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Summary 

The interaction of n-alkanes (C6--C16) with phosphatidylcholine has been 
studied by the combined use of differential scanning calorimetry, X-ray diffrac- 
tion and monolayer  techniques. It has been found that the thermal properties 
and ultrastructure of lipid-alkane vesicles are strongly dependent  on the length 
of  the n-alkanes. Long alkanes, such as tetradecane and hexadecane, increase 
the transition temperature of dimyristoyl phosphatidylcholine and dipalmitoyl 
phosphatidylcholine, while the X-ray data indicate that these long alkanes 
align parallel to the lipid acyl chains. In contrast, shorter alkanes, such as 
hexane and octane, decrease and broaden the thermal transition and electron 
density profiles show that  these alkanes increase bilayer width by partitioning 
between the apposing monolayers of the bilayer. For lipids in the gel and liquid 
crystalline states, the short alkanes form an alkane region in the geometric 
center  of  the bilayer. 

Introduction 

The interaction of n-alkanes with lipid bilayers is of  general interest for a 
variety of  reasons. First of  all, a knowledge of the manner  in which alkanes are 
arranged in bflayers will further  the understanding of how to treat the bilayer 
as a solvent for other molecules. The n-alkanes, especially the shorter ones, are 
anesthetics and have other  pharmacological effects [1]. It has been postulated 
that  this is due to an interaction with the bilayer [2]. The study of the homol- 
ogous series of  alkanes is also of  interest to those studying mechanisms of olfac- 
tion. Again, there are correlations between the odor of a compound and its oil- 
water partition coefficient [3]. 

Another  important  reason for studying the interaction of  alkanes with 
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bilayers is due to the importance of  alkanes in planar black lipid membranes. 
For many years black lipid membranes have been used as model membranes to 
s tudy electrolyte and non-electrolyte transport [4]. Often these black lipid 
membranes are formed from dispersions of  lipid in n-alkane solvents, and some 
of the properties of  the membrane are a function of  the particular n-alkane used 
[2,5--6].  It has been found from capacitance measurements that the thickness 
of  black lipid films depends strongly on the number  of  carbon atoms in the 
n-alkane used as the lipid solvent [2,5--8].  Planar bilayers formed using small 
alkanes, containing 6--10 carbon atoms, are much thicker than those formed 
from longer alkanes, C12--C16 [2,5--8].  The membrane conductance of 
bilayers treated with certain ionophores has also been shown to be dependent  
on the chain length of the alkane solv.ent [8]. Thus, the usefulness of  black 
lipid films as models for biological membranes may depend on the effects of  
the hydrocarbon solvents on the structure and properties of  the bilayer [9]. 

Because of  the importance of  the interaction of bilayers with alkanes, experi- 
ments have been performed to determine the effect  of  the various n-alkanes on 
lipid bilayer structure and thermal properties. The n-alkanes, varying in length 
from C6 to C16, were studied in both synthetic and natural phosphatidyl- 
choline bilayers by a combination of  X-ray diffraction and differential scanning 
calorimetry. Surface potentials were also recorded for phosphatidylcholine 
monolayers containing the different alkanes. 

Materials and Methods 

The n-alkane solvents were purchased from Applied Science or Sigma. The 
purity of  these alkanes was given as 99% or greater, and no further purification 
was done. For the X-ray diffraction experiments, lipids were used as obtained 
from Calbiochem or Sigma. For the calorimetry experiments, the dipalmitoyl 
phosphatidylcholine (DPPC) was purchased from Sigma and repurified by silica 
gel chromatography [10]. The dimyristoyl phosphatidylcholine (DMPC) used 
in the monolayer  and calorimetry experiments was purchased from Supelco. 
DPPC and DMPC were tested for puri ty using thin-layer chromatography [10],  
where each gave single spots. Double or triple distilled water was used in all 
experiments. 

X-ray diffraction 
Multilamellar arrays of  lipid-alkane bilayers were formed by the following 

procedure.  Phospholipid was completely dried from chloroform solution under 
a gentle stream of  nitrogen. The appropriate volume of  n-alkane was then 
added. For some experiments, the long alkanes were simultaneously dissolved 
with the lipid before evaporation of  the chloroform. These two techniques gave 
identical results. After the lipid and alkane were thoroughly mixed, water or 
0.1 M NaC1 adjusted to pH 7.4 was added. Identical results were obtained with 
water or 0.1 M NaC1. From previous X-ray diffraction studies [11--12] ,  it is 
known that phosphatidylcholine is fully hydrated at about  45% water content  
by  weight, and any additional water will form an excess water phase. Accord- 
ingly, the experiments performed in this paper were run at either of  two water 



447 

concentrations: 70% water, where we were assured of  having excess water in the 
system, and 30% water where the fluid layers between bilayers were narrower, 
and higher resolution X-ray diffraction patterns could be recorded. The lipid- 
alkane buffer suspension was then vortexed until uniform in appearance, 
allowed to equilibrate for I to 2 h in a sealed vial above the lipid transition 
temperature,  and then transferred and sealed in quartz-glass X-ray capillary 
tubes. The capillaries were mounted  in an X-ray camera equipped either with a 
point-focus collimator or a mirror-monochromator system. The X-ray genera- 
tors used were a stationary anode Jarell-Ash and a rotating anode designed by 
Dr. William Longley of  the Anatomy Department  at Duke University [13].  
X-ray diffraction patterns were recorded on three or more layers of  Uford 
Industrial G X-ray film packed in a fiat-plate film cassette. Specimen-to-film 
distances were between 5 and 12 cm and exposure times varied from 30 min to 
5 h. Discrete lamellar low-angle reflections obeyed Bragg's law, 2d sin0 = hk, 
where d is the repeat period, 0 is the Bragg angle, h is the number of  the diffrac- 
tion order, and k is the wavelength of  the incident radiation (1.54 .~). Resolu- 
t ion is defined as d/hma x where hmax is the highest diffraction order obtained. 
Densitometer tracers were recorded on a Joyce-Loebl  microdensitometer Model 
MK IIIC, the background curves were subtracted, and integrated intensities I(h) 
were measured. Electron density profiles, p(x), were calculated by use of  the 
formula 

27rxh 
p(x) o: ~ d p ( h ~  cos 

h d 

where q~(h) is the phase for each order h, and must  be ÷ or -- for these centro- 
symmetric systems. The correct phase combination has previously been deter- 
mined for  both DPPC [14] and egg phosphatidylcholine [15--16].  The phase 
choices for the lipid-alkane data were made by assuming a bilayer-like profile 
for each repeating unit. We note that the wide-angle and lamellar low-angle 
reflections reported in the Results section are diagnostic of  bilayer phases [17]. 
This assumption was sufficient to determine unambiguously the phase choice 
for  each of  the orders for these relatively low-resolution data. All electron 
density profiles are on a relative electron density scale. 

Differential scanning calorimetry 
Differential scanning calorimetry was performed on a Perkin-Elmer DSC lB.  

Thermograms were obtained in the following manner. A known amount  of  
lipid was weighed on a modified aluminium sample pan and then a given 
amount  of  alkane was added to the lipid via a microliter syringe. The smaller 
alkanes appeared to wet  the lipid and the lipid alkane mixture was reweighed. 
It is important  to note that  the rate of  evaporation of  the alkanes was signifi- 
cantly retarded by the lipid. For the longer alkanes, methylene chloride was 
sometimes added to both components  to simultaneously dissolve them, 
although this t reatment  proved to be unnecessary. The solvent was subse- 
quently removed under vacuum. The alkane concentration was determined by  
gas chromatography following complet ion of  the thermogram. Twice-distilled 
water was rapidly added to the sample pan in a quant i ty  to insure that  the lipid 
was fully hydrated (usually 10 ~1 of  water per mg lipid) and the sample pans 
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were then hermetically sealed. The samples were usually heated and cooled 
at rates from 2--5°C/min, unless otherwise specified. 

Monolayers 
The measurement of  surface potential (AV) of monolayers as a function of 

temperature has been described elsewhere [18]. in these experiments, 10 #1 of 
a 12 mg/ml dispersion of  DMPC in various alkane solvents (which usually 
contained about  5% ethanol) were deposited along the edge of  a Teflon 
trough filled with double distilled water. This particular concentration was 
chosen since it is the concentration commonly  used to make planar lipid 
bilayers. The temperature (T) was measured by a thermometer  in the water 
phase and changed by  flowing water through the false bo t tom of  the Teflon 
chamber. The heating rate was 5°C/min. The cooling rate was not  as well 
controlled and usually was about  8°C/min. The surface potential was measured 
by  the ionizing electrode method [19]. We have previously shown that the 
thermal behavior of  this system reflects the properties of a monolayer,  as 
identical results are obtained when just  enough material is added to the surface 
to obtain a close-packed monolayer  [20].  The AVversus  T curves were cycled 
through the transition temperature until two consecutive runs superimposed 
upon each other. DMPC was chosen for the monolayer  studies since the transi- 
t ion temperature of  this lipid is closer to room temperature than that of  DPPC 
(which was used in the X-ray and most  of  the calorimetry studies). This means 
that  gradients in temperature between the gas and aqueous phases are mini- 
mized. 

Results 

X-ray diffraction 
For all alkanes, C6--C16, diffraction experiments were performed at differ- 

ent  lipid to alkane molar ratios. For  each of  the lipids tested, the long spacing 
remained the same for dodecane, tetradecane, and hexadecane at mole frac- 
tions of  0.3--0.9. However, for the shorter alkanes, the repeat period increased 
as the quanti ty of  alkane added to the bilayer was increased. For C6--C10, the 
repeat period increased with increasing alkane concentration until a mole frac- 
tion of  between 0.6 and 0.9 was reached. The addition of  more alkane did not  
increase the repeat period further, and thus excess alkane was present under 
these conditions. Since we desire information on bilayers containing the maxi- 
mum amount  of  alkane possible, all diffraction experiments reported in this 
section were performed with excess alkane present in the system. These mol 
fractions of  alkane are simply the starting mixtures in the capillary tube. We 
do not  know the molecular ratio of  lipid/alkane in the bilayers themselves. 
However, this information is not  necessary for the interpretation of  the diffrac- 
tion patterns. 

All diffraction patterns recorded consisted of  from 2--6 lamellar orders with 
repeat  periods ranging from 54 /~--97 ~ ,  depending on the water content  and 
particular alkane added to the lipid, and wide-angle reflections at 4.2 _~ or 
4.5 A, depending on the physical state of  the lipid. 

The X-ray repeat periods for DPPC/alkane bilayers at 70% water content  are 
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Fig. 1. X-ray r epea t  per iods  for  suspensions  of  d ipa lmi toy l  p h o sp h a t i d y l ch o l i n e  (DPPC) con ta in ing  excess 
a m o u n t s  of  var ious  n-alkanes.  The  r epea t  per iod  for  the cont ro l ,  so lvent- f ree ,  DPPC suspens ion  is sh o wn  
on the  r ight  side of  the graph.  All e x p e r i m e n t s  were  p e r f o r m e d  at  20°C -+ 2°C, wi th  a wa t e r  c o n t e n t  of  
70%. The po in ts  r ep resen t  average r epea t  per iods  of  3--6 expe r imen t s ,  wi th  the  e r ro r  bars  indica t ing  the  
s t anda rd  devia t ion .  

Fig. 2. E lec t ron  dens i ty  profi les  for  pure  DPPC a nd  DPPC wi th  excess h e x a d e c a n e ,  b o t h  at  70% wa te r  
c o n t e n t .  

shown in Fig. 1. Note that  the repeat period is largest for DPPC with the small 
alkanes, but  even the large alkanes (C12--C16) produce an increase in repeat 
period over the control pure DPPC bilayers. Pure gel state DPPC in 70% water 
has a repeat period of  65 £, while this lipid mixed with dodecane, tetradecane, 
or hexadecane has a repeat period 6--7 h larger. Electron density profiles at 
between 12 and 14 h resolution are shown in Fig. 2. The high-density peaks 
centered at about  -+21 A for DPPC and at about -+24 £ for DPPC/hexadecane 
correspond to the phospholipid head-group, primarily the high<lensity phos- 

phate group, while the low-density troughs in the center of  the bilayers, at 
0 £, correspond to the lipid terminal methyl  groups [14]. The relatively fiat, 
medium<lensity region between the head groups and terminal methyl  dip is the 
methylene region of  the lipid hydrocarbon chains. The medium<lensity regions 
at the outside edge of  each profile are the fluid spaces between bilayers. These 
profiles show that  the width of  the bilayer, as measured by head-group to head- 
group distance, has increased by about 6 A upon the addition of hexadecane, 
while the fluid layers between bilayers have remained about the same. Notice 
also that  the terminal methyl  trough in the center of  the bilayer is slightly 
wider and shallower when this alkane is present. 

The n-a!kanes also markedly affect the wide-angle pattern from DPPC 
bflayers. Pure DPPC multflayers in excess water give a sharp 4.2 A wide-angle 
reflection surrounded by a diffuse broad band. This type of pattern has been 
interpreted in terms of  a hydrocarbon chain tilt of  about  30 ° [17]. X-ray 
patterns of  oriented hydrated multilayers of DPPC show this chain tilt directly 
[21--22].  However, the wide-angle pattern of DPPC with any of the n-aikanes 
consists of  a single sharp band at 4.2 A, indicative of until ted hydrocarbon 
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chains [17,23].  Thus, the n-alkanes remove the chain tilt and this causes an 
increase in the bilayer width. For the long alkanes, the increase in bilayer width 
of  about  6 A can be fully accounted for by this loss of  chain tilt since (48 A) 
cos 30 ° ~ 42 A. However, for the shorter alkanes, the repeat periods are much 
longer than can be accounted for by two fully extended DPPC molecules plus 
the water spaces between bilayers. For example, the average DPPC/hexane 
repeat period of  97 A is a full 32 A longer than the control  pure DPPC repeat. 
Only 3 and 2 orders of  diffraction could be recorded from DPPC/octane and 
DPPC/hexane specimens respectively, and electron density profiles were not  
computed.  

The long spacings for two lipids, dilauroyl phosphatidylcholine (DLPC) and 
egg phosphatidylcholine, in the liquid crystalline state mixed with the 
n-alkanes in excess water are shown in Fig. 3. In all of  these experiments, the 
wide-angle diffraction pattern consisted of  a broad reflection at 4.5 A, charac- 
teristic of  the liquid~rystalline state [15,17].  For both  lipids, the curves of  
Fig. 3 have similar characteristics, with the shorter alkanes increasing the lipid 
repeat  periods to a much greater extent  that  the long alkanes. For both DLPC 
and egg phosphatidylcholine, the bilayers with added hexadecane have the 
same repeat period as the control, alkane-free bilayers, 59 A for DLPC and 
63 A for egg phosphatidylcholine. For DLPC, the repeat period is approxi- 
mately constant  for alkanes C16--C10, whereas much larger repeat periods are 
recorded for C6 and C8. For egg phosphatidylcholine, the large increase in 
repeat  period begins with C12. In other words, the 'cut-off '  point  for large 
increase in repeat periods comes at different lengths of incorporated alkanes in 
DLPC than for egg phosphatidylcholine. Except  near the cut-off  point  of  DLPC 
at C10, the two curves are separated by a uniform distance of  about  5 A. 

The longer alkanes have a smaller effect  on the repeat periods of  DLPC and 
egg phosphatidylcholine than on DPPC (Fig. 1 ). This probably occurs because the 
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Fig. 3. Repeat Periods for suspensions of egg phosphatidylcholine (e) and dilauroyl phosphatidyl- 
choline (DLPC) (X) containing various n-alkanes at a mole fraction of alkane of 0.6. The repeat periods 
for the solvent-free lipids are shown on the right side of the graph. All experiments were performed at 
20 + 2 ° C, with a water content of 70%. The points represent average repeat periods of 2--5 experiments, 
with the error bars indicating the standard deviation. 

Fig .  4.  R e p e a t  p e r i o d s  f o r  s u s p e n s i o n s  o f  egg p h o s p h a t i d y l c h o l i n e  excess  a l k a n e  a t  3 0 %  w a t e r  c o n t e n t  a t  

2 0  -+ 2 ° C. T h e  p o i n t s  r e p r e s e n t  a ve r age  r e p e a t  p e r i o d s  o f  2 - - 5  e x p e r i m e n t s ,  w i t h  the  e r r o r  ba r s  i n d i c a t i n g  
t h e  s t a n d a r d  d e v i a t i o n .  
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lipid hydrocarbon chains are not in a tilted configuration in the liquid- 
crystalline state. As a matter of fact, in the case of fully hydrated egg phospha- 
tidylcholine, the addition of tetradecane and hexadecane does not increase the 
repeat period within experimental error. However, these longer alkanes do have 
one effect, namely to improve the resolution of the diffraction patterns. Fully 
hydrated egg phosphatidylcholine gives two or three reflections, while patterns 
from egg phosphatidylcholine/tetradecane and egg phosphatidylcholine/hexa- 
decane contain four diffraction orders under the same experimental conditions. 
The patterns for egg phosphatidylcholine/hexane and egg phosphatidylcholine/ 
octane at 70% water content also only contain two diffraction orders. 

To improve the resolution, additional experiments were performed at 
reduced (30%) water content. Fig. 4 shows the long spacing for egg phospha- 
tidylcholine/alkane preparations at 30% water content. The curve has a similar 
shape to the graph of egg phosphatidylcholine/alkane at 70% water (Fig. 3), 
except that the entire 30% curve is shifted downward by about 7/~. This is 
because the bilayer is about 3 A wider although the fluid layer between bilayers 
is about 10 A narrower for egg phosphatidylcholine at 30% hydration com- 
pared to egg phosphatidylcholine at 70% hydration [ 11]. Fig. 5 shows electron 
density profiles for egg phosphatidylcholine with various alkanes. The egg phos- 
phatidylcholine/hexadecane profile shows a sharpened terminal methyl trough in 
the center of the bilayer as compared to pure egg phosphatidylcholine. However, 
as the length of the n-alkane decreases, the bilayer width increases and the 
terminal methyl dip becomes broader and shallower. In the egg phosphatidyl- 
choline/hexane profile the width has increased to about 53 A, and the terminal 
methyl trough has almost completely vanished. The terminal methyl trough 
diminishes primarily because of changes in the intensity distribution in the 
diffraction patterns (Table I), and not because of the differences in resolution 
in the series of profiles of Fig. 5. 

Differential scanning calorimetry 
Fig. 6 shows thermograms for DPPC without any organic solvents (curve A) 

and DPPC with the following mole fractions of alkane: (B) 0.98 hexane; (C) 
0.98 octane; (D) 0.96 decane; (E) 0.29 decane; (F) 0.96 dodecane; and (G) 
0.95 tetradecane. The numbers represent the mole fraction of alkane in the 
sample pan. They do not represent the amount of alkane solubilized in the 
bilayer. Clearly there is excess alkane in certain cases and probably some 

T A B L E  I 

S T R U C T U R E  A M P L I T U D E  (~/h2I(h)) D A T A  

Egg phosphati-  Egg phosphati-  Egg phosphati-  Egg phosphati-  Egg phosphati-  
dylchol ine  dy lcho l ine /Hexa -  dylchol ine  / dy lcho l ine /  dy lcho l ine /  
d = 53 A decane Decane Octane H e x a n e  

d = 5 4 A  d = 6 3 A  d = 6 8 A  d = 7 4 A  

1 1 .00  1 .00  1 .00  1 .00  1 .00  
2 0 .32  0 .04  ~ 0  0 .16  0.21 
3 0 .34  0 .23  0.31 0 .59  0 .46  
4 0 .24  0 .35  0 .42  0 .50  0 .22  
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Fig. 5. E l e c t r o n  d e n s i t y  prof i l e s  for  s u s p e n s i o n s  of egg phosphat idylchol ine  (Egg PC) c o n t a i n i n g  e x c e s s  

a lkane  at  30% w a t e r  c o n t e n t .  

Fig. 6. T h e r m o g r a m s  for  DPPC in e x c e s s  w a t e r  w i t h o u t  a n y  organic  so lvents  ( A )  and DPPC w i t h  the  
f o l l o w i n g  m o l e  f rac t ions  o f  a lkane:  (B) 0.98 hexane;  (C) 0.98 octane; (D) 0.96 decane; (E) 0.29 d e c a n e ;  
(F) 0.96 d o d e c a n e ;  and  (G) 0.95 t e t r a d e c a n e .  S ince  the  c o n c e n t r a t i o n s  o f  l ip id and sens i t i~ i t ies  w e r e  
d i f f e r e n t  for  these  d i f f e r e n t  t h e r m o g r a m s ,  the  re lat ive  areas u n d e r  the  curves  are n o t  representa t ive  o f  the  
relat ive  en tha lp i e s .  T h e  en tha l p i e s  are g iven in the  t e x t .  T h e  s a m p l e s  w e r e  s c a n n e d  at b o t h  5 and  10°C/ 
min rates  and  the  arrow ind ica te s  the  d i r e c t i o n  o f  h e a t  f l o w .  

monolayer covered oil drops are present. The concentrations in B--D, F, and G 
were chosen to insure that there was excess solvent in the system. 

The control thermogram for DPPC (A) has values for the transition param- 
eters that are in general agreement with those reported by others [24] .  The 
main endothermic transition at 41°C is sharp, and the broader pretransition 
peak has its maximum at 35°C. The addition of  excess hexane (B) greatly 
broadens the main endothermic peak, reduces the transition temperature to 
29°C, and reduces its enthalpy by 88% to about i kcal/mol. Furthermore, a 
new thermal event appears at 20°C. When the alkane mole fraction was reduced 
to 0.36,  these two peaks remained constant in shape with the main peak having 
an enthalpy of  transition of  about 4 kcal/mol (data not shown).  From C, it is 
clear that octane behaves in a similar fashion to hexane, except that the main 
transition occurs at 32.5°C and has an enthalpy of  4.3 kcal/mol. No other 
peaks are evident. 

Upon the incorporation of  decane (D), the pretransition peak disappears 
and a single broad peak appears at 36°C with an enthalpy of  6.5 kcal/mol. 
However, this single peak is actually comprised of  two peaks which can be seen 
in the cooling curve (not shown).  These two peaks can be more easily seen 
during heating if the lipid-alkane mol ratio is increased (E). Here two peaks 
appear at 36°C and at 39°C. When dodecane is incorporated into the bilayer (F) 
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the main endothermic transition is relatively sharp. The dispersion melts at 
38°C and has an enthalpy about the same as the control. The pretransition peak 
has obviously disappeared. When tetradecane is the solvent (G), two main 
transitions are evident, one at 42°C and the other at 44°C. The enthalpy, as 
calculated from the total area under both major peaks, is the same as that of  
the control, whereas that under the first peak is about 6 kcal/mol, or about 
70% of  the total enthalpy. 

The phase diagram of  DPPC with n-hexadecane is seen in Fig. 7. The line 
connecting the closed circles (e) is the peak of  the endothermic transition upon 
heating. The vertical bars through these points represent the width of  the tran- 
sition at half height. There was evidence of  two peaks at mol  fractions X R D  = 

0.075 and 0.10.  However, these were obvious only on cooling curves. At mol  
fractions of  0.03,  0.14, and 0.21,  there was a single peak both on heating and 
cooling. The relative enthalpy of  the main endothermic transition is seen by the 
curve connecting the open circles. The relative enthalpy does not change from 
the control to a mol  fraction of  0 .025 where it increases, as does the transition 
temperature, until a mol fraction of  0.14 is reached, whereupon it remains 
constant. The dashed line connecting the ×'s is the relative enthalpy of  the 
n-hexadecane peak. The first appearance of  this event occurred at a mol  frac- 
tion o f  0.14,  the point where the transition temperature and enthalpy became 
independent of  the n-hexadecane concentration. If we take the amount  of  
hexadecane incorporated into the bflayer to be maximally X H D  = 0.1, then the 
volume fraction of  hexadecane in the DPPC is about 5%. 

Fig. 8 shows a graph of  the transition temperature of  DPPC (highest main 
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The  d o t t e d  l ine e x t r a p o l a t e s  to  zero for  0 .10  < X H D  < 0 .14 .  This zero  po in t  represents  the  m o l e  fract ion  
o f  h e x a d e c a n e  so lubi l i zed  in the  gel phase  o f  DPPC. Th e  heat ing  rates  w e r e  varied b e t w e e n  2 .5  and 5 0 ° C/  
min.  
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Fig.  8. The  t r a n s i t i o n  t e m p e r a t u r e  of  the  m a i n  e n d o t h e r m i c  p e a k  fo r  D P P C / a l k a n e  s u s p e n s i o n s  as a func-  

t i on  of  n u m b e r  o f  c a r b o n  a t o m s  in the  a lkane ,  as t a k e n  f r o m  the  t h e r m o g r a m s  of  Figs.  6 and  7. 

endothermic peak) with excess alkane present as a function of  the number of  
carbons in the alkane. The data in this figure were obtained from Figs. 6 and 7. 
It is of  interest that the break in the curve occurs at dodecane (C12), a position 
corresponding to the change in slope of  the curve of  Fig. 1. 

.2 

o 
F- 

0 

o 

._= 

o 

i 

I,I 

, I D  

O. 

I.( 

Q8 

0.6 

0.4 

0.2 

0.0 
0.0 0.1 02. 0.3 0 4  0.5 OB 0.7 0.8 0.9 I,(3 

Mot Froct ion Decone, X D 

o 

o 
Z6 

24 • 

. 
Z2 • 

o 

o o. 
E 

o 

Fig.  9. G r a p h  o f  the  re la t ive  e n t h a l p y  (as c o m p a r e d  to the  pu re  c o m p o n e n t )  o f  t he  m a i n  e n d o t h e r m i c  
t r a n s i t i o n  o f  d i m y s i s t o y l  p h o s p h a t i d y l c h o l i n e  ( D M P C ) / d e c a n e  s u s p e n s i o n s  (o)  a n d  d e c a n e  (o) ,  and  the  
t r a n s i t i o n  t e m p e r a t u r e  of  the  m a i n  e n d o t h e r m i c  t r an s i t i on  (o) as a f u n c t i o n  o f  the  m o l e  f r ac t i on  of  

d e c a n e  in the  s a m p l e  (XD) .  The  bars  t h r o u g h  the  sol id  c i rc les  ( e )  r e p r e s e n t  t he  p e a k  w i d t h  at  ha l f  h e i g h t  
o f  t he  m a i n  t r ans i t i on .  T h e  d o t t e d  l ine e x t r a p o l a t e s  to  zero  a t  X D "~ 0.35 .  This  p o i n t  r e p r e se n t s  t he  m o l e  
f r a c t i o n  o f  decane  so lubi l ized  in  the  gel phase  o f  DMPC.  The  s a mp le s  were  h e a t e d  a n d  coo led  several  

t i m e s  at  r a t e s  b e t w e e n  2.5  and  1 0 ° C / r a i n .  
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Fig. 9 shows the phase diagram for DMPC/decane in excess water. The transi- 
t ion temperature o f  the main endothermic transition (e),  the relative enthalpy 
of  the main endothermic transition of  DMPC/decane ([]), and the relative 
enthalpy of  the decane transition (o) as a function of  mol  fraction of  n-decane 
in the sample are shown. Abrupt changes in each of  the curves occur at a mol  
fraction of  0.4. At mol fractions less than 0.3 the transition temperature 
remains unchanged, whereas the enthalpy of  the transition slightly decreases 
and the decane peak is not  evident. At mol  fractions of  decane greater than 0.4, 
the transition temperature remains constant whereas the relative enthalpy of  
the lipid decane dispersion and the enthalpy of  the decane increase, the former 
much more slowly than the latter. At a mol fraction of  decane of  0.4, two 
peaks were observed in the cooling curve, although only one was observed in 
the heating curve. At all other mol fractions only a single peak was observed in 
both heating and cooling curves (Fig. 10C). Upon extrapolation, the zero of  the 
curve of  relative enthalpy of  decane enthalpy would occur at a mol fraction of  
0.35,  which corresponds to a mol ratio of  lipid to decane of  1.9 : 1. Thus 
decane would occupy a volume fraction of  about 16% in the gel phase of  
DMPC. 
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Fig .  10.  T h e r m o g r a m s  for  D M P C  in e x c e s s  w a t e r  w i t h o u t  a n y  organic  so lvents  ( A )  and  D M P C  w i t h  0 .3  

m o l  f r a c t i o n  h e x a d e c a n e  (B)  a n d  w i t h  0 . 3  too l  f rac t ion  d e c a n e  (C).  N o t i c e  in curve  ( B )  t h e  p e a k  at 1 8 ° C  

represent s  a pure  h e x a d e c a n e  trans i t ion ,  i nd i ca t i ng  that  there  is e x c e s s  h e x a d e c a n e  n o t  s o l u b i l i z e d  in the  

b i l a y e r .  T h e  arrow ind ica te s  the  d i r e c t i o n  o f  h e a t  f l o w .  T h e  s a m p l e s  w e r e  s c a n n e d  at rates  b e t w e e n  2 .5  

a n d  5 0  ° C / m i n  w i t h  essent ia l ly  i d e n t i c a l  results .  

Fig .  11 .  T h e  surface  p o t e n t i a l  o f  D M P C  as a f u n c t i o n  o f  t e m p e r a t u r e .  T h e  D M P C  w a s  spread  at  1 8 . 4 ° C  

us ing  a 1 2  m g / m l  c o n c e n t r a t i o n  o f  l ip id  in m e t h a n o l .  T h e  c u r v e  l abe l ed  H was  the  first h e a t i n g  curve ,  
w h i c h  is n o t  r e p r o d u c e d  o n  succes s ive  h e a t i n g  cyc l e s .  T h e  curves  l abe l ed  C and  R H  are c o o l i n g  a n d  reheat -  
ing  curves .  B o t h  the  C a n d  R H  curves  are r e p r o d u c i b l e  u p o n  s u b s e q u e n t  t e m p e r a t u r e  c y c l e s .  T h e  transi-  
t i o n  t e m p e r a t u r e  ( 2 3 ° C )  is the  p o i n t  on  t h e  R H  curve  w h e r e  the  curve  leve ls  o f f  and  t h e  s lope  remains  

c o n s t a n t .  
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Fig. 10 shows thermograms for (A) pure DMPC; (B) DMPC/hexadecane at a 
mol fraction of  hexadecane of  0.3; and (C) DMPC/decane at a mol fraction of 
decane of  0.3. The pure DMPC has a sharp transition at 23.5°C, while both 
hexadecane and decane modify  the thermogram. At this concentration of hexa- 
decane, there is clearly a separate phase of  hexadecane, which melts at 18°C. 
There are also three thermal events at temperatures higher than the pure DMPC 
transition. In the case of  DMPC/decane, there is one peak which is broader and 
at a slightly elevated temperature compared to the control. 

Surface potential 
The change in surface potential  with temperature of  a monolayer  of  DMPC 

is shown in Fig. 11. The monolayer  was spread from a methanol solution at 
18.4°C. This figure illustrates several points that are common to this type  of  
measurement.  If the monolayer  is spread below the transition temperature of  
the lipid, the first heating curve will usually not  be reproduced on subsequent 
heating cycles. The first heating curve has a higher melting temperaure than 
subsequent  heating cycles, which are reproducible. The second heating (labeled 
RH) generally yields a lower surface potential than the first heating. The transi- 
t ion temperature is defined arbitrarily at the abrupt  end of  the surface poten- 
tial drop in the RH curve. In Fig. 11 the transition temperature is 23°C. As 
seen in Fig. 11, there is a hysteresis loop between the reproducible heating 
(RH) and cooling (C) curves. Nevertheless, for temperatures well above and 
below the transition temperatures,  the surface potential  for these two curves is 
the same. If the monolayer  is spread above its transition temperature,  no 
metastable states are produced and all the heating curves can be superimposed. 
Results similar to those of  Fig. 11 are obtained when DMPC is spread from 
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Fig .  12 .  T h e  t r a n s i t i o n  t e m p e r a t u r e  o f  t h e  r e h e a t i n g  ( R H )  c u r v e  o f  m o n o l a y e r s  as a f u n c t i o n  o f  t h e  
n u m b e r  o f  c a r b o n  a t o m s  in  t h e  s p r e a d i n g  s o l v e n t .  T h e  c o n t r o l  va lue s ,  s h o w n  o n  t h e  l e f t  v e r t i c a l  a x i s ,  w e r e  
o b t a i n e d  u s i n g  c h l o r o f o r m  (CHC13)  a n d  m e t h a n o l  ( C H 3 O H )  as  s p r e a d i n g  s o l v e n t s .  B o t h  c h l o r o f o r m  a n d  
m e t h a n o l  q u i c k l y  e v a p o r a t e  f r o m  t h e  s u r f a c e .  T h e  p o i n t s  r e p r e s e n t  t h e  m e a n  v a l u e s  a n d  t h e  e r r o r  ba r s  
r e p r e s e n t  t h e  s t a n d a r d  e r r o r  o f  t h e  m e a n .  
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Fig.  13.  The  su r face  po ten t i a l  o f  a D M P C  m o n o l a y e r  wi th  h e x a d e c a n e  as the  s p r e a d i n g  so lven t  as a func-  

t i o n  o f  t e m p e r a t u r e .  The  m o n o l a y e r  was sp read  at  19°C ,  wh ich  is above  the  me l t ing*po in t  o f  h e x a d e e a n e  

b u t  b e l o w  the  m e l t i n g  t e m p e r a t u r e  o f  DMPC.  T h e  curve  H r e p re se n t s  t he  f i rs t  h e a t i n g  curve ,  wh ich  is 

n o t  r ep r o d u c i b l e ,  whi le  C a n d  R H  r e p r e s e n t  t he  r e p r o d u c i b l e  coo l ing  a n d  r e h e a t i n g  curves ,  r e spec t ive ly .  

chloroform or n-hexane (Fig. 12). Both of  these solvents evaporate from the 
surface, if they did not  they would lower the transition temperature as was 
found by calorimetry (Fig. 6). Similar arguments may also be applicable to 
octane. It is clear, however, that  the longer alkanes do indeed interact with the 
monolayer  in a manner that  increases the transition temperature.  This is true 
even if the alkane is longer than the length of  the lipids, as is the case for 
n-hexadecane in DMPC. This behavior is best seen in Fig. 13 in which DMPC 
was spread with n-hexadecane, at 19°C, a temperature which is above the hexa- 
decane transition temperature but  below the lipid transition. The transition on 
the first heating curve (H) occurs at about  33°C over a very narrow temperature 
range. The second heating curve (RH) again has a lower melting temperature 
with its transition at 28°C. Notice also that  the surface potential is lower in 
hexadecane-containing membranes than membranes without  appreciable 
amounts  of  solvents. The width of  the transition is considerably broader, as it 
is in the calorimetry data (Fig. 10). 

Fig. 12 shows how the transition temperature of  DMPC monolayers changes 
with increasing chain length of  the spreading solvent. The transition tempera- 
tures represent the end of  the transition for the reproducible heating (RH) 
curves. Note that  the transition temperature does not  significantly change until 
decane, a solvent that  only slowly evaporates from the surface, is used. We 
observed that for monolayers spread with alkanes smaller than decane, the 
solvents appear to wet  the monolayer,  as few lenses are seen. In contrast, when 
alkanes of  the size of  decane and larger are used to spread the monolayer,  lenses 
are evident and the alkanes do not  appear to wet  the monolayer.  

Discussion 

Localization o f  the alkanes in the bilayer 
These results show that all the n-alkanes tested, from C6--C16, enter the 
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hydrocarbon region of phosphatidylcholine multilayers, in both the gel and 
liquid crystalline states, for both saturated (DPPC) and unsaturated (egg phos- 
phatidylcholine) lipids. The evidence that these alkanes entered saturated gel 
state lipids is that  they all modify  the wide-angle and lamellar X-ray diffraction 
patterns. The longer alkanes (C12--C16) increase the bilayer width by an 
amount  consistent with the reduction in chain tilt from approx. 30--0 ° . Elec- 
tron density profiles (Fig. 2) show that  this increase in repeat periods is indeed 
due to an increase in bilayer width. The profiles also show that, although the 
long alkanes broaden the terminal methyl  trough somewhat,  there is still a 
distinct electron density trough in the center of the bilayer. These data 
strongly suggest that the longer alkanes align themselves parallel to the lipid 
hydrocarbon chains, thus effecting hydrocarbon chain packing and chain tilt, 
but  not  increasing bilayer width beyond the length of two fully extended DPPC 
molecules. The apparent reason the alkanes remove chain tilt is because they lie 
between the lipid acyl chains and decrease the projected area per lipid molecule 
[25]. 

Like the long alkanes, the short alkanes must intercalate between acyl chains 
of the bilayer. This has been noted in previous papers [5,26--27] and is demon- 
strated by the change in wide-angle diffraction, as well as by the reduction in 
the transition temperature and the increased peak width of the transition 
(Fig. 6) caused by hexane and octane in DPPC bilayers. The broadening of the 
peaks in the thermograms (Fig. 6) shows that there is a decrease in cooperativ- 
ity between the acyl chains. However, unlike the long alkanes, the short alkanes 
also appear to form a separate alkane phase, almost certainly in the geometric 
center  of  the bilayer. From space filling models, the phosphate group separa- 
tion across a DPPC bilayer with two fully extended lipid chains, with no chain 
tilt, is about  48 )~. This is precisely the head-group separation in the DPPC/ 
hexadecane profile of  Fig. 2. Thus, the DPPC/hexadecane repeat period of 71 
corresponds to the fully extended bilayer and fluid space between bilayers. 
DPPC/hexane has a repeat period of  97 h. In the case of DPPC/hexane, the 
resolution of  the DPPC/hexane data is too low to calculate an electron density 
profile. However, since the alkane solubilities in water are very low, we see no 
reason why hexane should affect  the fluid spaces between bilayers differently 
than hexadecane. Therefore, the 26 A difference in repeat period for DPPC/ 
hexane and DPPC/hexadecane is apparently due to a region of hexane between 
apposing lipid monolayers. 

For lipids above the phase transition temperature,  the results are somewhat 
similar. For fully hydrated bilayers (Fig. 3), the long alkanes have little effect 
on repeat period, while the short alkanes increase the average long spacing by as 
much as 21 A over the control, as in the case of  egg phosphatidylcholine/ 
hexane. For partially hydrated egg phosphatidylcholine (30% water content) ,  
electron density profiles clearly show the effect  of  the alkanes (Fig. 5). The 
long chain hexadecane increases the depth of  the terminal methyl  dip com- 
pared to pure egg phosphatidylcholine, indicating that  hexadecane tends to 
localize the terminal methyl  groups of  the lipids in the center  of  the bilayer. 
The most likely explanation for this phenomenon is that  hexadecane enters the 
bflayer and lies approximately parallel to the lipid hydrocarbon chains, thereby 
straightening the chains and reducing the number of kinks or gauche conforma- 



459 

tions. Profiles of egg phosphatidylcholine/octane and egg phosphatidylcholine/ 
hexane (Fig. 5) show a broader bilayer, with no terminal methyl dip remaining 
in the case of hexane. Since the average density of hexane is closer to the den- 
sity of lipid methylene groups than methyl groups, these profiles strongly 
suggest that there is a region of hexane located in the center of the bilayer. 

Comparison of X-ray and capacitance data 
It is of interest to compare these X-ray diffraction results with calculations 

of bilayer widths made from electrical studies of black lipid membranes. 
Capacitance measurements of egg phosphatidylcholine bilayers formed from 
the various n-alkanes have been made by Haydon et al. [2] and are shown by 
the solid line in Fig. 14. Comparisons between the X-ray and capacitance data 
involve a number of assumptions. Capacitance data provide a 'hydrocarbon 
thickness', provided the dielectric constant of the bilayer is known. X-ray 
repeat periods, on the other hand, give the total thickness of the unit cell, 
which includes the fluid layer between bilayers and the entire bilayer-lipid head 
group as well as the hydrocarbon chain region. Further analysis is needed to 
determine the hydrocarbon region from the X-ray data. We use two methods to 
do this. In the first method, we estimate the hydrocarbon thickness directly 
from the Fourier syntheses of Fig. 5. We assume that the structural differences 
between fully hydrated and partially hydrated (30% water content) bilayers are 
small. Previous X-ray diffraction studies [ 11,28--29] indicate the difference in 
thickness between fully and partially hydrated egg phosphatidylcholine bilayers 
is less than 3 A. We also assume that the 'hydrocarbon layer' thickness extends 
from carbonyl-group to carbonyl-group across the bilayers. To obtain the 
hydrocarbon layer thickness from the Fourier syntheses, we first measured the 
separation between head group peaks in the profiles of Fig. 5. We then used the 
neutron diffraction data of Buldt et al. [30] to get an accurate estimate of the 
distance between the high density phosphate group and the carbonyl group. 
Using these values, a carbonyl to carbonyl separation was obtained for egg 
phosphatidylcholine bilayers and egg phosphatidylcholine with each of the 
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Fig. 1 4 .  C ompar i s ons  o f  h y d r o c a r b o n  reg ion  th ickness  for  egg p h o s p h a t i d y l c h o l i n e  conta in ing  e x c e s s  
alkane  as c o m p u t e d  f r o m  c ap ac i tan c e  and X-ray d i f f rac t ion  data.  Capac i tance  data  ( ) w e r e  f r o m  
the  w o r k  o f  I-Iaydon et  al. [2]  on  p lanar  b lack  l ipid m e m b r a n e s ,  whi l e  the  X-ray th i cknesses  w e r e  
o b t a i n e d  e i ther  f r o m  the  e l e c t r o n  dens i ty  prof i les  o f  Fig. 5 (e ) ,  or by  subtract ing  the  f luid layers  o b t a i n e d  
b y  Small  [ 1 1 ]  f r o m  the  X-ray repeat  per iods  o f  Fig. 4 (o).  The  h y d r o c a r b o n  th ickness  has b e e n  ca lcu la ted  
for the  so lvent - free  bflayers b y  b o t h  X-ray procedures  and  is s h o w n  o n  the  r ight  h a n d  side of  the  graph.  
No capac i t ance  da ta  are  available for  so lvent - f ree  egg p h o s p h a t i d y l c h o l i n e  bi layers.  
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alkanes. These numbers are shown as closed circles in Fig. 14. Note that  these 
values are similar to capacitance results, especially for the long alkanes where the 
agreement is excellent. For  the shorter alkanes, the resolution of  the electron 
density profiles is reduced, so the estimates of  the head group separations are 
less accurate. The second method of  estimating hydrocarbon thickness from 
the X-ray data is to take the repeat  periods of  Figs. 3 and 4, and subtract  the 
values of  the thickness of  the fluid and head group layers for these hydrations 
as calculated by Lecuyer  and Dervichian [28],  Small [11],  or LeNeveu et al. 
[29].  The estimates of  fluid-head group thickness vary by a small amount  for 
these studies, and we chose to use the values of Small [11] because his value 
for the alkane-free egg phosphatidylcholine hydrocarbon width at 30% water 
content  is closest to our value as calculated from electron density profiles 
(Fig. 14). Taking Small's value for fluid-head group thickness at 30% hydrat ion 
and subtracting this from the repeat  periods of  Fig. 4 gives the open circles 
shown in Fig. 14 (LeNeveu's value of  fluid width would give values 8 ~ larger). 
The same sort of  analysis has been done for the 70% hydration data in Fig. 3, 
bu t  is not  included in Fig. 14 to avoid confusion. In the 70% hydration case, 
LeNeveu et al.'s value for the fluid layers gives the closest match to the capaci- 
tance results. Clearly, there is some uncertainty in these calculations of  fluid 
widths, and moreover, this method assumes that the fluid layer does not  
change thickness as alkane is added to the bilayer. 

Given all the assumptions involved in making the comparisons of  Fig. 14, 
the capacitance and X-ray results are quite similar. The largest mismatch 
between the closed circles and the capacitance results is only 5 A. There are 
several possible reasons for the small mismatch between the X-ray and capaci- 
tance results. In addition to the difficulties in obtaining hydrocarbon thickness 
f rom the X-ray diffraction data, there are many uncertainties in calculating 
hydrocarbon thickness from capacitance data, which have been discussed by 
others [5,7]. Other important  considerations are the differences in geometry 
and boundary conditions between multiwalled vesicles and planar black lipid 
bilayers [9]. 

Calorimetry 
From Figs. 6 and 8 it is clear that  there is a change in the manner in which 

alkanes interact with bilayers when the chain length of  the alkane is more than 
four  methylene groups shorter than the length of  the acyl chains of  the lipid. 
The importance of  this factor  of  four methylene groups difference between the 
lipid and solute has been previously noted for the fat ty  acids in DPPC [24,31].  
In the case of  DPPC, alkanes shorter than dodecane (612)  lower the transition 
temperature and enthalpy of  the main endothermic transition, as well as greatly 
broaden the transition. In contrast, tetradecane and hexadecane increase the 
transition temperature and enthalpy of  the main endothermic transition. The 
peak width is also sharper with these long alkanes than with the shorter ones. 
Hunt  and Tipping [27],  using NMR techniques, found similar results for 
sonicated DPPC vesicles containing decane and hexadecane. It is pertinent that  
this change in the characteristics of  the transition occurs at dodecane (Figs. 6 
and 8), which is the cut-off  point  where the X-ray repeat  period becomes 
independent  o f  the length of  the alkane (from C12 to C16, see Fig. 1). 
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The reason that the transition temperature of  DPPC increases when hexa- 
decane or tetradecane molecules are intercalated between the chains is 
apparently due to the resulting increase in hydrocarbon chain interaction. J'dhnig 
et al. [32] have shown that for dihexadecylphosphatidic acid the phase transi- 
tion temperature increases as chain tilt decreases. The short alkanes lower and 
broaden the DPPC transition, as the lipid acyl chains apparently become more 
disordered to accomodate  them. This disordering decreases the van der Waal's 
interactions, which are primarily responsible for determining the phase transi- 
t ion temperature [33].  Such disordering would account  for the lower resolu- 
tion of  diffraction patterns recorded from DPPC/hexane and DPPC/octane as 
compared to pure DPPC or DPPC/hexadecane. The reduction in van der Waal's 
interactions caused by  small alkanes is also evident from monolayer  studies of  
saturated lipids at the off-water interface [34].  

When the alkanes are mixed in excess with DPPC one to three major peaks 
are observed. This suggests the presence of  a corresponding number  of  phases. 
For  hexane and octane, where the alkane molecules are located between 
apposing monolayers as well as between lipid acyl chains, only one peak is 
observed (with the exception of  a small anomalous peak at 20 ° in the case of  
hexane). For  octane and hexane it is likely that  all lipid molecules are in 
contact  with alkane. For the longer alkanes, decane to hexadecane, two phases 
may exist, perhaps with different stoichiometries. The idea that  the two peaks 
in the thermograms correspond to an alkane-lipid phase and an almost solvent- 
free phase is supported by the data from DPPC with different amounts  of  
decane. At a mole fraction of  decane of  0.29 there are two distinct peaks in the 
heating curve (Fig. 6E), while at a mole fraction of  0.96 there is only one peak 
(Fig. 6D). For  the longer alkanes which are positioned parallel to the lipid acyl 
chains and occupy as little as 5% of  the volume of the bilayer (in the case of  
hexadecane in DPPC), there is not  enough alkane present to contact  all the 
lipid molecules. The thermograms of tetradecane (Fig. 6G) and hexadecane 
(not  shown) in DPPC resemble the melting behavior of  two partially miscible 
lipids [35].  The DPPC molecules in contact  with tetradecane or hexadecane act 
as a higher transition temperature component  [36].  In the special case where 
the alkane chain length is four carbons smaller than the length of  the lipid, the 
transition temperature and width remain relatively unchanged (Figs. 6F and 
10C). When the chain length of  the alkane is greater than the length of  the 
lipid, as in the case of  hexadecane in DMPC, three major peaks are observed 
(Fig. 10B). The origin of  the third peak is unknown,  although it may represent 
a monolayer  covered lens (see monolayer  discussion). 

Because hexadecane has the lowest vapor pressure and highest melting-point 
(18°C) of  the alkanes we investigated, its effect  on the transition parameters of 
DPPC was studied in greater detail than most  of  the other alkanes. Extrapola- 
tion of  the enthalpy of  the hexadecane transition to zero (Fig. 7) reveals that  at 
a mol fraction of  hexadecane in the bilayer of  between 0.10 and 0.14 a 
separate hexadecane phase appears. Thus the amount  of  hexadecane that  can 
be solubilized in the bilayer below its transition temperature is between 0.10 
and 0.14 mol fraction of  hexadecane, or one hexadecane molecule per 6--10 
lipid molecules. For comparison, we note that  palmitic acid can be incorpo- 
rated into DPPC bilayers at a mol fraction of  0.67 [24,31].  Since hexadecane is 
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aligned parallel to the lipid acyl chains, the exposure of methyl groups of the 
alkane to water at the lipid head group region is probably a major factor in 
limiting the solubility of  hexadecane in bilayers. 

Behavior of monolayers 
Under appropriate conditions, monolayers of saturated lecithins at the air- 

water interface are good models for half a bilayer [33]. Thus, we have used 
different solvents to spread monolayers at the air-water interface to determine 
if these different solvents affect the properties of monolayers in a similar 
manner to the way they affect bilayers. This type of approach has been success- 
ful in the past [20]. Fig. 12 shows that monolayers spread from chloroform or 
methanol have the same transition temperature as those spread from hexane or 
octane. The transition temperature of the DMPC monolayer remained 
unchanged at 23°C. The obvious interpretation is that these volatile solvents 
evaporated during the spreading and heating of the monolayer. We note that in 
bilayers, where evaporation is prevented, chloroform, methanol [34,37], and 
hexane and octane (Fig. 6) reduce the phase transition temperature. 

For the longer alkanes, that do not evaporate during the course of the 
experiment, the transition temperature of the monolayer increases with chain 
length, from C10 to C16 (Fig. 12). A comparison of the data of Fig. 12 with 
the calorimetry data of DMPC in Fig. 10, provides a direct correlation between 
the effect of alkanes on monolayers and bilayers. For DMPC/hexadecane 
bilayers (Fig. 10B), the occurrence of three thermal events, all at higher 
temperatures than the control, shows that hexadecane does indeed increase the 
transition temperature and have multiple transitions. The highest peak in this 
thermogram occurs at the same temperature as the transition in the first heat- 
ing curve (H) of the monolayer. The peak at 28°C in the thermogram 
(Fig. 10B) corresponds to the reproducible monolayer transition (RH in 
Fig. 13). A mol fraction of hexadecane of 0.3 was chosen for the calorimetry 
scan to ensure that there was excess alkane in the system, and indeed a separate 
hexadecane phase at 18°C is noted in the thermogram of Fig. 10B. The DMPC/ 
decane thermogram (Fig: 10C) is very similar to the monolayer data (Fig. 12), 
in that there is only one peak, which is broader and at a slightly higher 
temperature than the control. 

Thus, the X-ray, calorimetry, and monolayer data all show that long and 
short alkanes interact in different manners with phosphatidylcholine bilayers. 
In the past, X-ray diffraction experiments have provided information on the 
solubility of alkanes in miceUes and smectic phases [38]. Since the thicknesses 
of planar bilayers (Fig. 14) and the repeat periods for multiwailed vesicles 
(Figs. 1 and 3) and micelles [38] all have similar behavior as a function of the 
chain length of the incorporated alkane, it seems likely that the laws which 
govern solubility of alkanes are similar for these three systems. 
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