point,  or by the  presence of 
5 mIv1 CaCl, .  W h e n  m~~l t i l amel l a r  vesicles 
(MLVs) of the  7:3:7 mixture were iinject- 
ed into tlne subphase of the  trough (a t  
37"C),  a n  equilibrium H of 48 mN/m was 
established. Upoin compression, a plateau 
in H was observed (48.5 tnN/m), the  same 

as that of the  tnoinolayer deposited froill 
solveint a t  37OC; this result suggested, but 
did not  confirm, a n  equivalent composi- 
t ion. Uinder the  co~nditioins used, coilnplete 
squeeze-out did inot occur; pure DPPC ex- 
hibited a ~ T I L I C ~  higher collapse point,  near 
79 mN/m [consistent with previous reports 
(1411. 

T h e  concept that y must be near zero 
was required to explain the  classical alve- 
olar cointinuous liquid lining theory, 
n ~ h i c h  is now disputed (15). Most recent 
alveolar models do  inot invoke a continu- 
ous liquid lining, and the  ability of the  
~Yiillnelm~ plate method to  revort low ~ a l -  , 

ues of y has beein questioned (16) .  Given 
these concerns, we could not  rule out the  
possibility tha t  our formulations would 
filtnctioin well in  vivo Ithe minimum v 
m e a s ~ ~ r e d  for Exosurf, a synthetic surfac- 
taint formulation, has beein reported to  be 
25 mN/m (1 7)]. 

Fig. 2. (A) "P NMR spectra 
of the DOPE-DPPC-choles- 
terol (7:3:7) mixture at varl- 
ous temperatures (23) The 
line shapes at 25" ann 30°C 
are consistent with the a -  

! melar phase, whereas those 
at the higher temperatures 
exhibt features of both a -  

I- 
20t ' 8 melar and HI, phases. (B) 

I Small-angle x-ray diffracton 
1 patterns of a 7:3:7 DOPE- 

DPPC-cholesterol mixture 
0.5 0.7 0.9 1.1 (24) The uniformly spaced 

Cholesterol/phospholipid peaks seen at 2" and 23°C 
molar ratio are cons~stent wlth a lame!- 

lar phase of 63.5 and 62.8 A ,  
respect~vey. At 37"C, the diffracton pattern peaks are spaced In 
the rat10 of 1 :  \1\/3:2. consistent wlth a two-dmenslonal hexag- 
onal phase such as H I ,  wlth a basrs vector length of 72.6 A. The 
presence of coex~st~ng lamellar phase orders underneath the 
(2,O) and ( 1 , O )  peaks at 37°C cannot be excluded. In all panels, 
the numbers show the Indexing of the peaks on the respective 
lattices. (C) Phase behav~or of DOPE-DPPC-cholesterol mix- 
tures as measured by "P NMR, The three molar ratlos examined 
for DOPE-DPPC-cholesterol were 7:3:5 ,  7:3:7, and 7:3:10, H, 
Lamellar signat~~re only; C, mlxti~re of lamellar and H,,  phases. 
with H I ,  content increasng with temperature; A ,  HI, phase pre- 
dominance. 

Fig. 3. (A) Spreading of 7:3:7 DOPE- 
DPPC-cholesterol liposomes (25). Lipo- 
somes were injected nto subphases 
equilibrated at e~ther 37°C (sold lines) or 
23°C (dashed n e ) .  The equbr~um n s  
were 46 to 49 mN/m The f~nal lipid con- 
centrat~on was 50 p,g/ml. (6) Plots of n 
versus surface area for the 7:3:7 DOPE- 
DPPC-cholesterol monolayer (26). The 
monolayer was formed by deposlt~on of 
lip~d In hexane-ethanol (9.1) onto the 
aqueous surface. Compressions and ex- Time (min) Surface area (%) 
pansions were performed at 22°C w~th 
an area change of 120 cm2/min. Arrows indcate the direction of barrer movement. 
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Sal~ne 7:3:5 7:3:10 Human 
surfactant 

DOPE-DPPC- 
cholesterol 

Fig. 4. Dynamic lung compliance in preterm rab- 
bits (27). Compliance was measured over three 
time periods: 0 to 10 min (open), 1 1  to 20 min 
(gray), or 21 to 30 min (black). The number of 
rabbits in each group was n = 5 for the 7:3:5 
DOPE-DPPC-cholesterol mixture and n = 4 for 
the 7:3:10 mixture, saline control, and human 
surfactant control. Bars represent SD. The rabbit 
model used is described in (28). 

We tested our systems in vivo (18) 
in preterm rabbits (27th day of gestation) to 
compare the effectiveness of two of 
our DOPE-DPPC-cholesterol formulations 
(7:3:5 and 7:3:10) as well as saline (neea- . " 
tive control) and natural human surfactant 
(positive control). The two DOPE-DPPC- 
cholesterol formulations, both driven to in- 
creasing lamellar-to-HI, conversions at 
physiological temperature, elicited an onset 
of action equal to that of native human 
surfactant (Fig. 4). The response after dos- 
ing was immediate, with visible color 
changes (blue to pink) for rabbits that re- 
ceived our formulations. [The immediacy of 
response in infants treated with Curosurf is 
prognostic of decreased mortality and mor- 
bidity (19).] The two formulations and hu- 
man surfactant were not significantly dif- 
ferent from one another at any time point, 
but all three were significantly different 
from the saline group at 10 min (P < 0.005) ' 

and at 30 min (P < 0.01). These data 
suggest that lipid polymorphic phase behav- 
ior may play a role in the design of effective 
synthetic surfactants and may also be im- 
portant in the functioning of native surfac- 
tant. Indeed, lipid-protein structures remi- 
niscent of nonbilayer lipid (tubular myelin) 
have been shown to be essential in the 
rapid transfer of lipid to the air-water in- 
terface from lamellar bodies secreted by 
alveolar type I1 pneumocytes (20). 
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