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The thermotropic properties and acyl chain packing characteristics of multilamellar dispersions of binary mixtures nf I-stearoyl- 
2-caprylphosDhatidylcl,oline (C( 18): C(10)PC), an asymmetric chain species, and dimyristoylphosphatidylcholinc (C(14): C(14)PC), 
a symmetric chain lipid, were monitored by vibrational Raman spectroscopy. In order to examine each component of the binary 
mixture separately, the acyl chains of the symmetric chain species were perdeuterated. As shown by differential scanning 
calorimetry, the mismatch in the ge} phase bilayer thickness between the two lipid components generates a lateral phase 
separation resulting in two distinct gel phases, G(1) and Gill), which coexist over much of the composition range. The Raman 
data demonstrate that the mixed btterdigitated phase (three chains per headgrnupl, analogous to single cnmponent phase 
behavior, is retained when the C(18):~'(10)PC component act as a host for the G(i) gel phase. In contrast, the C(18) : C(10)PC 
molecules exhibit partial interdigitation (two chains per headgrnup) when they arc included as guests within the C(14):C(14)PC 
host matrix to form the G(II) gel phase. Compared to pure C(14): C( 14)PC bilayers at equivalent reduced temperatures, the host 
G(I1) gel phase C(14) : C(14)PC molecules exhibit an increased acyl chain order, while fi~r the host G(I) gel phase the 
C( 14): C(14)PC lipid species show increased intraehain disorder. 

I n t r o d u c t i o n  

Since tl-~e initial discussions of an interdigitated chain 
structure for a dipalmitoylphosphatidylglycerol bilayer 
[1], much interest has been generated, particularly in 
recent years, by model system studics of interdigitated 
single, symmetric and asymmetric chain systeras (for 
review, se,, ~ Refs. 2-4). In addition to studies of pure 
bilayer sp~:cies, examinations of multicomponent sys- 
tems have contributed toward clarifying the balance of 
forces gc,verning specific interdigitated membrane 
forms. For example, differential scanmng calorimetric, 
X-ray diffraction and Raman spectroscopic techniques 
were used ~o examine the formation of domains and 
mixing properties of completely interdigitated dihex- 
adecylphosphatidyleholine, a symmetric chain lipid, in 
conventional bilayers of dipalmitoylphosphatidylcho- 
line [5-7]. In other two-component systems involving 
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asymmetric chain lipids, the long acyl chains of gly- 
eosphingolipids, occurring as minor components in bi- 
layers, have beer, shown by deuterium magnetic reso- 
nance and electron spin resonance spcctroscopies to 
penetrate the opposing monolayer of a bilayer matrix 
[8,91. 

in the present study, we present a vibrational Ra- 
man spectroscopic study which extends previous inves- 
tigations of highly asymmetric chain lipid species by 
stressing the bilayer iat¢,a~:tions anti phase behavior of 
the binary mixture of I-stearoyl-2-caprylphosphatidyl- 
choline ((C(18):C(10)PC)) and dimyristoylphosphati- 
dylcholine ((C(14):C(14)PC)), lipids representative of 
asymmetric and symmetric chain systems, respectively. 
The thermal properties and phase diagram of this 
hOVe! iipid mixture have been previously elucidated by 
Lin :rid Huang [10] using differential scanning calori- 
metric methods. Specific interest in the C(I8):(Y IO)PC 
species, whose sn-I acyl chain is nearly twice the length 
of the sn-2 chain moiety, sterns from the observation 
that fully hydrated dispersions of this lipid undergo a 
gel to liquid-crystalline phase transition in which the 



mixed interdigitated gel phase structure, characterized 
by three acyl chain cross sectional areas subtended by a 
single headgroup area, transforms directly to the par- 
tially interdigitated fluid phase [11-13]. The latter 
phase reflects a structure in which only two chain areas 
are circumscribed by the headgroup. Since symmetric 
chain systems, represented by C(14) : C(14)PC in the 
binary mixture, do not form interdigitated bilayers ex- 
cept under high pressure [14,15] or by the addition of 
specific aqueous phase mediators [3], an opportunity 
arises for deriving from spectroscopic considerations a 
detailed molecular interpretation of the packing of 
requirements of a binary lipid mixture which exhibits 
widely variant gel phase structural properties and eu- 
tectic phase behavior. 

Raman spectroscopy offers several advantages in 
studying bilayer chain interdigitation relative to other 
spectroscopic techniques. First, a wealth of vibrational 
information is derived noninvasively; that is, no probe 
molecules which may perturb either the hydrocarbon 
region of the bil~.yer or the organization of the intersti- 
tial water between bilayers are introduced. Second, by 
perdeuteration of the hydrocarbon chains of one of the 
components of the binary mixture, the bilayer behaviol 
of each lipid species can be separately monitored as a 
function of temperature and mole fraction of the mix- 
ture. This is a critical aspect of the present investiga- 
tion, since only slight changes occur in the overall 
membrane order of the C(18) : CO0)PC/C(141: 
C(14)PC bilayer mixture despite the manifestation of 
highly variable structural features of the components 
within each bilaycr phase. We emphasize that these 
individual structural differences are not easily deter- 
mined by techniques providing only the overall order of 
the binary system. 

Materials and Methods 

C(18):C(10)PC was synthesized as previously de- 
scribed [16,17]. DMPC and DMPC-ds4 was purchased 
from Avanti Polar Lipids. Two component systems 
were prepared in the following manner. Chloroform 
solutions of the individual components were thor- 
oughly mixed, and excess solvent was removed by evap- 
orat~3~ with a stream of nitrogen prior to placing 
under high vacuum for several hours. These samples 
were then dissolved together in a minimal amount of 
benzene and lyophilized overnight under high vacuum. 
Lyophiiized samples were hydrated in 50 mM KCI by 
vortexing and by repeated passage through the 0base 
transition. The hydrated samples were then placed in a 
capillary tube and pelleted using a microcapillary cen- 
trifuge. 

Raman spectroscopy was performed using the 514.5 
nm exciting line of an lnnova 100 argon ion laser with 
excitation power levels of 200 mW at the sample. 
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Variation of laser intensity levels between 125 and 4110 
mW demonstrated that under the conditions of the 
present experiments no significant laser heating effects 
of the bilayer arose. Spectra were collected at a spec- 
tral resolution of 5 cm-~ on a Spex Ramalog 6 spec- 
trometer equipped with holographic gratings. The 
monochrometer was calibrated utilizing atomic argon 
lines; vibrational frequencies, when requircd, arc de- 
termined to ±2 cm-I.  Temperatu~:e control was accu- 
rate to +0.1 degrees. Data were c~llected on a micro- 
computer based system and passed to a Sun Unix 
filcserver for storage and analysis using software devel- 
oped at the National Institutes of Health. 

Generally, 5 to 10 spectra were signal averaged in 
the C-H and C-D spectral regions prior to determining 
the various peak intensity ratios for constructing the 
temperature profiles. The errors assocLated with inten- 
sity ratios from individual spectra are less than :~0.02 
[18]. Data representing order parameters as a function 
of temperature were fit to a two state model of the 
phase transition in order to determine the bilaycr 
transition temperature T m and transition width AT, as 
well as lipid interchain and intrachain order parame- 
ters before and after the phase transition [19]. When 
the acyl chain carbon-hydrogen (C-H) stretching mode 
region of the nondeuterated component is examined in 
binary systems with deuterated chain components, con- 
tributions to the C-H stretching mode region arise 
from the unlabelled headgroup moiety of the deuter- 
ated chain lipids. The necessary corrections are made 
to the C-H stretching mode region of the unlabeled 
species by renormalizing and subtracting the spectra 
originating from the C-H stretching mode region of the 
deuterated component. 

Results 

Representative Raman spectra reflecting the acyl 
chain methyl and methylene 2900 cm-~ carbon-hydro- 
gen (C-H) and 2100 cm -~ carbon deuterium (C-D) 
stretching mode region are shown in Figs. IA and B, 
respectively, for aqueous dispersions of the binary mix- 
ture at its eutectic composition; namely, 60 reel% 
C(18): C( 10)PC and 40 reel% C(14): C"( i 4)PC. Various 
peak height intensity ratios have been described for 
deriving the thermal characteristics of membrane bilay- 
ers in terms of hydrocarbon chain intermolecular 
(chain-chain) and intramolecular (trans/gauche) inter- 
actions [18,20]. The vibrational assignments and dy- 
namics in terms of the methyl and methylene stretching 
modes, coupled oscillator and Fermi resonance effects 
upon which these intensity ratios are based, have been 
discussed in detail (see, for example, Ref. 20 and 
references contained therein). For example, in the C-H 
stretching mode region the 1293s/128ao peak height in- 
tensity ratio, which involves spectral features reflecting 
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the terminal chain methyl symmetric C-H stretching 
modes and the methylene asymmetric C-H stretching 
modes, provides a parameter reflecting the superposi- 
tion of trans/gauche conformational rearrangements 
upon lateral chain-chain order/disorder character- 
istics. The complimentary I,ssn/I,.ssn intensity ratio, 
representing features originating from the hydrocarbon 
chain methylene C-H symmetric and asymmetric 
stretching modes, respectively, describe primarily lipid 
interchain interactions. These ratios are defined such 
that they scale with increasing bilaycr disorder. 

interchain and intrachain processes are also deter- 
mined from the 220fl em-~ C-D stretching mode re- 
gion. Detailed vibrational assignments for this spectral 
interval have also been discussed previously [18]. In 
particular, the i,~77/12n7, peak height intensity ratio 
reflects intermolecular order/disorder effects, while 
the /. ,~//. ,m~ index monitors intrachain order/dis-  
order changes primarily in the distal portion of the acyl 
chain near the methyl terminus [18]. The additional 
I:t,jT/l:m.~ and !,1,~7/12n7, ratios characterize primarily 
intrachain effects in the proximal portion of die acyl 
chain near the polar/apo!ar interface. 

Temperature dependent profiles, derived from the 
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Fig. 2. Phase transition temperatures for rite binary system 
C(18):C( IO)PC/Ctl4):C(14)PC as a function of the mole fraction of 
C(14):C(14IPC. Transition midpoint temperatures were determined 
f r om I , . , ~ / I z s  ~ peak  I te igh !  i n t ens i t y  ra t i o  o f  t i le  2900  em t 
spectral region representing a xnperposition of t he  aeyl chain C-l{ 
strctchiug modes of both lipid species. The melting point depression 
at 40 mole;. C(14):C(14)PC/60 molq; C(Ig):C(I(I)P(" is character- 

istie of a eutectie point for this system. 

various order-disorder parameters and fit to a two-state 
statistical mechanical model [19], provide values for the 
phase transition midpoint temperature (T,u)of a given 
sample and allow comparisons of bilaycr packing char- 
acteristics within the gel and liquid-crystaUine phases, 
respectively. Fig. 2 presents a plot of these Tm'S deter- 
mined from temperature profiles of the l~,,35/l,ssn in- 
tcnsity ratio as a function of composition for the binary 
C(18):C{10)PC/C(14):C(14)PC system in which nei- 
thcr component is dcuteratcd. Thus, the ratio repre- 
sents a property of the entire bilaycr since both lipid 
components of thc binary mixture contribute to the 
C-H stretching mode region. A remarkable feature of 
these mixtures is that all cxhibit lower values of 7"., 
than the T,,,, of either pure component. The observed 
bchavior for the melting point depressions are charac- 
teristic of a cutcctie system [10,21]. This eutectic point 
minimum at 10.4°C, corresponding to a sample of 40 
mol% C(14) : C(14)PC and 6(} tool% C{18) : C{10)PC. is 
in good agreement with previous high sensitivity differ- 
cntial scanning calorimetry results [10]. Ahhough the 
Tm'S derived from the Raman data for the various mole 
fractions of the binary mixture are, in general, slightly 
lower than the calorimetric data, we do not believe 
that the spectroscopic results arise solely from local- 
izcd laser heating effects (sec Materials and Methods) 
but may also originate from kinetic effects implicit in 
the long incubation times required for obtaining the 
vibrational spectra. (That is, laser excitation power 
levels varying from about 125 to 400 mW failed to 
influence the reproducibility in the measured values of 
T,.). Table I summarizes the T m and AT data obtained 
for the C( 18): C(Ifl)PC/C( 14): CI4)PC system from the 
vibrational data. 



TABLE I 
Summary of the transilJoll temperat~res (T m) and trunsition widths 
('iT) for bin,lry mixtures of C(18) : C( I(OPC / C(14) : C( 14)PC 

Transition temperatures T m and transition widths ..IT were deter- 
mined from temperature profiles constructed from Raman spectra! 
data I~,j.~/I,.K,. derived from the C-H stretching mode regiou. The 
intensity ratios were fit to a two-state slalistJcal mechanical model 
1191. 

Mole fraction T m ( °C)  JT  i n  ( (Y )  
C(14):C(I4)PC 

0 17.5:t:0.1 0.3+0,1 
O.lO 13.75:0.1 1.7~0.1 
(I.20 I 1.8 + 1). I 2.9 :f_ 1;. I 
0.311 I 1.3 ± II. 1 1.2 -k 0. I 
0.40 I 0,4 ± (I. I (I.9 ± 11. I 
0.45 11.0 :t: 0. I 0.9 ± 0. I 
0.50 11.55:0.1 1.0:L0.1 
0.60 12.4±0.1 3.2±0.1 
0.70 19.5 ±O.I 1.7±0.1 
1.(~1 22.75:0.1 1.3±(1.1 

in order to assess the relative values of the global 
interchain and intrachain order/disorder parameteru 
about the phase transition temperature of a given lipid 
mixture, we present the Raman temperature profile 
data in terms of a common reduced temperature above 
and below T m as a function of the composition vari- 
able. Figs. 3A and B show values of two peak height 
intensity ratios, 12~3s/iz,xo and 12.sn / I , , .o ,  respectively, 
plotted against mole fraction C(14):C(14)PC at re- 
duced temperatures (T~e ~) both below and above the 
phase transition temperature (Tre d = +0.02, approxi- 
mately +6°C). Below the phase transition tempera- 
ture, beginning with pure C(18):C(10)PC and with 
increasing mol% of C(14): (2(14)PC, we observe a rela- 
tively constant order reflected by the 12,~3s/l~8~l t pa- 
rameter towards 20 mol% C(14):C(14)PC, followed by 
a smooth, continuous increase in disorder for increas- 
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ing concentrations of the symmetric chain species as 
the value of the order parameter for pure (2(14): 
C(14)PC bilayers is approached (Fig. 3At. In contrast, 
the 12x.sn/la~8u parameter, reflecting primarily inter- 
chain order, appears first to increase from 0 to 20 
tool% with increasing (2(14):(14)PC, then decreases to 
the eutectie point at 0,4 mol% C(14):C(14)PC, and 
then finally increases, cor,;.i(luously toward the value of 
the order exhibited by pm'e C(14):C(14)PC bilayers 
(Fig. 3B). Although we estimate the errors in the 
intensity ratios to be less than +0.02 [18], the trends 
noted in the order/disorder parameters are repro- 
ducible for points within the margins of overlap. Above 
the phase transition temperature, as C(14): C(14)PC is 
added to C(18): C(10)PC, we observe an increase in the 
interehain iasst)/12Kso parameter as 30 tool% C(14): 
C(14)PC is approached. A decrease ~n disorder occurs 
upon further increase in the mole fraction of (2(14): 
C(14)PC (Fig. 3B). Similarly, above the phase transi- 
tion, the superposition of the intraehain and interchain 
order  reflected in the I,,}.~s/12sso parameter appears 
remarkably constant between 0 and 50 tool% C(14):  
C(14)PC; the discontinuity which appears between 50 
and 60 mo l% is fo l lowed by a rise towards the value 
associated wi th pure C(14):  C(14)PC bilayers (Fig, 3At .  

By focusing at tent ion on the temperature profi les 
der ived from the 12,~3~/12,sn and 12,5,/12ssu o r d e r /  
disorder parameters for  the two pure components and 
the eutectic composit ion (Figs. 4A  and 4B), several 
general izat ion become apparent.  As noted in previous 
Raman spectroscopic studies [11] and in Figs. 4A  and 
B, pure C(18) :C( IO)PC bilayers, which undergo a tran- 
sit ion f rom the mixed interdigi tated gel to the part ial ly 
interdig i tated f lu id phase, exhibi t  greater intermolecu- 
lar and intramolecular order  below the phase transi- 
t ion relative to pure C(14) :C(14)PC bilayers. Below 
the phase transit ion, the gel phase eutectic compost- 
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of both lipid species. 

tion displays intermolecular order similar to pure 
(2(18): (2(10)PC (Fig. 4B). Above the phase transition, 
the eutectic composition exhibits greater intcrmolecu- 
lar disorder than either of the pure components (Fig. 
4B). Again, the data in these figures for the eutectic 
composition represent global order /disorder  parame- 
ters since both bilayer components contain normal, 
hydrogenated acyl chains. 

At this point, our strategy is to describe the specific 
phase behavior of each component by determining 
Raman spectra associated with binary systems com- 
posed of hydrogenated (2(I 8): C(10)PC chain species 
(represented by C(18): C(10)PC-d a) in association with 
perdeuterated chain (C(14):C(14)PC species (repre- 
sented by C(14):C(14)PC-ds4), remembering that chain 
deuteration results only in an isomorphous replace- 
ment [22]. Thus, the structural properties of the 
C(18):C(10)PC component in the mixture are deter- 
mined from the 29(1t) cm-I  C-H stretching mode re- 
gion spectra, while the packing characteristics of the 
C(14) : C(14)PC-ds4 species are derived from the analo- 
gous 2100 cm- t  C-D stretching mode region reflecting 
the deuterated methylene groups. 

Fig. 5 displays for several binary compositions the 
gel phase intensity ratios, corrected for the hcadgroup 
contributions from the perdcuterated species, of the 
I,,}3.~/I,sso and 12s~n/12ssn order /disorder  parameters 
for C(18):C(10)PC-d a at a common reduced tempera- 
ture ( -  6*(2) below the phase transition 7",,. These gel 
phase values thus reflect the relative interchain and 
intrachain order possessed by C(18) : C(10)PC at each 
of four compositions. In the phase diagram established 
for this binary eutectic system [10], the G(I) gel phase 
exists in a single phase region between 0 and about 20 
mol% C(14) : C(14)PC. while the Gr id  gel phase exists 
in a single phase region between approx. "75 and 100 
mol% C(14):C{14)PC; these two gel phases coexist in 

equilibrium in a two phase region between 20  and 75 
mol% C(14) : C(14)PC [10]. The intermolecular gel 
phase disorder, measured by the 12~5,/12s~o parameter 
in the figure, increases monotonically, but quite gradu- 
ally, as C(14) : C(14)PC-d54 is added to the mixture. We 
note, however, that the same trend is not indicated for 
the l.n35/i..,sa order/disorder  parameter, which con- 
tains contributions from both intramolecular and inter- 
molecular interactions. This ratio increases, indicating 
greater bilayer disorder, only when the predominent 
environment for C(18) : C(10)PC is the G(I1) gel phase 
(20 mol% ((2(18) : C(10) PC/80  mol% (C(14) : C(14)PC- 
ds4). This increased disorder relative to pure (2(18): 
C(10)PC bilayers is consistent with G(18) : C(10)PC 
guest molecules exhibiting partial interdigitation in the 
Gr id  phase. That is, the partially interdigitated phase 
displays a greater disorder than the mixed interdigi- 
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tated phase [11,23]. in the G(I)gel phase, the addition 
of increasing amounts of C(14):C(14)PC-d54 guest 
molecules to the C(18):C(10)PC host matrix does not 
result in a substantial increase in the disorder of the 
host matrix, which we interpret as m~dntaining a con- 
stant intramoleeular (trans/gaucl~e) order for the G(I) 
gel phase. 

In isotopiealb, diluting C(18):C(10)PC-d o with 
C(14):C(14)PC-ds4, matrix effects may perturb the 
12~.~.~/l~x o and 12Hsn/128~j values by ahering the iatelal 
interactions between identical species. We assess these 
effects on the peak height intensity parameters by 
comparing temperature profiles of C(18): C(10)PC-d o 
diluted in a matrix of C(14):C(14)PC-d.~ 4 to a sample 
of C(14):C(14)PC-du diluted in a matrix of  
C(14):C(14)PC-ds4. These comparisons, shown in Figs. 
6A and B for pure C(18):C(10)PC-do and C(14): 
CiI4)PC-d o bilayers and for 20% C(14):C(14)PC-d./ 
80% C(14):C(14)PC-ds4 and 20% C(18):C(10)PC-do/ 
80% C(14):C(14)PC-d54 bilayers, indicate that the in- 
crease in 12~35/128~ and 12xso/12x~n order /disordcr  
parameters for C(18):C(10)PC in the G(ll) gel phase is 
not simply a consequence of changes in the lateral 
Fermi resonance interactions between like chains. As 
displayed in Fig. 6A for the gel phase 12,~.~s/I,ss. index, 
pure samples of C(18):C(10)PC-dn are significantly 
more ordered than C(14):C(14)PC-do bilayers. Dilu- 
tion of the C(14):C(14)PC-d o matrix with 80 tool% 
C(14):C(14)PC-d54 results in only a slight change in 
the 12935/12~5n ratios. This alteration in intensity is 
attributed to a rearrangement of the C-H stretching 
mode intensities as a consequence of the perturbation 
to the lateral interactions of like chains. Dramatic 
changes occur in the gel phase 1293s/1288n ratios for the 
bilayers comprised of 20% C(18):C(10)PC and 80% 
C(14):C(14)PC-d54 in that the temperature profile for 

the bilayer is characteristic of a significant gel phase 
disorder coupled to a broadened gel to liquid-crystal- 
line phase transition. That  is, the additional increase in 
these order /disorder  parameters must result from the 
change in the gel phase packing properties as the 
system passes from a mixed interdigitation state in the 
pure C(18):C(10)PC bilayer to the partial interdigita- 
tion arrangement characteristic of the C(18): C(10)PC 
in the GOD gel phase of the binary system. Note the 
similarity of the intermolecular order described by the 
12sso/12xxo indices between the matrix diluted 
C(14) : C(14)PC-do  and  the  mat r ix  d i lu ted  
C(18):C(10)PC-d o bilayer samples (Fig. 6B). These 
data provide additional support for a model of partial 
interdigitation of the C(18): C110)PC component within 
the GOD gel phase in which a partially interdigitated 
C(! 8):C(10)PC species (two chains per headgroup) ex- 
hibits greater gel phase disorder than a mixed interdig- 
Rated species (three chains per headgroup). 

Structural properties of the C(14):C(14)PC-d54 
component of the various binary systems are examined 
independently by measurements derived from the 2100 
cm-  I C-D stretching mode region of the Raman spec- 
trum (Figs. 7A-D). The plots show that values of the 
order /disorder  intensity ratios for the symmetric chain 
species, which increase for increasing bilayer disorder, 
increase, in general, as a function of bilayer matrix 
dilution. As discussed above, the 12t77/12oTr , intensity 
ratio monitors primarily interchain interactions, while 
the 12t77/12,~.~ ratio monitors primarily intrachain in- 
teractions of the lipid chains near the methyl termini of 
the acyl chains [18]. The 121,~?/12t,.~ and 121~?/12o7r, 
ratios probe primarily intrachain interactions of the 
lipid chains near the polar /apolar  interface region 
[18]. To facilitate comparisons, values for the various 
order /disorder  parameters taken below and aimve the 



248 

 iiiiA 
• ,~'. • , ' ~ .  . . . .  

iii1 i ,,_..-..-o ""  - . . .  

~ / , , _ . . . . ~ .  

• ; . . • ; / . ~ . ~ .  " 

, , o  ~ , . ,  o ,  L , ~  o ~  , o  

Mole Fract=on C(14) C~14),~C ~1,~ 

!!!1 . . . . . .  

• A -  . e~  e 
...... ~\~o .......... 

. . . . .  

Mole Fract,on C114) Ct141PC a~= 

Fig. 7. Indices from the C-D stretching mode region for the bina~' system C(18):C(IO)PC-d./Ctl4):C(14)PC-ds4 (o) compared to 
C(14):C(14)PC-da/CO4I:CO4)PC-ds. ~ bilayers (o) determined below and a~we the eorresp~mding phase transition temperatures at a common 

reduced temperature T~ a = + 0.02: (A) 1,177 / I,.7~. (B) !2i77 /121q) 3. (C) I,.i,~ / I , i .  ~, (D) I,l,7 / Iz~Lr,. 

phase transition at common reduced temperatures, T~¢ d 
= _+0.02, are plotted as a function of the binary system 
composition. The C(14) : C(14)PC-d~ 4 guest molecules 
associated with the G(l) gel phase of the C(18): 
C ( I O ) P C - d n / C ( 1 4 ) : C ( 1 4 ) P C - d 5 4  binary mixture (Fig. 
7Aa; 20 and 40 tool% CtI4):CI4)PC-d54) exhibit 
greater gel phase intermolecular disorder in compari- 
son to the C ( 1 4 ) : C ( 1 4 ) P C - d o / C ( 1 4 ) : C ( 1 4 ) P C - d 5 4  bi- 
layers at these mole fractions. In contrast. C(14): 
C(14)PC-d54 associated with the G(ll) gel phase of the 
binary mixture (Fig. 7An; 60, 70 and 80 mol% (2(14): 
C(14)PC-d54) shows an increased intermolecular order 
in comparison to the C(14): C(14)PC-dc/C(14) : 
C(14)PC-d54 bilayer mixtures. Below the phase transi- 
tion temperature, increased intramolecular ordering of 
the C(14):C(14)PC-d.~ 4 molecules within the GOD gel 
phase of the C(18):C(10)PC-d,/C(14):C(14)PC-d.~ 4 
mixture is observed for the distal portion of the 
C(14):C(14)PC-ds~ acyl chains near the methyl termini 
(Fig. 7Ba; 60, 70 and 80 mol%) in comparison to the 
behavior of (2(14): C(14)PC-do/ (2(14) : (2( 14)PC-d54 bi- 
layers• 

C(14):C(14)PC-ds4 at or near the eutectic composi- 
tion of the C(18):C(10)PC-d./C(14):C(14)PC-d~ bi- 
nary mixture exhibits the greatest amount of ge! phase 
disorder relative to C(14) : C(14)PC-dn/C(14)  : 
C(14)PC-d54 bilayers (Figs. 7Aa-Da;  40 tool% C(14): 
C(14)PC-d54). In the comparisons between the two 
types of binary mixtures, the proximal portion of the 
acyl chain (nearest to the ester linkage) in the G(l) 
phase remains disordered below the phase transition 

temperature (Fig. 7Da; 20 and 40 mol%). Above the 
phase transition, the ~eneral trend for the curves (Figs. 
7Ab-Db) is that C(14):C(14)PC-ds4 in the binary sys- 
tem with C(18) : C(10)PC-d, exhibits equal or greater 
order in comparison with the C(14):C(14)PC-dn/ 
C(14): C()4)PC-d~ 4 bilayers. 

Discussion 

Both differential scanning calorimetry [10] and vi- 
brational Raman spectroscopy indicate euteetie phase 
behavior for binary mi~:mres of C(18):C(10)PC and 
C(14):C(14)PC bilayers, two diacyl phosphoglycerides 
representative of highly asymmetric and symmetric 
chain phospholipids with the same total number of 
methylene units, respectively. Since vibrational Raman 
spectroscopy provides parameters delinineating acyl 
chain packing arrangements, as well as the inherent 
intramolecular and intermolecular order of the hydro- 
carbon region of the bilayer matrix, the spectral data 
allow a detailed structural interpretation to be pre- 
sented for the packing motifs assumed by the mixing of 
two disparate lipid species• The contribution of each 
lipid species to the domain structure of the bilayer 
mixture is assessed by deuterating the hydrocarbon 
chains of the symmetric chain lipid and then monitor- 
ing separately the temperature behavior of each lipid 
component, The domain and phase behavior of this 
class of binary mixtures is particularly relevant in un- 
derstanding the membrane packing characteristics of 
more complex, asymmetric chain biological lipids in 



which highly asymmetric lipid chains coexist with 
neighboring symmetric chain lipids. 

The phase diagram for the C(18):C(10)PC/ 
C(14):C(14)PC binary mixture, which was determined 
calorimctrically [10], shows three gel phase regions, the 
C(18): C(10)PC and C(14): C( 14)PC enrichcd G(I) and 
G(ll) regions, respectively, and the G(I)+ G(ii) two 
phase region. Although the acyl chains of C(18): 
C(10)PC and C(14):C(14)PC molecules contain the 
same numbe~ of methylene segments, the thickness of 
C(18):C(10)PC mixed interdigitated (three chains per 
headgroup) gel phase bilayers (33 ,g, at 10~  [12]) is 
significantly less than C(14): C(14)PC gel phase systems 
(43 A at 10°C [24]). The ensuing bilayer mismatch of 
these two components results in the partial miscibility 
of the gel phase of these two species, although a match 
in bilayer thickness is restored for the liquid-crystalline 
phase in which the two components become completely 
miscible in all proportions. This limited gel phase mis- 
cibility, coupled with the ability to mix completely in 
the fluid phase, results in the characteristic eutectic 
behavior of the system. 

The various hydrocarbon order parameters for both 
the -dl)  and -d.s4 chains systems indicate that the 
hydrocarbon chains of C(18) : C(10)PC are packed in 
the G(I) gel phase with mixed interdigitation, bearing 
three chains per headgroup. Fig. 5 shows that as the 
mole fraction of the C(14) : C(14)PC-dsa component 
increases in mol% from 0 to 8(I, no perturbation occurs 
in the 12,~35/128su parameter reflecting that tile 
C(18):C(10)PC-d o species, which contains a superposi- 
tion of intrachain (trans/gauche isomerization) and 
interchain effects is most likely packed in the mixed 
interdigitated form. A slight increase, however, is ob- 
served in the pure chain-chain lasst)/12~o interaction 
parameter. Thus, through this mole fraction range, but 
particularly to the boundary of the G(I) + G(II) phase 
at 0.2 mole fraction of C(14):C(14)PC-ds4, the 
C(18): C(10)PC asymmetric chains remain in the mixed 
interdigitated configuration. The two C(14):C(14)PC- 
d.~ parameters 121cJ7/]2117i. t and 1217?/12117f. ,, which re- 
fleet changes both in intracham order in regions of the 
acyl chain close to the bilayer headgroup/interface 
area and in interchain interactions in portions of the 
chains near the methyl termini (Figs. 7An, Da), indi- 
cate that relative to its pure gel phase bilayer order, 
the symmetric chain species undergoes a chain disor- 
dering process. This rearrangement in C(I,l):C(14)PC- 
d54 order/disorder parameters enables the symmetric 
chain phospholipid molecule to be accommodated by 
the C(18):C(10)PC chain lattice. The intramolccular 
12197/121176 iudex (Fig. 7Da) suggests that near the G(I) 
- G(I) + Gill) phase boundary the C(14): C(14)PC-d54 
species achieves a chain disorder near the headgroup 
that is comparable to fluid phase characte:ristics. 

The G(II) gel phase consists largely of a C(141: 
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C(14)PC host matrix enriched with C(18):C(10)PC, 
which exists in the partially (two chains per hcadgroup) 
interdigitatcd state. The increase in gel phase disorder 
for the C(18) : C(10)PC chains as a function of increas- 
ing mole fraction C(14):C(14)PC-d.~ 4 in the G(il) phase 
(Figs. 5 and 6) is consistent with the asymmetric chain 
species assuming an interdigitated form accommodat- 
ing two chains per headgroup [11]. In order for the 
C(14): C( 14)PC chains to maximize their van der Walls 
interactions with neighboring C(18):C(10)PC and 
C(14) : C(14)PC chains, the tilt angle of the symmetric 
chain lipids would either be reduced or eliminated. 
Increased chain-chain interactions and increased trans 
/gauche conformer ratios within the C(14):Ct14)PC- 
d54 lattice for mole fractions of C(14):C(14)PC-d54, 
corresponding to the G(I) + Gill) and G(II) phases of 
the binary, mixture [10], are observed for the symmetric 
chain species order/disorder parameters in Figs. 7Aa, 
Ba, and Ca. 

The additional G(II) phase bilayer ordering for the 
symmetric chain lipid species, indicated by the 12177/ 
12nTt ~ and 12177/121113 perdcuterated chain order /  
disorder parameters in Figs. 7Aa and 7Ba, may also be 
clarified by a structural argument based on the place- 
ment of the acyl chain methyl termini at varying bilayer 
depths. When C(18):C(10)PC is packed in the mixed 
interdigitated G(1) phase with C(14):C(14)PC, the ter- 
minal methyl groups of the st,-2 C(10) chain lie approx- 
imately at the bilayer midplane defined ordinarily by 
the methyl termini of symmetric chain lipid species. 
The terminal methyl group of the sn-I C(18) chain, 
which penetrates the bilayer midplane, resides, how- 
ever, near the bilayer polar/hydrophobic region inter- 
face. In contrast, the chain terminal methyl groups of 
C( 1 8):C(HI)PC in the partially i nterdigitated G(ll) gel 
phase define along with the C(14):C(14)PC methyl 
termini, three distinct bilayer planes rather than the 
more narrowly located, conventional disordered bilayer 
center area. Without a well-defined bilayer midplane 
witil its locus of chain disorder, one expects a signifi- 
cant reduction of the mobility of the terminal methyl 
groups of the symmetric chain C(14): C(14)PC species. 
The intra- and intermo!,:cular ordering effects at the 
chain terminal regions, reflected by the 12177/1~1o3 and 
12177/12o7~, indices, respectively, are consistent with this 
prediction. Figs. 7A and B indicate that the chain 
ordering effects of C(14):C(14)PC-d~4 are retained at 
concentrations corresponding to a single nearest neigh- 
bor of C(18): C(10)PC in the C(14): C(14)PC matrix. 

Table I shows that local maxima in the phase transi- 
tion cooperativities, reflected by a small value of AT, 
occur for both of the pure components of the 
C(18): C(10)PC-d,/C(14): C(14)PC-dl) binary mixture. 
These phase transition cooperativities are inversely re- 
lated to the transition widths which are determined 
from the differences between the onset and completion 
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temperatures that are derived from the fit of the tem- 
perature dependent Raman lz,J35/128xo intensity data 
to a two-state model ',.19]. Although the C(14): C( 14)PC 
lattice is significantly disordered near the eutectic com- 
position (Fig. 7), the eutectic point also corresponds to 
a local maximum in transition cooperativity, .or a mini- 
mum in transition width, as found in the calorimetric 
studies [11]. At the eutectic point, a given C(14): 
C(14)PC molecule may be nearest neighbors with ei- 
ther mixed interdigitated gel phase 12118): C(10)PC or 
paltial|~, iiaterdigitated gel phase 12118): C(10)PC, since 
both the G(I) and G(II) gel phases coexist at this 
composition. If the C(14):C(14)PC molecules adopt 
sufficient intramolecular (trans/gauche) disorder and 
adjust to a bilayer thickness intermediate between these 
two different types of C(18): C(10)PC interdigitated 
acyl chain gel phase packing arrangements, then the 
sharp discontinuities arising from a mismatch in adjoin- 
ing domains of G(I) and Gill) gel phase regions are 
avoided. Coexistence of the G(I) and G(II) gel phase 
domains in this two phase region of the phase diagram 
(between 20 and 75 mol% below the eutectic horizon- 
tal), may be accomplished in this packing arrangement 
without a requirement for the 'interfacial' or boundary 
lipids which are usually invoked in situations when 
neighboring domains arc expected to phase separate 
because of a mismatch in bilayer thickness. Although 
the eutectie composition of the bilayer is composed 
microscopically of two distinct G(I) and GOD gel 
phases, the euteetic phase is structured as a contin- 
uum, which is manifest thermodynamically by an in- 
creased phase transition cooperativity. Also, the great- 
est intramolecular and intermolecular disorder for 
C(14):C(I4)PC would be expected at a binary compo- 
sition for the mixture where both types of C(18): 
C(10)PC gel phase packing configurations contribute 
equally. We observe this maximum disorder in the 
specific aeyl chain order/disorder parameters for 
C(!,I):C(14)PC at the eutectic point composition (Fig. 
7), Thus, the conformational properties of the G(I) + 
(3(11) phase may represent an entropic balance in which 
a high degree of two dimensional organization is as- 
sumed at the expense of a highly inter- and intramolec- 
ularly ordered chain lattice. 

We observe that except, near either single compo- 
nent limit on the phase diagram, all compositions ex- 
hibit very similar degrees of ocerall order. However, 
when comparing the nature of the hydrocarbon pack- 
ing for each component in both the G(I) and the G(II) 
gel phases, it is evident that one component is more 
ordered, while the other component is less ordered, 
than their pure single component counterparts at com- 
parable reduced temperatures. Therefore, in the re- 
gion of the phase diagram corresponding to the coexis- 
tence of both G(I) and GOD gel phases, and especially 
at the eutectic poim, the conditions are suitable for a 

dynamic, fluctuating membrane state where any given 
C(18):C(10)PC molecule may continually interconvert 
between the two modes of interdigitated packing. These 
fluctuations may occur without any need for the mem- 
brane system to undergo a gel tc~ fluid phase transition. 

In summary, the Raman spectral data provide evi- 
dence for the existence of two modes of interdigitation 
for gel phase C(18) : C(10)PC in the binary cutectic 
system composed of C(I 8): C(10)PC/C(14): C( 14)PC. 
Interpretations were aided by perdeuterating the aeyl 
chains of the C(14) : C(14)PC lipid species in order to 
observe separately the behavior of each component 
within the mixture. This current investigation prepares 
the groundwork for successfully explaining various fea- 
tures involving the organization of highly asymmetric 
lipids existing as minor components in multicomponcnt 
bilayer systems. 
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