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Summary 

(1) The radioactive decay of tritium was used to excite 12-(9-anthroyloxy)- 
stearic acid. The resulting radioluminescence was observed by single-photon 
counting. A signal can only be observed if the emitting tritium is close enough 
to the absorbing fluorophore. This is accomplished by condensing the emitter 
and absorber into a lipid membrane. Therefore, we call the technique Con- 
densed phase radioluminescence (CPR). 

(2) We present the theoretical background for the observed CPR signals. 
(3) We observed a large CPR signal when tritiated oleic acid was added to 

12-(9-anthroyloxy)stearic acid micelles. 
(4) The phase transition of dimyristoyl phosphatidylcholine and dipalmitoyl 

phosphatidylcholine in unilamellar vesicles can be monitored with CPR, and 
the relative intensity change observed is directly related to the relative surface 
change at the centre of the bilayer. 

(5) Oleic acid and 12-(9-anthroyloxy)stearic acid exchange between dimyris- 
toyl phosphatidylcholine and dipalmitoyl phosphatidylcholine vesicles. The 
labels show no real preference for the fluid phase of the dimyristoyl phosphati- 
dylcholine vesicles. 

(6) CPR is a powerful method for studying distance and binding relation- 
ships in membranes. 

Abbreviation: CPR, Condensed phase radioluminescence. 
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Introduct ion 

Scintillation is widely used in biochemistry, mainly to count  the amount  of  
radioactive label in the system [1,2].  In scintillation, the energy of the decay- 
ing particle is transferred to a fluorescent dye by appropriate solvents. With- 
out  the use of  such solventsl the dye can be excited directly by the highly ener- 
getic particles after the decay but  the fluorescence emission is hardly measur- 
able. The excitation process of radioluminescence is very complex [3] and 
some aspects of  it will be discussed in this article. 

Here we present a new way of  using radioluminescence in lipid membranes 
where a fluorescent probe is excited by the H-decay of tritium. This excitation 
only occurs with reasonable probabili ty if the dye and the tritium, hereafter 
called emitter, are close. In contrast  to light, only selected areas are 'illumi- 
nated'.  This situation is achieved if the dye and the emitter are 'condensed'  
into a phospholipid bilayer. The emitter could be any tritiated lipid or other 
tritiated molecule which is preferentially located in the bilayer. We call the 
method,  using radioactive decay to excite a f luorophore where the emitter 
and absorber are not  randomly distributed in the solvent but  condensed in a 
supporting system (membrane, protein, etc.), Condensed phase radiolumines- 
cence (CPR). The CPR intensity is measured in cpm. 

In this paper we first demonstrate that by using tritiated oleic acid and 12- 
(9-anthroyloxy)stearic acid the formation of  dye micelles can be qualitatively 
followed. We then derive the quantitative relationships that  are tested by 
trapping the emitter  and absorber in phospholipid vesicles. 

We show how CPR can be used to measure changes in the surface area of  
phospholipid vesicles (for example, during a gel-to-liquid crystalline phase 
transition), and to follow exchange of  labels between vesicles. 

Having first tried the qualitative method for checking micelle formation, 
we adopted the quantitative analyses for the data obtainable from dimyristoyl 
phosphatidylcholine and dipalmitoyl phosphatidylcholine vesicles. In these 
vesicles we can verify that the basic relationships for CPR developed here are 
correct. The radius of  a vesicle is changing at the phase transition and the thick- 
ness of  the membrane is reduced by  the passage from the gel to the liquid- 
crystalline state [4]. CPR can provide us with information about  the surface 
changes because, as the distance between the emitter  and absorber increases, 
the intensity will decrease. 

The parameters that govern CPR 
The CPR intens~y is dependent  on the specific activity of  the sample (a) and 

the cross section (A) of  the dye for the emitted electron which is dependent  on 
the velocity of  the electron. The vector character of this quanti ty reflects the 
properties of  the mean transition dipole moment  of  the dye [5]. The distance 
between the emitter and absorber is 7 and the steric angle under which the cross 
section is seen by the emitter is: 

4n r 3 

Since the/3-particles are stopped in the solvent, the probabili ty that the elec- 



65 

trons reach a distance r depends on their initial energy. When they reach the 
dye  they have a new energy E. To account  for these two effects we have to 
multiply the term above by the relative amount  of  electrons f (r,E) that  reach a 
distance r and, having reached the target, have the energy E. As the H-particles 
are no t  monoenergetic,  one must  integrate over all energies of the H-spectrum. 
The number  of  excited states corresponds to the sum over all possible absorbers 
and emitters. The decay of  these excited dyes is described in the same way as in 
fluorescence by the quantum yield ¢. The intensity in CPR can then be 
described by Eqn. 1 : 

E = m a x  

I :  a4b/(47r) • ~}]emitter ~absorber f (,A. ~/).3) f(r, E) dE (1) 
E=O 

We shall see that this general equation reduces to more manageable relation- 
ships when applied to specific problems. The most  suitable H-decay for CPR is 
from trit ium which has the lowest endpoint  energy. Therefore, the electrons 
only reach a limited distance. The second advantage of  using tritium is its short 
lifetime. The specific activity is high and the amount  of  tritium used to get a 
signal above the noise level can be kept  to reasonable amounts.  Because of  the 
low endpoint  energy of  tritium the stopping radiation ( 'bremsstrahlung') is 
very low and causes few problems. As this stopping radiation is a limiting factor 
for CPR resolution, we only used tritiated probes. CPR intensities are of  the 
order of  the stopping radiation and therefore we need single-photon counting 
for signal detection. 

Materials and Methods 

Dipalmitoyl phosphatidylcholine and dimyristoyl phosphatidylcholine were 
from Koch-Light Ltd. and were used wi thout  further purification. 12- 
(9-Anthroyloxy)stearic acid was synthesized in this laboratory [6].  [9,10- 
3H(n)]oleic acid (2.1 Ci/mmol) was bought  from the Radiochemical Centre, 
Amersham. Samples of  a specific activity of  50 Ci/mmol were purchased from 
the Commisariat a l'Energie Atomique,  Siren, France. 

Phospholipid vesicles were prepared by  cosonicating the probes with the 
lipids into 10 mM Hepes buffer adjusted to pH 7.0 [7].  Labels added after the 
vesicle preparation were in an ethanolic solution. 

An apparatus with a temperature-controlled stopped-flow cell (5 ml) in front 
of  an RCA 8850 photo tube  was constructed specially for measuring self- 
emitting solutions [8]. The photo tube  had the sensitivity to count  single 
photons. The pulses were amplified by an Ortec Timing Filter Amplifier (model 
454). The low-intensity pulses were discriminated by an Ortec Timing SCA 
(model 420a) and the remaining pulses were counted in Multichannel Analyzer 
(Ortec Model 6220).  The data thus obtained were transferred to a PDP 11/05 
computer  and stored on papertape. The dark counts of the pho to tube  were 
further reduced by  cooling the pho to tube  with gas from boiling liquid nitrogen. 
A dark count  level .of 25 cps was obtained with the shutter closed. A ×2 test 
was used to make sure that  the signal was random. Having done this, we know 
that  the signals will obey  pure counting statistics. The ideal reference to com- 
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pare the data from instrument to instrument is the amount  of stopping radia- 
tion. This is proportional to the activity in the cell and is, in an aqueous solu- 
tion, no t  significantly dependent  on the solute. In our instrument we measure 
a stopping radiation of  1.23 -+ 5% cps/uCi per ml in a glass cell. This was deter- 
mined with tritiated water and with the samples before any dye was added. To 
compare this value with that  from another apparatus one must also know the 
spectral-response curve of  the phototube.  The CPR signal will differ from one 
machine to another according to the ratio of  their stopping radiation. Cell 
constants and geometrical aspects will all be included in such a comparison. 

Theoretical Section 

The ~J-decay o f  tri t ium and the e f fec t  o f  inelastic scattering on CPR 
Not all electrons released by the tri t ium after a/~-decay have the same velo- 

city, they have a range of  kinetic energies. A common method for presenting 
spectra are Fermiplots [9]. (N/ f )  112 is plotted against E (N = number of elec- 
trons with an energy, E; f =  Fermifunction) [10]. The Fermiplot for trit ium 
gives a straight line and has been measured to a high degree of accuracy at 
energies higher than 1 keV. The endpoint  energy is 18.65 keV which corre- 
sponds to the fastest possible velocity of an electron released from tritium. 
From the linear Fermiplot  we calculated N for E > 1 keV [ 11 ] : 

N(E)  ~ (18.65 --E)2/[1 -- exp -- (2.15/E)] (2) 

where E is the initial energy of the electron. 
If the distance r between the emitter and absorber is increased, a certain 

number of  electrons will no longer reach the absorber. Therefore, we want to 
know what percentage of  electrons can reach the absorber. The range of 
penetration only depends on the density of  the matter. The range R (mg/cm 2) 
can be approximated from measurements made in aluminium [12--14]. For 
energies below 20 keV, we linearly extrapolated the graph described by Ref. 
13 and used a density of 1 g/cm 3 for our solvent. 

log (r(-~)) = 2.139 + 2.092 log (E(keV)) 1 < E < 20 keV (3) 

We call the number of electrons travelling further than 100 J~ 100% and calcu- 
late from Eqns. 2 and 3 the relative amount  which reaches a distance greater 
than r (Fig. lb) .  A change of 10% in r for r <~ 1000/~ causes less than 1% effect 
on the number of  electrons reaching the absorber, but causes 10% change in 
steric angle. 

The problem becomes more serious if we focus our at tent ion on the cross- 
section for inelastic scattering. On a quantum-mechanical basis, .~ could be 
calculated for a specific dye [5]. 

= 8(e/hv): dx 2 log([Jv~/e 2) (4) 
r2 

where dx 2 is the projection of the mean transition dipole moment  of the dye 
on to the direction of flight of  the particle. ~ is a dimensionless constant which 
cannot be calculated in general, v is the velocity of the electron and e the 
charge of  electron. Only the general shape of the cross-section is relevant to us. 
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Fig. 1. (a) ~-spectrum for  3H(fl-)3H e decay  calcula ted f rom the Fe rmip lo t  (upper  curve).  The ~-spectrum 
was mul t ip l ied  by  the calcula ted inelastic cross-sect ion ( lower curve). (b) Relative a m o u n t  of e lect rons  
reaching  a dis tance larger t h a n  r c o m p a r e d  to those reaching  100  A. 

With fi = 1 and hc/e  = 137 we get: 

AT/r ~ c2v 2 log(137v/c)  (5) 

The fi-spectrum multiplied with the cross-section is shown in Fig. la ,  lower 
curve. We realize that  the slowest electrons are the most  efficient in exciting 
our dye. This is again a good reason for using tritium and not  another a tom to 
excite the dye. As the electrons slow down with increasing distance from the 
emitter, their energy spectrum is continuously changing and the cros~section is 
increasing. The loss of  electrons reaching the absorber and the increase in the 
cross-section caused by  the slowing down of the electrons will to some extent  
compensate.  What then happens to the slow electrons? Their mean path is not  
straight anymore.  Most of  the electrons have passed the absorber when they are 
stopped in the solvent. They cannot interact a second time with the absorber 
but  are absorbed by the buffered solvent. Some of  the electrons which remain 
close to the dye and its environment could form hydrated electrons [3].  Their 
lifetime is much longer than that of  a bare electron and therefore can react 
with the dye or surrounding molecules. However, the percentage of  this occur- 
rence is so low that,  unless some inconsistency is observed, we can neglect this 
effect. 

Results and Discussion 

Micelle format ion  observed by CPR 
12-(9-Anthroyloxy)stearic acid molecules surrounded by water have a lower 

fluorescence quantum yield than in the hydrophobic  surrounding which they 
create by  forming micelles. When 12-(9-anthroyloxy)stearic acid is added to 
water (to a concentration of  20 #M) (Xex = 370 nm, Xem = 450 nm), there is a 
fast initial jump in fluorescence in less than 30 s with no further change in the 
following hour. This does no t  necessarily mean that  micelle formation is rapid. 
When a mixture of  tritiated oleic acid and 12-(9-anthroyloxy)stearic acid is 
added to water we observe a very slow increase in CPR intensity with time 
(Fig. 2). The increase in intensity is biphasic and neither phase is exponential. 
Only after abou t  20 h is equilibrium nearly attained. The change in intensity 
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Fig. 2. T i m e  cou r se  of  t he  C P R  i n t e n s i t y  o f  1 2 - ( 9 - a n t h r o y l o x y ) s t e a r i c  ac id  ( 4 0  pM)  a n d  r a d i o a c t i v e  oleic  
ac id  (4  p M )  a d d e d  t o  t he  b u f f e r  ( l o w e r  curve) .  R a d i o a c t i v e  oleic  ac id  a d d e d  t o  the  e q u i l i b r a t e d  12-(9-  
a n t h r o y l o x y ) s t e a r i c  ac id  mice l l es  ( u p p e r  cu rve) .  T = 2 0  °C.  

arises from the incorporation of  tritiated oleic acid into the micelles, increasing 
the probabili ty of  excitation of  the closely posit ioned dye molecules. As more 
dye molecules surround the emitter this probabili ty increases further and, 
therefore, the intensity reflects the size of  the micelle. One decay can even 
excite more than one dye. This can be seen by filtering ou t  double-photon 
pulses with the discriminator. The dense clustering makes a quantitative treat- 
ment  of  the data difficult. The intensity increase is not  linear with size. 

To make sure that  we have not  just observed the uptake of tritiated oleic 
acid by some rapidly formed micelles, we first equilibrated the dye micelles for 
20 h and then added the emitter. After 2 h the same intensity isreached as that  
obtained after 20 h by  mixing tritiated oleic acid and 12-(9-anthroyloxy)stearic 
acid right from the beginning. Most of  the signal occurred within the mixing 
time. Adding tritiated H20 of  the same activity instead of tritiated oleic acid 
results in a negligible signal, proving that  tritiated oleic acid has been taken up 
by the micelles. We have shown that the signal increase in Fig. 2 (lower curve) 
is no t  caused by uptake of  the emitter. The biphasic and non-exponential  
behaviour suggests a complex process including the possibility that an excited 
12-(9-anthroyloxy)stearic acid molecule dimerises with an unexcited one [15]. 
Photodimerisation can be induced by irradiating the sample with light of  360 
nm and the dimers can be dissociated by irradiation with light of  250 nm. 
Tritiated oleic acid added to 12-(9-anthroyloxy)stearic acid micelles which have 
been exposed to 250 nm light for 2 min, the period after which the fluorescence 
was at its maximum, showed a rapid intensity increase within the mixing time 
fol lowed by a slow decrease within 5 min. The intensity was recovered by 
exposing the sample again to light of  250 nm. The fl-particles stimulate several 
excited states of  12-(9-anthroyloxy)stearic acid and can, like ultraviolet light of 
360 nm, induce dimer formation. The dimer is not  f luorescent [15].  The dis- 
sociation of  12-(9-anthroyloxy)stearic acid dimers can also be induced by the 
fl-particles. Depending upon the cross-section for the two processes, one or the 
other will preferentially occur. Thus, in 12-(9-anthroyloxy}stearic acid micelles, 
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the radioactive decay of tritium brings the 12-(9-anthroyloxy)stearic acid 
dimerisation reaction into an equilibrium state. Addition of  phospholipid 
vesicles to the equilibrated 12-(9-anthroyloxy)stearic acid micelles labelled with 
tritiated oleic acid results in a drastic decrease in the CPR signal. Presumably, 
oleic acid and 12-(9-anthroyloxy)stearic acid are taken up by  the vesicles and 
are spread over the whole surface of  the bilayer, increasing the distance 
between emitter  and absorber. The decrease in CPR intensity is biphasic. A 
very rapid decrease to half the expected starting signal within the first 20 s is 
followed by a slower one and the equilibrium is reached after about  2 h. The 
decay cannot  be quantitatively related to the amount  of 12-(9-anthroyloxy)- 
stearic acid taken up because of  the unknown mechanism of excitation of  the 
dye in the micelles, but  it appears that about  2 h are needed to label vesicles 
with 12-(9-anthroyloxy)stearic acid which is comparable to the time course- 
observed by  direct fluorescence measurements. 

Condensed phase radioluminescence in vesicles 
To relate CPR to the concentrations of  lipids (CL), dye (CD) and the activity 

(a) as well as to the geometrical properties of  the vesicles, we have to calculate 
the intensity, I, f rom Eqn. 1. The dye on the surface of the vesicle is assumed 
to be homogeneously distributed. Because of  the spherical shape of the vesicles 
all the emitters will experience the same dye distribution. The number of  
absorbers in one vesicle is: 

C__D_D. 47rR2o 

CL fo 

where Ro is the radius of  the vesicle and fo the surface area per lipid in the gel 
phase. The dye density on the surface is then: 

R:o 
CL foR 2 

where R is the radius of  the vesicle. R = Ro in the gel phase. Instead of  summing 
over all dyes in Eqn. 1 we can integrate over the surface area of  the vesicle. 
Because all emitters have an equal position with respect to the dye the total  
intensity is found by  multiplication with the number  of  emitters. The activity 
is equal to the specific activity times the number  of  emitters. We have seen in 
the previous section that for small distances we can use a mean cross-section, 

= f A ( E ) f  (r,E) dE (derived from the integral in Eqn. 1), wi thout  introducing 
E 

tOO much error. When looking at large distances or distance changes, correc- 
tions are necessary. 

The geometry of  the measuring cell, the arrangement of the pho to tube  and 
its response reduce the number  of pulses counted compared to the number 
generated. Therefore, a machine constant, Z, has to be incorporated into our 
final equation. Eqn. 1 is now reduced to the following form where F represents 
the surface area and v the total activity: 

I = z c v C D R 2 o  1 [ 1  I A 7  ] ~,r- ~ dF  (6) 
CL fo R 2 4-~ F 

The remaining integration results in a constant  factor (Appendix).  If  the direc- 
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tion of  A is parallel to the surface vector this integral is equal to A and the final 
formula for the CPR intensity is: 

I= Z ~ C D R2o 1 
-~ Cv C--L- fo "R--~ (7) 

Any other orientation of A will introduce a constant  multiplication factor. 
Therefore, Eqn. 7 describes the properties of  the intensity for all positions of A. 

I is proport ional  to ¢ and fluorescence quenching effects are also reflected in 
CPR. If we want to follow the other parameters we need to use a fluorescent 
probe with a quantum yield which is relatively insensitive to environmental 
effects. 12-(9-Anthroyloxy)stearic acid shows only small changes in intensity at 
the phase transition of  a phospholipid vesicle [7]. Up to the phase transition, ~b 
is nearly constant  and above the phase transition a linear decrease in ~b is ob- 
served. 

An interesting property of  Eqn. 7 is that the intensity is not  dependent  upon 
the size of the vesicles as long as one compares vesicles in the same phase. The 
intensity only reflects a radius change if it is caused by an alteration in the 
membrane structure. Therefore, fusion of  identical vesicles would not  be ob- 
served in CPR. This simply means that  if we have one emitter in two identical 
vesicles we get the same intensity as if we have two emitters in one large vesicle. 
The cross-section, A, depends on the energy levels of the different excited 
states of the dye. If the environment of  the dye does not  affect these energy 
levels, A is unchanged. Solvent-dependent shifts in fluorescence spectra do 
occur, but  they are usually small compared to the quenching effects by the sur- 
rounding molecules. With the substitution: 

AR~ 

Eqn. 7 becomes: 

I = Ziv CD 1 
CL R 2 (8) 

This equation contains the parameters we are going to change. 

Results o f  CPR and fluorescence measurements in vesicles 
We first checked the linearity of Eqn. 8 with respect to the concentrat ion of 

dye. A sample of  200 #M dipalmitoyl phosphatidylcholine was labelled with 30 
/~Ci/ml tritiated oleic acid. Then successive amounts  of 12-(9-anthroyloxy)- 
stearic acid were added, increasing the dye molarity by 2.5 #M each time. 
Because it takes a long time to reach equilibrium the vesicles were sonicated 
after each addition of  dye. We observed a perfect linearity up to CD/CL = 0.05. 
The same results were obtained using tritiated cholesterol and without  sonica- 
tion. The amount  of  12-(9-anthroyloxy)stearic acid remaining in the solvent is 
negligible. In contrast, when diphenylhexatriene is used as the fluorophore,  a 
marked deviation from linearity a s  CD/C L increases is observed. There is a par- 
titioning of  this dye between the membrane and the solvent. 

Extrapolation of the linear relationship to zero dye concentration yields the 
amount  of dark counts of  the machine together with the stopping radiation 
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Fig. 3. CPR of dimyris toyl  phosphat idylchol lne vesicles labelled with 12-(9-anthroyloxy)stearic acid. 
o, increasing the activity; X, di lution of the final sample by adding buffer. T = 30°C. 

caused by the energy loss of the electrons in the solvent. The linearity of 
Eqn. 8 as a function of the act ivi ty was checked by adding various amounts of 
tritiated oleic acid from an ethanolic stock solution to the dipalmitoyl phos- 
phatidylcholine vesicles previously cosonicated with 12-(9-anthroyloxy)stearic 
acid. The uptake is completed within the mixing time (1 min) of the sample 
preparation. 

Fig. 3 shows the expected linear increase in the CPR signal with activity. 
Dilution of  the sample does not  change CD/C L but the total amounts  of dye and 
lipids are reduced. The reduction in intensity upon dilution should only be 
caused by the change in activity. The CPR intensity in the diluted samples 
(Fig. 3) follows a dependence on the activity identical to that  of the undiluted 
sample. This experiment  shows that  the intensity is only dependent  upon the 
ratio of dye to lipids. Another  way of looking at this result is by saying: one 
vesicle with two tritiated labels emits the same amount  of light as two of these 
vesicles each containing only one tritiated label. 

The relative amount  of oleic acid in the membrane can be decreased by 
increasing the lipid concentration at constant CD/C,.. Addition of untrit iated 
oleic acid to labelled vesicles does not  affect CPR intensity. We can therefore 
conclude that  no specific interaction between oleic acid and 12-(9-anthroy- 
loxy)stearic acid takes place within the membrane,  since otherwise untriated 
oleic acid would have displaced the tritiated one. 

In different experiments, dimyristoyl phosphatidylcholine or dipalmitoyl 
phosphatidylcholine vesicles with a total lipid concentrat ion between 200 and 
400 pM were prepared and cosonicated with 1--2.5 mol% of 12-(9-anthroy- 
loxy)stearic acid. The amount  of tritiated oleic acid used was between 30 and 
90 #Ci/ml. Typical phase transition curves for dipalmitoyl phosphatidylcholine 
and for dimyristoyl phosphatidylcholine vesicles are shown in Fig. 4. The phase 
transition in dimyristoyl phosphatidylcholine vesicles is broader than in dipal- 
mitoyl  phosphatidylcholine vesicles. No hysteresis was observed in a cooling- 
heating cycle in dipalmitoyl phosphatidylcholine vesicles but  a difference was 
observed in dimyristoyl  phosphatidylcholine vesicles especially in the gel phase. 
Below 18°C the signal sometimes significantly increased. Dimyristoyl phos- 
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Fig. 4. (a) A typical  phase transit ion as measured in CPR foz d ipalmi toyl  phosphat idylchol ine (DPPC) 
vesicles  (200/~M) labelled with 12-(9-anthroyloxy)stearic acid (5/~M) at 30 ?tCi/ml activity. (b) The phase 
transit ion measured in CPR for d imyris toyl  phosphat idylchol ine (DMPC) vesicles (200 ~tM) labelled with 
12-(9-anthroyloxy)steaxic acid (5 ~tM) at  50 /~Ci/ml activity, o, cooling cycle; X, heating cyc le  after 15 h 
rest at 35°C.  

phatidylcholine vesicles in the liquid-crystalline phase showed a slightly 
increased signal after the heating-cooling cycle. A further increase was observed 
over a period of  15 h. The transition measured after 15 h showed the same 
broad transition characteristic for unilamellar vesicles and the relative change in 
intensity remained as before. 

By normalizing the fluorescence and the CPR intensities vs. temperature 
plots at a temperature above the critical one, one can show that the percent 
change for the fluorescence intensity is --1.6%/°C while the change in CPR 
intensity is --1.4%/°C. Because the two changes are identical within the 
accuracy of  the measurements we conclude that the observed change in the 
CPR intensity with temperature in the liquid-crystalline phase i sa  result of the 
change in the fluorescence quantum yield of  the dye. 

Since there is no quantum yield change in the gel phase, we expect  a con- 
stant CPR intensity at low temperatures, but  we observe a slight linear decrease 
with increasing temperature. The slope of  this change is more pronounced at 
lower dye concentrations. To determine the relative change in intensity at the 
phase transition we extrapolated the straightAine portions of  the plots to the 
midpoint  of  the transition. The vertical distance between the two lines at Tm is 
AI. The total  intensity at T m is the measured intensity minus the dark counts 
of the machine and the stopping radiation (1.23 cps/#Ci per ml). The intensity 
changes were: AI/I= 7.5%-+ 1.5 in dimyristoyl phosphatidylcholine vesicles 
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and AI/I  = 8.8% + 1.5 in dipalmitoyl phosphatidylcholine vesicles. Assuming 
that the probes are distributed homogeneously between the inner and outer 
layers of the membrane, R in Eqn. 8 represents approximately the radius of the 
vesicle at the center of the bilayer. The relative change in intensity is equal to 
the relative change in surface area as can easily be predicted from Eqn. 8: 

I AF 2AR 
AI= F -  R (9) 

To compare this change in surface area with other measurements we note the 
following relationship which also holds for a spherical shell: 

AF AV AD 
F V D (10) 

The relative change in volume, V, of the membrane is the sum of the relative 
change in thickness of the bilayer (D) and the relative surface change. The 
volume change is known to be very small, 1.4% [16], 3.2% [17]. The published 
values for the thickness change vary between 5 and 8/~, [4,18]. From neutron 
diffraction studies we calculated that between the P~ phase (38°C) and I~ phase 
(50°C) in dipalmitoyl phosphatidylcholine bilayers, a change in relative thick- 
ness over the whole membrane of 13.8% occurs [4]. By inserting these values 
in Eqn. 10 we find a maximum value for AF/F  = 10.6%. This value corresponds 
to values found at the air/water interface but is slightly larger than our values 
[191. 

The exchange of  oleic acid and fluorescent dyes between vesicles 
Next we will see if 12-(9-anthroyloxy)stearic acid and oleic acid are 

exchanged between vesicles. Dipalmitoyl phosphatidylcholine vesicles labelled 
with 1,6-diphenylhexa-l,3,5-triene were mixed with vesicles labelled with tri- 
tiated oleic acid. Only a rapid signal increase within the first 40 s is observed 
(Fig. 5, lower curve). Dipalmitoyl phosphatidylcholine vesicles labelled with 
1,6-diphenylhexa-l,3,5-triene in tritiated water of the same activity as tritiated 
oleic acid show only the stopping radiation. Therefore, an exchange of oleic 
acid or 1,6-diphenylhexa-l,3,5-triene must have taken place. Since the uptake 
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Fig.  5. T h e  t i m e  c o u r s e  o f  CPR for  d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e  ves~clas ( 2 0 0  M) l abe l l ed  w i t h  12- (9 -  
a n t h r o y l o x y ) s t e a r i c  ac id  ( 1 2 - A S )  or 1 , 6 - d i p h e n y l h e x a - l , 3 , 5 - t z i e n e  ( D P H )  observed  af ter  m i x i n g  w i t h  vesi- 
cle label led w i t h  o le ic  acid. Th e  final ac t iv i ty  w a s  21 /~Ci / rn l .  
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of 1,6<tiphenylhexa-l,3,5-triene by dipalmitoyl phosphatidylcholine vesicles is 
relatively slow [20], oleic acid must have exchanged rapidly. Once the oleic 
acid has equilibrated no further change is expected in the CPR signal even if 
the dye is not yet in equilibrium. 

A similar experiment was carried out using 12-(9-anthroyloxy)stearic acid 
(Fig. 5, upper curve). As already explained, once oleic acid has rapidly 
exchanged no further increase in CPR intensity should take place even if 12- 
(9-anthroyloxy)stearic acid exchange followed. The observed slow increase 
(which follows second-order kinetics) cannot therefore result from the 
exchange of 12-(9-anthroyloxy)stearic acid between vesicles. 

In a similar experiment, we mixed dimyristoyl phosphatidylcholine vesicles 
labelled with tritiated oleic acid with dipalmitoyl phosphatidylcholine vesicles 
labelled with 12-(9-anthroyloxy)stearic acid. The same pattern as in Fig. 5 was 
observed, but the slow rate was about twice that measured in the former sys- 
tem. After the equilibration we raised the temperature and observed two phase 
transitions corresponding to those of separate dimyristoyl phosphatidylcholine 
and dipalmitoyl phosphatidylcholine vesicles (Fig. 6). The presence of oleic 
acid and 12-(9-anthroyloxy)stearic acid does not induce fusion as can be seen 
by the two distinctly separated phase transitions. Dipalmitoyl phosphatidyl- 
choline and dimyristoyl phosphatidylcholine do not fuse [21]. We can there- 
fore conclude that 12-(9-anthroyloxy)stearic acid is exchanged between the 
two types of vesicle. We used the same amount of dimyristoyl phosphatidyl- 
choline (DMPC) as dipalmitoyl phosphatidylcholine (DPPC) for this experi- 
ment and we have seen that the absolute intensity is independent of the radius 
of the vesicle (Eqn. 7). The CPR intensities in the two types of vesicle add 
together as follows: 

ib ~CD(DMPC) CD (DPPC) )) 
I=  CL \ ~ "  v(DMPC) + R2(DPPC) P(DPPC_ (I1) 

Between the two phase transitions a linear decrease in intensity of relative 
change 0.61%/°C is observed. This decrease is only caused by the change in the 
intensity from dimyristoyl phosphatidylcholine vesicles. The dipalmitoyl phos- 
phatidylcholine vesicles are still in the gel phase and show no change in inten- 
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Fig. 6. CPR of the phase transitions of dimyristoyl phosphatidylcholine and dipaImitoyl phosphatidyl- 
choline vesicles after the exchange of 12-(9-anthroyloxy)stearic acid and oleic acid. 
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sity. From the measurement of  the dimyristoyl phosphatidylcholine phase 
transition we know that the relative change with respect to I (dimyristoyl 
phosphatidylcholine) should be 1.6%/°C. From these two values we can deter- 
mine the ratio I (DMPC)/I (DPPC). 

0.0061 = d I / d T  0.016 = - - d I / d T  I ( D P M C ) / I ( D P P C )  = 1.6 (12) 
I(DPPC) + I(DMPC) I(DPPC) 

If we assume the radius (R) of  dimyristoyl phosphatidylcholine and dipalmi- 
toyl  phosphatidylcholine to be equal we find using Eqn. 11: 

I(DMPC) = CD(DMPC) v(DMPC) 

I(DPPC) CD(DPPC) v(DPPC) 

If we further assume: 

CD(DMPC) v(DMPC) 

CD(DPPC) v(DPPC) 

then we find for the ratio of dyes: 

CD(DMPC) _ 1.3 
CD(DPPC) 

The probes are not excluded from the solid phase of the dipalmitoyl phospha- 
tidylcholine vesicles, only an insignificant preference for the fluid phase of 
dimyristoyl phosphatidylcholine vesicles is detected. 

It has been demonstrated that for mixed lipid systems dipalmitoyl phos- 
phatidylcholine and dilauroyl phosphatidylcholine, 12-(9-anthroyloxy)stearic 
acid preferentially partitions into the liquid-crystalline phase [7]. Dimyristoyl 
phosphatidylcholine and dipalmitoyl phosphatidylcholine do not separate into 
two phases when mixed. It could therefore be that 12-(9-anthroyloxy)stearic 
acid is not excluded from the gel phase of dimyristoy] phosphatidylcholine 
because the two lipids are very similar to each other. 

Conclusions 

Condensed phase radioluminescence (CPR) yields detectable amounts  of 
single photons  if the local densities of  the tritiated emitter  and the fluorescent 
absorber molecules are large enough. This is achieved by 'condensing' a fluores- 
cent probe and a tritiated fat ty  acid in a micelle or in a lipid vesicle. Since the 
CPR signal is related to the square root  of  the distance between emitter and 
absorber, changes in distances may be measured. Because of this distance rela- 
tionship, unlike in fluorescence energy transfer measurements, a larger range 
can be covered by CPR. Electrons released by the H-decay of  tritium can reach 
targets which are far away but  the probabili ty of  hitting them is so low that a 
signal cannot  be observed. The limitation of  CPR is given by the stopping radia- 
tion which is part of  the energy loss of  the electron in the solvent. We suggest 
that  CPR is useful only for distances less than 500/~.  When radioactive oleic 
acid and a fluorescent probe (e.g., 12-(9-anthroyloxy)stearic acid) are incor- 
porated into phospholipid vesicles, the changes in CPR intensity can be used to 
follow phase transitions. This method,  unlike the fluorescent probes [22--24],  
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measures the change in surface area during the transition and not  the local 
environment of the probe. Clustering of  oleic acid was suggested by Hauser 
and Guyer [25].  We have no evidence for clustering of  the probes. This is in 
accordance with calorimetric studies which exclude a pure fa t ty  acid phase 
[26].  

The exchange of  oleic acid and of  the fluorescent probes between vesicles 
can also be studied by CPR. In mixtures of  dimyristoyl phosphatidylcholine 
and dipalmitoyl phosphatidylcholine vesicles, oleic acid exchanges in less than 

5 s. 12-{9-Anthroyloxy)stearic acid does no t  show preferential location in the 
gel phase of  dipalmitoyl phosphatidylcholine or in the fluid phase of  dimyris- 
toyl  phosphatidylcholine vesicles. The dimyristoyl phosphatidylcholine and 
dipalmitoyl phosphatidylcholine vesicles do not  fuse. 

The CPR technique can clearly be extended for the study of a variety of  
biological systems. Radioactive labels can be incorporated through specific 
molecules that are present in or interact with membranes, and we have seen 
that the intrinsic fluorescence of  t ryptophan can also be excited by electrons. 
Thus, the interaction of  molecules like hormones, drugs, etc., with membranes 
can be studied by CPR, including observation of  the kinetics of  the processes. 
Currently, the time resolution of  the method is about  5 s. 

Appendix 

To calculate: 

47r 3 r 3 
F _.~ 

we mus t .make  an assumption about  the direction of  A. For simplicity we 
assume A to be parallel to the surface vector. This assumption is very useful 
because as we approach r -- 0, the integral is no t  divergent. With any other angle 
we must assume a minimal approach distance for the emitter and absorber. 

We define ¢ as the angle between-~ and the tangential plane at the location of 
the emitter. -~ can be expressed by the radius R of the vesicle and the angle ¢. 

7= 2R sin ~e icp 

The surface unity vector can be expressed as: 

F= ei(2dp--~ /2) 

The product  of  those two values is: 

F "  7= 2R sin2¢ 

The surface element is a ring seen under the angle ¢. 

dF = 87rR 2 sin¢cos~d¢ 

Our starting equation can be transformed into an integration over the angle ¢. 

f 8R 3 s i n "  STrR2 sin~bcos~bd¢ = ~ f cos ¢ = .4/2 
¢=o ~=o 

This integration adds a constant factor of A/2 to Eqn. 8. 
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