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Summary  

Relative variations of fluidity in bilayers and membranes are current ly 
evaluated by numerous physical methods,  but  comparisons between different  
systems remain difficult because the effects of order (anisotropy) and fluidity 
are involved in the diffusion coefficients (or correlation times, or frictional 
coefficients) given by experiment .  

The present report  represents an a t tempt  to generalize the use of isotropic 
liquids as viscosity standards for disordered lipidic systems. It advances a simple 
check to verify the quasi-isotropic behaviour of probe environments and avoids 
the in t roduct ion of  estimated values of  the molecular dimensions in Perrin- 
Einstein relations. 

The equivalent viscosities obtained with 1,6-diphenyl hexatriene and with 
2-pentyl-2 '-butyl-4,4 '-dimethyl oxazolidinoxyl  are strikingly similar in egg 
lecithin vesicles above 0 ° C, while in dipalmitoylphosphat idylcholine dispersions 
above their transition temperature,  a discrepancy of about  30% seems to 
remain, even at high temperatures.  

In t roduct ion  

The use of viscosity to characterize bilayers or membranes and the values of 
this parameter obtained with inserted extrinsic probes in such systems is of ten  
considered unreliable. The reasons for such uncertainty are summarized below: 

A. Phenomenolog ica l  grounds. A friction tensor cannot  be defined in a 
medium of finite extension. Even if this difficulty is overcome, the 'mean'  
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viscosity in an anisotropic medium cannot be a single parameter, since the com- 
ponents  of  shear viscosity are the residual non-diagonal terms of  the viscoelastic 
t ensor .  

B. Microscopic reasons. A cont inuum hypothesis is untenable in bilayers 
since the probe is smaller than the surrounding molecules. Moreover, the probe 
causes its environment to deform whenever its size is greater than the local free 
volume dimensions in the host  medium [1].  

Studying the motions of  unbound nitroxides (for instance that of  steroid 
derivatives) allows one to obtain the diffusion coefficient tensor components  of 
these molecules in liquids [1,2],  soap dispersions [3],  phospholipid dispersions 
[4--11],  lipid extracts [12] or membranes [13--16].  

On the other hand, numerous reports on order and fluidity deduced from 
nitroxide motions were published during the last decade (see, for instance, 
Refs. 17--23. References on this literature can be found in various reviews 
[4,24].  

However,  in all these works, either the calculations are stopped after deriving 
the diffusion (or correlation time} tensor components ,  or the evaluation of the 
viscosities is performed using the Einstein-Perrin equations [3,5,25].  This latter 
procedure is not  rigorous for anisotropic fluids and the problem of the viscosity 
remains. 

This kind of  derivation is still more tenuous when using covalently bound 
labels [25].  

Recently,  some works of  another kind [26--32] gave the principal com- 
ponents of similar parameters in membrane models by mean of a fluorescent 
and almost rod-like molecule, the polarized emission of which is followed 
during the fluorescence decay. Here, also, the derivation of  viscosity from the 
diffusion tensor components  raises the same difficulties and the respective con- 
tributions of  probe and membrane anisotropies to the depolarized decays are 
not  yet  completely clear. 

C. Inhomogeneous probe distribution. The transverse gradient of order 
throughout  the thickness of the membrane [18,33,34] definitely induces a 
fluidity gradient. It can also induce a concentration gradient for the solute. 
This will complicate the viscosity averaging and would become drastic when the 
local probe concentration must be known to estimate the viscosity (e.g., 
fluorescence quenching). On the other hand, the gradients can be averaged by 
using probes of sufficiently large size. 

Secondly, phase separations or 'clusters' often occur in bilayers. They induce 
differences of solubility for the probe (microheterogeneity) [35,36]. Thirdly, 
interactions between the probe and particular components of the membranes 
are frequently observed; a few of them have been used to study specific mem- 
brane sites [37--40]. 

In summary, a few workers measured anisotropic friction components in 
very local and highly specific situations, while others generally looked at 
relative or qualitative variations of 'fluidity' on changing the parameters of 
their systems, despite all the foregoing objections. Consequently one might 
think that the search for quantitative 'mean' viscosities is neither valid nor 
interesting. 

However, the question cannot be resolved so quickly: it is still important to 
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be able to compare results given by different workers who used various probes 
or labels, even if the anisotropic diffusion components remain the most signifi- 
cant physical properties when describing a very local situation. Consequently, a 
reference viscosity scale seems still useful, even if the mean values it gives are 
for the moment  justified by semi-empirical considerations only. 

For such a purpose, Shinitzky et al. [41--44] previously used the fluores- 
cence data given by a rod-like molecule dissolved either in a reference oil or in 
membrane bilayers. Some of .us  later showed [45,46] that  this method gives 
very different values of Shinitzky's 'microviscosity' when the molecular shape 
and weight of the reference aliphatic oil are changed. In the same way, we 
recently described the procedure which must be applied to the 'mean'  diffusion 
coefficient of  the rod-like probe in liquids of very different macroscopic 
viscosities with a view to obtaining consistent results. 

Similarly, the aim of this paper is to show what reliance can be placed on 
such a generalized method: the chemical nature of the probes is extended here 
to an electron spin resonance probe (nitroxide), while the reference media are 
again a large variety of alkanes and esters. 

The quantities we obtain are not 'micro'  viscosities in the sense of the 
Einstein-Perrin equations, but they are the macroscopic viscosities of isotropic 
media which induce, at the same temperature, the same microscopic behaviour 
as does the studied bilayer. It seems to us that  'microviscosity' is more appro- 
priate for the parameter occurring in the Einstein-Perrin equations while we 
will use the term of  'equivalent'  viscosity for the above-defined semiempirical 
quanti ty.  

For such a generalization and its validity, the equivalent viscosity must stay 
unchanged when different kinds of chemical probes, studied by different 
physical methods, are used. Such a procedure can meet the chemical objections 
since, for instance, there is no reason why each kind of molecule (aromatic 
fluorophores, aliphatic chained nitroxides, etc.) are located in sites of similar 
fluidity. The more numerous and more various are the probes, the more certain 
are the evaluations. 

Our method was already able to predict the macroscopic viscosity of an un- 
known oil from the microscopic probe data, which was not the case with 
Shinitzky's simplified procedure [45,46]. We propose to extend this con- 
sistency to the results given by the bilayers and membranes, at least in their 
liquid-crystalline phase. 

II. Materials and Methods 

A. Chemicals 
1. Mineral oils, glycerol esters, bis-(2-ethyl)-hexyl sebacate and hexadecane 

isomers came from the sources previously mentioned [45,46]. These com- 
pounds were purified following the previously described procedures until their 
residual fluorescence was less than 2% of that  of the fluorophore solutions 
prepared from them (FICA 55 MK II spectrofluorometer).  

2. Egg phosphatidylcholine was extracted and purified in our laboratory. It 
was dispersed by sonication in buffered solution (pH 7.5) and subsequent ultra- 
centrifugation so that  Huang type liposomes were formed [47,48]. 

L-a-Dipalmitoyl phosphatidylcholine (synthetic) was supplied by NBC and 
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was used without  further purification. It was also dispersed into the buffer  by 
simple stirring above the gel-liquid crystal transition temperature.  This led to 
Bangham type  liposomes or 'multibilayers'  [48,49] .  

For electron spin resonance measurements,  more concentrated dispersions of 
both these phospholipids (100 mg/ml) were sometimes necessary: they were 
prepared by preliminary sonication, as above. Then, if necessary, repetitive 
freezing and melting cycles between --30°C and +30°C gave multibilayers. 

3. The 2-pentyl-2'-butyl-4,4'-dimethyl-3-oxazolidinoxyl ( '5N10'  in literature) 
was synthetized following Keana's procedure [50]. It was purified by repeated 
high-pressure liquid chromatography (Waters kit). 

4. The 1,6-diphenyl hexatriene ( 'DPH') was from Aldrich and was used as 
supplied. 

5. Insertion of the probes into the lipid phases was performed either by a 
preliminary colyophilization with the lipid before its hydration or by mixing a 
known quanti ty of  evaporated probe solution for 3 h with the water/lipid 
system in its liquid-crystalline state. 

B. Physical methods 
1. The average frictional coefficient ~ of  the f luorophore was deduced 

from the thermal variations of  two optical quantities, obtained as described 
previously [42,51 ]: 

(a) the fluorescence lifetime, r, of  the fluorophore; 
(b) the anisotropy of  fluorescence polarization, r, derived from the emitted 

parallel and perpendicular light intensities under steady-state illumination. 
Then 

]'-- = kT"  6-~" -- 

where k is Boltzman's constant and r0 is the value of  r extrapolated to infinite 
viscosity. 

2. The average frictional coefficient, f ,  of  the nitroxide was calculated 
from the heights and widths of  the electron resonance hyperfine spectra. These 
were recorded on a Varian E 109 spectrometer  (X-band, equipped with a 
Varian temperature control accessory). 

a. Clearing the experimental spectrum o f  its "probe in water' component. In 
the aliphatic liquids and esters used, the nitroxide has an homogeneous environ- 
ment  and the line heights and widths can be directly measured on the recorded 
spectra. The situation is different in lipid/water systems: in the absence of spin- 
spin interactions the spectrum is const i tuted by the sum of  two triplets; one 
given by  the nitroxide lying in water, the other by its molecules located in the 
aliphatic chains of  the lipid. 

To free the spectrum from the contr ibution due to the probe in water, we 
could choose from the procedures used by previous authors: 

Choosing free nitroxides with low solubilities in water such as the cholestane 
spin label. Here, we preferred to use a smaller probe. 

In the case of  smaller nitroxides (more soluble in water), raising the lipid/ 
water ratio. But  in these cases, the lipid 'suspensions' often become pasty and 
sometimes even pellets have to be prepared [52].  This kind of  sampling is 
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F i g .  1 .  E v o l u t i o n  o f  r e s o n a n c e  s p e c t r a  a t  f i x e d  t e m p e r a t u r e s  w h e n  c h a n g i n g  t h e  ( l i p i d - w a t e r )  r a t i o  p.  T h i s  
a l l o w s  c o m b i n a t i o n  o f  s p e c t r a  b y  c o u p l e s  w i t h  a v i e w  to  t h e  e l i m i n a t i o n  o f  t h e  c o n t r i b u t i o n  o f  t h e  p r o b e  

in  w a t e r .  T h e  ' p u r e  a l i p h a t i c '  c o n t r i b u t i o n  w a s  i s o l a t e d  b y  s u b t r a c t i n g  o n e  o u t  o f  t h e  o t h e r  t w o  e x p e r i -  
m e n t a l  s p e c t r a  c o r r e s p o n d i n g  t o  t h e  s a m e  t e m p e r a t u r e  ( i . e . :  all  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  a r e  k e p t  

u n c h a n g e d ,  e x c e p t  f o r  t h e  ( l i p i d / w a t e r  r a t i o ) .  

evidently inapplicable to rare materials such as those found biologically. 
Quenching the paramagnetism of the nitroxide molecules in water by 

externally located paramagnetic ions [1 ]. This procedure, unfortunately,  gives 
a simultaneous broadening of the spectral lines corresponding to the probe in 
lipid. 

In numerous papers the partition coefficient was deduced from the partial 
splitting of  the high-field line and was studied versus different thermodynamical  
parameters (see, for instance, Refs. 1, 5, 13, 36, 52, 53). Sometimes relaxation 
times have been measured, thanks to this partial splitting and despite the 
residual superposition of both  the spectra: Either, the shape of  the spectral 
lines given by the probe in lipid was approximately evaluated under the condi- 
tion that  the two mixed spectra exhibit  lines of very different widths [19] (this 
needs adjustment by some examination of  the relative intensities); or, each of the 
mixed spectra was separately computed  by simulation procedures. Then the 
balanced calculated components  were added [5,54].  

In this work, we chose a nitroxide sufficiently small to 'insert' rather than to 
'accomodate '  itself [55] in the host  lipidic chains (formula: cf. paragraph A3 
above and Fig. 1). As a consequence of its size, this molecule is slightly soluble 
in water. For instance, if the surrounding chains are melted, the contributing 
spectrum of the probe in water is observed for lipid/water ratios in the range of 
12 mg/ml and less. 

As we wished to keep a procedure applicable to this range of lipid concentra- 
tions, it was necessary to be able to use the raw split spectra. We chose to com- 
pare the shapes of spectra lines given by  concentrated lipid samples on the one 
hand, and those deduced from combining two spectra obtained from diluted 
samples on the other  hand. For this purpose: 
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Firstly, concentrated systems (dispersions or vesicles, C1 ~> 100 mg/ml) were 
prepared: one might think that  if the concentration were sufficiently high 
(nevertheless with complete hydrat ion of polar heads), the probe-in-water con- 
tribution (compared with that  of the probe-in-lipid one) would become 
negligible. 

Secondly, we prepared either two other samples by successive dilutions to 
l / 5  of  the preceding one, or another primary solution of approximately 12 rag/ 
ml, then, from this, a second and a third one by successive dilutions. By this 
means, the nitroxide partition was modified while the overall nitroxide/lipid 
ratio was conserved (see spectra in Fig. 1). 

For these last preparations, the spectrum corresponding to the probe in lipid 
was derived as follows: first we normalized the three experimental spectra by 
dividing each of them by the height h(aq 1) of its own high-field line component  
which corresponded to the probe in water only (Fig. 2a); secondly, we sub- 
tracted one of the other two such normalized spectra and so we obtained the 
spectrum of the probe in lipid. 

Evidently, the method requires that  all the thermodynamic parameters other 
than the lipid/water ratio be kept constant  when recording the three experi- 
mental spectra. 

Digitization of the experimental spectra was performed with a Haromat 
(Hagen system) coordinatoscope and subsequent calculations were done with a 
PDP 11 computer  (Digital Equipment).  The subtracted spectra were recorded 
on a Benson drawer: they were analyzed as those coming from the Varian 
spectrometer (cf. paragraph b, below). 

(b ) Evaluation of  relative correlation times. It must  be emphasized that the 
relative values of the correlation times are sufficient for our purpose, even if 
they are not proportional to the 'actual '  correlation times, re. Consequently, 
various expressions could be taken for the relative 're'. 

In the 'fluid' region, i.e., as long as its value was less than 6 • 10 .9 s, we 
evaluated this parameter by the Kivelson procedure [56]: 

'Tc' = 1.27 • 10 -9 • [ (h(O)/h(+l)} ,/2 + (h(O)/h(--1))1/2 _ 2] • A~ (0) (2) 

where h(m) = heights of  the triplet lines (m = +1, 0, --1); Ag~(0) = widths of 
the central line in G ('re' in s) 

In this range of  correlation times, the value of r~ is nearly independent of the 
diffusion model [57]. Consequently, the rotational diffusion constant can be 
evaluated by (1/6rc) by a continuum model as well as by a jump diffusion 
theory. Therefore the reciprocal of the average frictional coefficient of the 
nitroxide was taken as: 

1 r~ 1 
- ( 3 )  

f* 6kT 

However, the use of the D = 1/6r¢ relationship lead us to consider t* as an 
'apparent '  parameter for the time being. 

In the 'slow tumbling'  region [7,8,57---62], an empirical relation was used. It 
was primarily derived following a formalism similar to that  of  Goldman [62, 
57]. Then the [h(O)/hh] term was introduced (Fig. 2b) and the different coeffi- 
cients were optimized to obtain the best continui ty with the foregoing l/f* 
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Arrhenius plots (that being done for all the liquids, cf. Results, below): 

F = 6 k T  12A~,~-  A ~  " (h(O)/hh)2 
(4) 

In this range, the high-filed line of  the nitroxide triplet has vanished while a 
wide and negative band replaces it at still higher field values ('strongly immobi- 
lized' state band or 'powder spectrum'), h h is the height of  this band and A ~  is 
the overall width of  the absorption spectrum (Fig. 2b}. 

There is no possible overlap between the ranges in which 1//~ is deduced 
either from relation 3 or from relation 4. It follows that a slight gap on the 
equivalent viscosity scale cannot be avoided. Fortunately this gap is very 

o 

haq(-1) : Y'I +Y2 

.:y.4 

• Y" i'~ ./<- 

I 2Az~ 

Fg. 2. a. The height haq(_l) of the contribution of the 'aqueous' nitroxide population is evaluated for 
two different llpid/water ratios, all other thermodynamic factors of the system being kept unchanged, 
BecaUse the normalizing line is nazrow, we assume it remains symmetrical in height and field throughout the 
temperature range investigated (2 to 75°C). For the first digitalization of the spectra, the dashed line was 
drawn approximately but in the subsequent computing program haq(_l) was incremented by small 
quantities until a less noisy result was obtained. The normalization of both the spectra was done before 
their subtraction by multiplying each by the reciprocal of its own haq(_l) value, b, Parameters measured 
in the 'slow tumbling' region for the derivation of 1/f~ by relation 4. The widest spectrum shown is taken 
in polyisobutens II or IV (cf. Refs. 45, 46) at 77 K. 
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narrow and the continuous curvature of  the viscosity vs. ( l / f )  plots allows 
accurate interpolation. 

(c ) Effects o f  the lipid/water ratio: determination of  'Te' values in water-con- 
taining systems. If heating above 35°C is avoided during the preparation of the 
samples, the successive 1/5 dilutions of  a 100 mg/ml lipid solution lead to 
correlation times smaller than those measured on the primary solution: this is 
observed all along the temperature range studied. As examples: (a) the maxi- 
mum '%'  depression reaches 50% after the first 1/5 dilution of  diplamitoyl- 
phosphatidylcholine dispersion around its transition temperature.  (b) It is 
typically 10--20% after the first 1/5 dilution of  the same lipidic system in its 
liquid-crystalline state (and after 1/5 dilution of  vesicle solutions of  egg phos- 
phatidylcholine).  

The observed narrowing of  the triplet lines which causes this apparent 
decrease of  're' is due to the intensifying of  the hidden narrow spectrum of  the 
probe in water: this is confirmed by  the fact that the 'rc' depression becomes 
smaller with increasing temperature (i.e., when the lipid/water partition coeffi- 
cient rises). Finally the effect  vanishes around 75°C. 

Subtractions of  normalized spectra corresponding to 25 and 8 mg/ml lipid 
solutions lead to the same values of  '%' as initial concentrated systems: these 
values are kept  as the correct ones. On the other  hand, subtractions of  nor- 
malized spectra corresponding to 8 and 2 mg/ml give values too small, in agree- 
ment  with those directly measured with a 25 mg/ml solution. 

Every time preheating has occurred during the preparation of the samples 
and in all cases above 40°C, nitroxide has been partially destroyed by contact  
with water (see Discussion below). This effect  is mixed with the foregoing ones. 
When the effect  appears, the measured correlation times deviate the other way: 
they are greater than the precedent,  particularly for dilute solutions. These 
values must  be severely controlled and are the most  often discarded. 

Under these conditions, the method becomes applicable to small quantities 
of  lipidic materials. 

Results 

A. Thermal variations of  the average frictional coefficient of  the n-decane 
oxazolidinoxyl derivative (5N1 O) in alcanes, esters and aliphatic oils 

Fig. 3a shows these variations over a range of  viscosities extending from 1 to 
2 • 106 cp. Similar results have been obtained with 1,6-diphenylhexatriene as a 
probe (Fig. 3b and Ref. 46). The sequence of  solvents was the same in Figs. 3a 
and b for the probes: except  inside the C16 isomer group, no inversion appears 
in the classification order of  the liquids used. Moreover, this order is the same 
as that which appeared from the macroscopic viscosities [45,46].  

B. Consistency of  the average frictional coefficients of  both the probes in 
liquids 

Microscopic data on the motion of  both the probes in all the solvents studied 
lead to a single and direct relationship between their respective frictional coeffi- 
cients {Fig. 4). This result could perhaps be expected,  bu t  the fact that these 
data are obtained by means of  two different physical techniques allows us to 
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Fig. 3. C o m p a r i s o n  b e t w e e n  the  t h e r m a l  var ia t ions  of  the  f r ic t ional  coef f ic ien ts  ~1" and f* o b t a i n e d  f r o m  
the  n i t rox ide  a n d  t he  f l uo re scen t  p robe  in the  s ame  solvents  as in Ref .  46. Both  f/k t e rms  are expressed  in 
K • ns. (3* is given b y  re la t ion  1 (in t ex t ) .  For  T ~ , m e a s u r e m e n t  b e c o m e s  relat ive w h e n  T c is m o r e  t h a n  6 ns 
(see t ex t ) .  + (1) n - p e n t a d e c a n e ;  ~ (2) n -he xa de c a ne ;  D (3) 4 - m e t h y l  p e n t a d e c a n e ;  X (4) 6 -pen ty l  u n d e c a n e ;  
o (5)  2 , 2 , 4 , 4 , 6 , S , S - H e p t a m e t h y l n o n a n e ;  • (6)  g lycerol  t r i bu ty r in ;  ~ (7) b i s - (2 -e thy l - -hexy l  sebaca te ;  o (8) 
squa lane ;  v (9) g lycerol  t r i laur in ;  o (10)  g lycerol  t r io le in;  5 (11)  m in e ra l  oil Pr imol  342 ;  • (12)  mine ra l  off 
USP 35;  • ( 13 )  cargille oil t y p e  B; o (14)  p o l y i s o b u t e n e  t y p e  II;  o (15)  p o l y i s o b u t e n e  t y p e  IV; (1)  and  (3) 
were  n o t  s tud ied  wi th  the  p a r a m a g n e t i c  p robe  while  in f luorescence  (3)  an d  (4)  are n o t  p ic tu red .  

consider that the averaging o f / remains  valid at very high viscosities, at least in 
liquids. 

C. Comparison between the values of / in liquids and the macroscopic data: 
principle of  determination o fan equivalent viscosity 

To evaluate the 'equivalent' viscosities of unknown media from microscopic 
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2 - p e n t y l - 2 - b u t y l - 4 , 4 ' - d i m e t h y l - 3 - o x a z o l i d i n o x y l  in t he  oils u sed  in  Fig.  3 ( fo r  s y m b o l s  a n d  n u m b e r s ,  
see Fig.  3) .  F o r  a g iven oil  a t  every  t e m p e r a t u r e ,  f ?  a n d  f* we re  o b t a i n e d  f r o m  Figs.  3 a  a n d  3 b ,  respec-  
t ive ly .  

determination of  ~t or f*, the method we previously described [46] for the 
f luorophore was applied to the nitroxide. Fig. 5a gives the result of  such an 
at tempt:  one obtained the relationships between the macroscopic viscosities 
and the above-defined parameter F .  Each liquid gives a curve different from 
the others (as when the rod-like f luorophore was used}. To deduce the macro- 
scopic viscosity of  a given liquid from the measure of  the probe motion therein 
with the help of  standards, the only method is to draw, here again [46],  the 
lattice of isotherms across the foregoing curves (Figs. 5a and b). When mea- 
sured values of  log(f/6k) are taken for the abscissa, the temperature  of  the 
experimental  determines the correct reference isotherm in the lattice and the 
equivalent viscosity can be read on the ordinate axis. 
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The fact that  all the above results are consistent must  be emphasized again: 
since Fig. 4 depicts a bijective relationship between the abscissa of Fig. 5a and 
that  of Fig. 5b, each liquid will give the same equivalent viscosity upon using 
one probe or the other. 
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Fig. 5. C o m p a r i s o n  b e t w e e n  the  log-log p lo ts  co r r e spond ing  to a Sh in i t zky  genera l ized  p r o c e d u r e  e i ther  
w i th  the  n i t rox ide  or  w i th  the  f l uo re scen t  p r o b e  used  here .  For  each  t e m p e r a t u r e  a d i f f e r en t  ' r e f e r e n c e '  
curve  is o b t a i n e d  (see Ref .  46) .  This resu l t  was no t  foreseen by prev ious  au thor s ,  w h o  used a single 
s t a n d a r d  l iquid.  Here ,  s imilar  la t t ices  of  i s o the rms  are ob t a ined  wi th  f luo rescen t  and  n i t r o x id e  probes .  
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z o l i d i n o x y l  in  the  l ip id  sy s t ems  s tud ied .  A egg p h o s p h a t i d y l c h o l i n e  (vesicles);  :~, d i p a l m i t o y l  p h o s p h a t i d y l -  
cho l ine  (disper ions) .  

D. Consistency of  the f values given by both the probes in the liquid crystalline 
state o f  the phospholipids studied 

The thermal variation of  microscopic EPR data for both  the phospholipids is 
given in Fig, 6. 
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We wished to determine whether each couple of  f* and ]~t measured under 
the same conditions in lipids obeyed the relationship expressed by the curve of  
Fig. 4. For this purpose, the procedures of  paragraphs B and C above were 
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Fig. 7. C o n c o m i t a n t  var ia t ions  of  the  f r ic t ional  coef f ic ien ts  of  the  f luorescen t  and n i t rox ide  p robe  of  
Fig, 3 and  Fig. 5 in egg p h o s p h a t i d y l c h o l i n e  vesicles and  in d ipa lmi toy l  p h o s p h a t i d y l c h o l i n e  mul t ih i layers .  
The  t e m p e r a t u r e  was e l im ina t ed  b e t w e e n  Fig. 6 and  the  c o r r e sp o n d in g  Ar rhen ius  f luorescence  p lo t  (no t  
given).  For  this last s ample  the  var ia t ion  involves the  who le  gel-liquid crysta l  t rans i t ion.  Dashed  lines, 
e x t r e m e  pos i t ions  o f  the  curve  of  Fig. 4. Lipid c o n c e n t r a t i o n s :  125 and  25 m g / m l  for spin r e so n an ce  mea -  
s u r e m e n t ;  1 m g / m l  for  f luorescence  m e a s u r e m e n t .  A egg p h o s p h a t i d y l c h o l i n e  (vesicles: 2 to 70°C);  o 
d ipa lmi toy l  p h o s p h a t i d y l c h o l i n e  (dispersions:  2 to 75 ° C). 
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applied to egg lecithin vesicles and to dipalmitoylphosphatidylcholine disper- 
sions; i.e., the absolute temperature term was eliminated between Fig. 6 and 
the corresponding Arrhenius fluorescence plot of ~ /6k ,  (not given). The result 
is shown in Fig. 7. 

As long as the egg phosphatidylcholine system stays at least at 7°C above its 
chain transition, the values of f* and ~t strikingly verify the same relation as 
found for the isotropic liquids. The uncertainty is less than 10% (0.04 on log10 
discrepancies). This falls within experimental error. In egg phosphatidylcholine, 
the results cover a range corresponding to a maximal ratio of 50 between the 
extreme f values. The divergence is greater (approx. 30%) for the dipalmitoyl 
lecithin system in liquid state, even at high temperature.  It must be emphasized 
that it is not  the value of 'viscosity' which induces the deviation from the iso- 
tropic behaviour, but  the proximity of the transition {compare curves 1 and 2 
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Fig.  8. T h e r m a l  va r i a t i ons  o f  b o t h  the  e q u i v a l e n t  v iscosi t ies  o b t a i n e d  b y  the  m e t h o d  d e s c r i b e d :  a,  egg 
p h o s p h a t i d y l c h o l i n e ;  b ,  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 .  Ful l  l ine ( th is  w o r k ) :  $ F r o m  2 - p e n t y l - 2 - b u t y l -  
4,4'-dimethyl-3-oxazolidinoxyl m o t i o n  ( ~ t ) ;  ,7, f r o m  1 , 6 - d i p h e n y l h e x a t r i e n e  m o t i o n  (3*)-  D a s h e d  lines:  
(1)  r e su l t s  f r o m  C o g a n  et  al. [421  ( p e r y l e n e ) ;  (2)  r e su l t s  f r o m  S h i n i t z k y  et al. [ 4 3 ]  ( 1 , 6 - d i p h e n y l  hexa -  
t r i ene ) .  

in Fig. 7). This suggests that in a lipid bilayer, the anisotropy of  the 'solvent '  
environment remains much greater than in the standard liquids, and is of  a 
specific type.  

E. Deduced values of  equivalent viscosities 
It becomes necessary to restrain the application range of  the previously 

claimed 'microviscosities' (see for example Refs. 42--44, 46), to that over 
which the couples (f*, ~ t ) a r e  consistent with their isotropic relationship. On 
this condition, the use of  equivalent viscosities, as defined in paragraph C above, is 
still justified. Application of  the method to both the studied lipids is shown in 
Figs. 8a and b where the viscosities are termed ~/* and ~t. 

There is no more reason to extend quantitative evaluation of  a mean viscosity 
to the neighbourhood of the transition temperature,  and still less below. In 
these ranges, only separated evaluations of the anisotropic components  of  fric- 
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tion coefficients are significant. Further,  the use of Einstein-Perrin relations to 
each of  these components  remains unjustified. 

It must be emphasized that  by our procedure applied to egg lecithin we ob- 
tain an agreement between the two methods which is better than that  previ- 
ously obtained from two different fluorophores [42,43] or from the nitroxides 
used previously. 

Moreover, the value of activation energy is here 6.02 kcal/mol. Its value is 
smaller than that  previously published [4,42,43]. 

For the dipalmitoylphosphatidylcholine/water system (Fig. 8b), the discrep- 
ancy is rather high even in the liquid crystalline state, as could be foreseen from 
Fig. 7 (cf. paragraph D above). 

However, the use of the 'equivalent'  viscosity seems advantageous for this 
last system: it leads to an emphasis of the pretransition which was not  detect- 
able on the 'To' Arrhenius plot (compare curve 2 of Figs. 7 and 8b). 

Discussion 

(1) Before presenting the principal objections concerning the localizations of 
the probes and their probable effects, we will emphasize some difficulties 
which are too often underestimated when doing thermal variations with 
nitroxides in aqueous systems and which will become dramatic for computing 
of simulated spectra. 

(a) Lability o f  the nitroxide in the presence o f  water 
The intensities of the three spectral lines decrease as a function of time in 

buffered solutions as well in solutions containing organic chemicals, as in phos- 
phate buffer containing antireducing agents (see Table I, note d, for the com- 
positions of buffer). This does not arise from the presence of nitroxide 
impurities, since no side-band was detected on high pressure chromatograms 
during the purification procedure. This decrease is accompanied by no detect- 
able line broadening. Table I gives the relative variations of the middle-field line 
intensity h(0) under various conditions, either in the presence of water or not: 
addition of unlabelled oil over labelled buffer firstly causes the spectrum the 
nitroxide in oil to appear, while the spectrum of probe in water simultaneously 
decreases; however, this extraction is accompanied by a diminution of the 
number of observable pammagnetic centers. This decrease is observed also by 
making contact  between a labelled oil and an unlabelled buffer solution. On the 
other hand, when labelled oils are kept from contact with buffers, they do not  
show any decrease. One can conclude that  the rapid decay of intensities in 
labelled buffer alone cannot be explained simply by a demixing of the probe * 
Moreover, the compared time dependance of biphasic oil/buffer and lipid/ 
buffer systems agrees with the complete disappearance of spin resonance in a 
diluted lipid/buffer sample kept at room temperature for 5 days. 

* D e t a i l e d  e x p e r i m e n t s  on  o p t i c a l  a n d  E P R  b e h a v i o u r s  o f  n i t r o x i d e ] b u f f e r  s y s t e m s  a r o u n d  a n d  a b o v e  t h e  

c r i t i c a l  m i c e l l a r  c o n c e n t r a t i o n  were  p e r f o r m e d  a f t e r  q u e s t i o n s  f r o m  t h e  r e v i e w e r s ,  a n d  r e su l t s  are ava i l -  

ab l e .  T h e s e  e x p e r i m e n t s  s h o w  t h a t  t h e  5 N l O / b u f f e r  s o l u t i o n s  h e r e  d e s c r i b e d  have  c o n c e n t r a t i o n s  ve ry  
n e a r  o r  b e l o w  t h e  c r i t i c a l  m i c e l l a r  c o n c e n t r a t i o n .  
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(b) In a 2 mg/ml lipid sample with a 1/100 nitroxide/lipid molar ratio, the 
decay of intensities is so fast above 55°C that  it occurs during recording: the 
middle- to high-field lines ratio h(--1)/h(O) is the most affected and leads 
to greatly overestimated correlation times. The fast chemical destruction of 
the nitroxide in the buffer probably displaces the partition equilibrium so that  
the probe in water can no longer be detected and so that  the spectrum corre- 
sponding to the probe in lipid decreases by subsequent diffusion. On the other 
hand, eventual broadening by exchanges with dissolved 02 molecules can be 
prevented [ 54]. 

To conclude, we must emphasize'that,  until now, this artifact has rarely been 
outlined, but some works in which partially water-soluble oxazolidine oxyl 
derivatives of n-alcanes were used mention thermal effects [5] which could 
perhaps be explained by the present observations. Evidently, the accurate study 
of line shapes would be rather venturous in cases where such systems are not 
rigorously controlled. 

We were led to study the evolution of spectra with time and with the lipid 
water ratios (paragraph IIID above) with a view to the elimination of all 
possible causes of deviation. This was achieved by avoiding too great a dilution 
of the nitroxide and by comparing the values given at various lipid/water ratios. 

Objections concerning the localization of the nitroxide can be met  by the 
results of Sillerud and Barnett [63]: these authors showed that  even for a 
rather hydrosoluble nitroxide (2,2'6,6 '- tetramethyl piperidine N-oxyl or 
'TEMPO') the probe fraction solubilized by the lipid is located at aliphatic 
chain depth and is not  near the polar heads [19]; it seems that  this will be the 
case, and with still more reason, for the probe used here. 

The observed difference between EPR equivalent viscosity, ~ t ,  given by the 
gel and the liquid-crystalline states of dipalmitoylphosphatidylcholine is small 
when compared with the corresponding difference of YT*. Since the reason can- 
not  be imputed to unexpected nitroxide distribution, it becomes possible to 
invoke the partial destruction of the chain order by the guest molecule below 
the phase transition: " . . .  besides the steric deformation,  the Van der Waals 
forces between the aliphatic chains are broken by the polar NO group without  
any possible compensat ion" [25]. With such an assumption, the evaluated ~r 
values below the transition are too low: the measured quantities refer to un- 
aligned aliphatic chains and to a subsequent local residual disorder. 

While various models of molecular diffusion can be used to explain the 
nitroxide motions as long as the surrounded medium remains sufficiently fluid 
[57], in highly viscous states the probe molecules wfth sizes in the same range 
as those of the solvent (or still smaller) do not  longer obey Brownian diffusion 
and require the jump diffusion model [57]. 

However, in this report the problem of choosing a diffusion model is 
minimized by the fact that  only relative measurements are made by way of 
comparison between various solvents and lipids: moreover, the probe molec- 
ular dimensions are less than those of either the solvent or the lipid. 

In another respect, it may be noted that  in the case of egg phosphatidyl- 
choline the inserted nitroxide apparently conserves an isotropic motion in the 
'slow tumbling' region (in Fig. 7 the last five points concerning this lipid and 
corresponding to high F values (+20°C to 0°C) lie in the 'slow tumbling 
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region'). On the other hand, the discrepancy (approx. 30%) between the 
values of  7" a n d  ~?~ in the dipalmitoylphosphatidylcholine system greatly 
reduces the physical meaning of  the average microviscosity in lipids which con- 
tain only long saturated aliphatic chains. 

It is probable that the observed motions  of  both the probes are essentially 
rotations or tumbling: consequently the described approach needs to be further 
confirmed by dynamic studies of  another kind: those done on translational 
mot ions  could be suitable since information they give will be different from 
that of  the present study. 

With these reservations, the use of  an average viscosity may still hold, but 
only above the transition temperature of  lipids. 
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