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INTRODUCTION 

The dynamic behavior of biomembranes occupies a central focus of 
modern membrane research (26). In particular, translational diffusion 
of lipids and proteins is essential for various biological processes (26). 
The techniques developed to measure the translational diffusion coef
ficients in model or biomembranes can be divided into two general 
categories according to their relevant distance scales. Modern mac
roscopic methods include NMR-spin echo (8, 39), fluorescence recov-
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2 FREED 

ery after photobleaching (FRAP) (59, 74) and dynamic imaging of dif
fusion by electron spin resonance (ESR) (5, 47, 65, 68, 70). These 
enable one to study how the bulk distribution of labeled molecules 
changes with time and they have resolution on the order of a few to 
several hundred micrometers. Microscopic methods allow one to ob
serve diffusion over the order of molecular diameters, i.e. a few tens 
of Angstroms. Such techniques typically reveal diffusion via encoun
ters between labeled molecules through excimer formation (49), quasi
elastic neutron scattering (55), NMR TI relaxation measurements (75), 
or Heisenberg spin eXchange (4, 15 , 50, 56, 60, 72). 

Macroscopic experiments are usually interpreted in terms of simple 
phenomenological descriptions of diffusion (e.g. Fick's law) to yield 
the diffusion coefficient. The pulsed field-gradient NMR technique has 
been utilized to study diffusional processes in model membranes and 
related systems (38, 39, 51 , 75). Although this method can measure the 
self-diffusion coefficient of the actual solvent molecules, it is limited 
by the short T2 for membranes (�1O JLS to � 1 ms). To measure even 
fairly large diffusion coefficients, i.e. D = 10-7 to - 10-5 cm2 s -I, one 
needs at least several Teslas cm -1 field gradients (51). FRAP is by far 
the most commonly used technique to measure the lateral diffusion 
coefficient for lipids in membranes (59, 74) and enables the investigator 
to measure a wide range of diffusion coefficients ( 10-12 to 10-6 cm2 
s - 1) . Despite the widespread applicability of the FRAP technique to 
the study of diffusion of macromolecular additives such as proteins and 
polypeptides, there is an intrinsic problem in using the technique for 
the study of diffusion of the basic components in mixed membranes 
such as phospholipids and cholesterol. The size of the photosensitive 
functional group attached to the parent molecules is usually quite sub
stantial, allowing it tq dominate the diffusional process; this can mask 
the subtle dynamic properties of the individual components ( 1, 27). 
More recently the td;hnique of dynamic imaging of diffusion (DID)
ESR was introduced: and applied to the study of lateral diffusion of 
spin-labeled molecules in lipid membranes. In general, one may use 
nitroxide spin-Iabeleq lipids, cholesterol, peptides, and/or proteins. 
The nitroxyl functional group is relatively small and therefore will not 
introduce a large perturbation in most cases. This method and its recent 
applications are the principle subject of this review. 

For microscopic methods, unlike macroscopic methods, the analysis 
leading to the relative diffusion coefficient depends heavily upon the 
choice of the microscopic molecular dynamic model; this stricture can 
result in considerable uncertainty in the estimated diffusion coefficient. 
Also, because such n;tethods detect encounters between labeled mol-

I 
I 

A
nn

u.
 R

ev
. B

io
ph

ys
. B

io
m

ol
. S

tr
uc

t. 
19

94
.2

3:
1-

25
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 C

O
R

N
E

L
L

 U
N

IV
E

R
SI

T
Y

 o
n 

01
/2

5/
10

. F
or

 p
er

so
na

l u
se

 o
nl

y.



FIELD GRADIENT ESR AND DIFFUSION 3 

ecules, how the labeled molecule mixes in the fluid is relevant. In 
magnetic resonance a further difficulty can arise from the complexity 
of interpreting the spin relaxation (4, 50, 75). Nevertheless, these meth
ods are extremely important for investigating the microscopic dynamic 
molecular structure of membranes. Several groups have used micro
scopic ESR methods to measure translational diffusion over distances 
of molecular dimensions in model membranes (4, 22, 56, 60). Although 
ESR techniques can potentially be used to study the diffusion of com
ponents at a microscopic scale in mixed membranes, there have been 
no reports on this matter. The limits and drawbacks of the various 
macroscopic and microscopic methods necessitates the development 
of new techniques that are reliable and can accurately determine the 
diffusion coefficient in membranes. 

ESR is very useful in the study of dynamic properties of membrane 
components (36) because of its high sensitivity and favorable time 
scale. In particular, the DID-ESR imaging method developed in thesc 
laboratories can be employed to accurately and conveniently measure 
macroscopic diffusion coefficients of spin probes in model membranes 
(68, 70). Moreover, the usual ESR spectra can be analyzed with ESR 
spectral simulation to simultaneously obtain orientational order param
eters and rotational diffusion rates. Such a combined study can provide 
better insight into the dynamical properties of membranes (65, 69, 70). 

The first experiments that used ESR imaging to measure diffusion 
coefficients (3, 9-11, 25, 32, 33) either required long experimental times 
(e.g. 10 days) (33) or assumed an idealized model for the analysis (9). 
However, developments such as the use of Fourier-space analysis of 
the data (5, 46, 47), along with narrow initial spin probe concentration 
profiles, reduced the experimental time by about four orders of mag
nitude (e.g. to 1 h for D = 10-8 cm2 S-I), yet allowed a high degree 
of accuracy in studies of lateral diffusion in model membranes. 

The DID-ESR method is based upon continuous wave (cw)-ESR 
experiments in the presence of field gradients to achieve spatial res
olution (16). In principle, one can apply ESR experiments analogous 
to pulsed field-gradient NMR to measure diffusion. Unfortunately, be
cause the ESR time scale is so much faster than that of NMR, the 
pulsed field gradient method cannot be applied to diffusion coefficients 
for which D is less than about 10 - 1 cm2 s -

1
. However, in fluids in

cluding membranes the molecules exhibit D < 10-5 cm2 s -1. The cw
DID-ESR method is capable of measuring the latter values. Never
theless, modern pulse and Fourier transform ESR methods do have 
their place in the study of molecular diffusion, as recent developments 
have indicated. 
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4 FREED 

THE DID-ESR METHOD 

The measurement of the diffusion coefficient, D, by DID-ESR involves 
two stages. After preparing the sample with an inhomogeneous distri
bution of spin probes along a given direction, the investigator uses the 
ESR imaging method to obtain the (one-dimensional) concentration 
profiles at several different times. Spatial resolution results from the 
magnetic field gradie�t, because spin probes at each spatial point ex
perience a different resonant frequency. With time, this inhomoge
neous distribution will move toward a homogeneous distribution via 

I 

translational diffusioQ. The second stage is to fit the time-dependent 
concentration profile� to the diffusion equation in order to obtain D. 

The ESR spectrum: recorded in the presence of a magnetic field gra
dient B' (G cm -1) is a convolution of the usual ESR spectrum (gradient
off spectrum), Io(g), with the concentration of spin probes C(x,t) (33): 

Ig(t,t) = J:oo C(f ,t)Io(� - f) df, 1. 

where g == (B - Bo) measures the spectral position as the deviation 
of the magnetic field B from the field Bo at the nominal center of the 
spectrum, corresponding to the position x = 0, since B' maps x onto 
g = B'X. Thus the variable g is used in place of x and B in the devel
opment below. The concentration of spin probe at any position in the 
sample is kept low enough that the spectral shape does not vary from 
position to position owing to Heisenberg spin exchange. 

The determination pf C(g,t) from the two spectra Ig(g,t) and Io(g) is, 
in principle, a straightforward calculation. If the Fourier transform of 
the two spectra are r�presented as I 

Joo I 
jiK,t) = Ig(g,:t) exp( -27T'iKg) dg 

- = I 
I foo I 

joCK) = -00 Io(�) exp( - 27T'iKg) dg, 

2a. 

2b. 

where K is the inversb wavelength associated with g, then the Fourier 
transform of both sides of Equation I yields 

3. 

where C(K,t) is the Fourier transform of C(g,t). Therefore C(g,t) is 
equal to 

C(g,t) = J:= [jg(�,t)/jo(K)]W(K) exp(27T'iKg) dK, 

i 
i 

4. 
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FIELD GRADIENT ESR AND DIFFUSION 5 

where we have inserted W(K), a filter function necessary for the in
dicated division. An analysis that depends on C(g,t) in real space will 
suffer from the accumulated errors of two forward Fourier transfor
mations, one filtered division, and one back Fourier transformation 
(33). One can avoid the back transfor,m step and the use of a filter 
function by analyzing the data in Fourier space. Also, only those Four
ier components with sufficient sensitivity to the diffusion need be in
cluded, as noted below. 

The usual one-dimensional diffusion equation is written in terms of 
the universal variable g as (7): 

aC(g,t) _ D a2c(g,t) 
at - � ae ' 5. 

where D� == D(B,2) (i.e. the units of D� are G2 s -I ) . The ideal exper
iment would be the diffusion of spin probes from an instantaneous point 
source (I)-function). If the source is placed at x == 0 at t == 0, then the 
solution of Equation 5 is C(g,t) == [Co/(47TD�t)I12] exp[ -(gzI4Dgt)], 
which is a Gaussian concentration profile for all time. For an arbitrary 
initial distribution of spin probes, in the absence of boundary effects, 
the solution is a convolution of the initial distribution C(g,t == 0) with 
the solution for the point source: 

C(g,t) == [1I(47TD�t)I12] J:= exp[ -(g - f?14D!;t]C(g,t == 0) df· 
6. 

Taking the Fourier transform of both sides, one obtains C(K,t) == 

exp( - 47T2K2 D�t)C(K,O) or alternatively, 

In C(K,t) - In C(K,O) == - 47T2D�K2 t. 7. 

Only the amplitude of C(K,t) changes as a function of time as a result 
of the diffusion process (5, 46). Note that C(K,t) is obtained from Equa
tion 3. 

If the initial spin probe distribution is well approximated by a Gaus
sian (68), then 

C(g) == vr; 5� exp [ - (2��) l 8. 

where 8� is the variance and Co is a measure of the maximum value of 
C(g). Very narrow initial distributions ,  even of irregular shape, quickly 
develop into a Gaussian because of diffusion (46). One can start the 
experiment at such a time; then Equations 7 and 8 apply, yielding 
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6 FREED 

In IC(K,t)1 = -27T2(T�(t)K2 + In Co, where (TZ(t) = lJZ + 2Dgl. Thus, 
by plotting C(K,t), with respect to K2 one obtains the slope 
- 27T2�(t). Then a plot of (Ti(l) with respect to I yields D = DgB ' - 2 
from the slope. Graphs of In C(K,I) vs K2 for CSL spin probe in a PO PC 
(see Table 1, below, for full names) model membrane were linear up 
to a maximum in K2, showing the concentration profile is well approx
imated by a Gaussian (5). 

The diffusion con�tants of CSL in the POPC model membrane (5) 
at various temperat4res derived from the ESR imaging technique are 
close in value to th�se of fluorescence probes as measured by FRAP 
(74). The small difference that was observed may result from the struc
tural differences of the probe molecules used in those two techniques. 

For samples that do not have a Gaussian spin probe distribution, 
one can perform the, analysis by pairing the profiles at different times 
(5). Given two concentration profiles obtained at different times, Ii and 
Ij, Equations 3 and 7 shows that a plot of In IIg(K,tj)1 - In lig(K,I;)1 vs 
K2..:1(t; - tj) yields a slope equal to -47T2Dg. 

A practical consideration arises in locating the range of K modes that 
provide accurate data on the diffusion coefficient. Whereas the high 
(or low) K modes are the most (or least) sensitive to D, the K2 depen
dence in Equation 7 causes the modes' amplitudes to be low (or high). 
Thus, there is an optimum range of K modes (see 46 for a useful pro
cedure to locate this range). The accompanying analysis has led to the 
inequality Dxlv > (..:11IB,2 + BDE,;-I (1 + 1Iin EK), where ..:11 is the 
variance of the EP� line [i.e. the root mean square (rms) width of a 
Gaussian EPR line in the absence of a field gradient], EK is the signal
to-noise ratio in the 'Fourier domain (assumed to obey EK � 2.4), and 
B� is the variance of (a Gaussian) conce��ration profile at the beginning 
of the measurementl This expression sets the lower limit on the dif
fusion coefficient that can be estimated in a given time, tD. For ex
ample, Shin et al (6�) report an EK of the order of 50. One can prepare 
dynamic model membrane samples or liquid crystal samples that have 
an initial spin probe, distribution as narrow as Bx = 2 mm. The usual 
ESR line width varies from 2..:1B = 0.5 G to 2 G. Therefore, for a I-h 
measurement (tD = '4000 s) with a 100 G cm -I field gradient, one can 
measure a diffusion coefficient as slow as 2-4 x 10-9 cm2 s -I . 

One can also estimate the optimum gradient (46, 47). For example, 
under operating conditions of EK = 50, tD = 4000 s, Dx = 10-8 cm2 
s � I, and B; = 0.01 cm2, the optimum B'2 approximately equals 40 cm � 2 
x ..:11, which is in fairly good agreement with the gradients used in 
practice (80-100 G cm�I). 

Pali et al (52) recently described a variation of this technique. Instead 
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FIELD GRADIENT ESR AND DIFFUSION 7 

of preparing samples with a thin strip containing labeled molecules, 
they produce a negative (i.e. a sample with a substantial uniform con
centration of spins, except in a small strip). They also used a time
modulated magnetic-field gradient, which permits direct observation 
of spatial distributions without numerical Fourier transformation. 

DID-ESR STUDIES ON MIXED MODEL 

MEMBRANES AND RELATED STUDIES 

Lateral Diffusion of Cholesterol and Lipid 
The applicability of DID-ESR to measurement of the lateral diffusion 
coefficient, D, in model membrane has been demonstrated by us in 
investigations of the effects of cholesterol on the dynamics of two dif
ferent spin probes, the sterol type CSL (cf Table 1) and the phospholipid 
type 16-PC (cf Table I) in phospholipid-cholesterol oriented multilayer 
model membranes (46, 68, 70). Furthermore, an analysis using EPR 

spectral simulation methods of the gradient-off spectra collected in the 
course of the DID-ESR experiment determined the order parameter, 
S, and the rotational diffusion coefficient, R., for the same sample (24, 
62). The choice of spin probes that mimicked either cholesterol (CSL) 

or phospholipid (l6-PC) behavior enabled in-depth considerations of 
the effects of the membrane composition and temperature on the dy
namic molecular structure of the membranes. 

Figure 1 shows results on D vs the cholesterol mole fraction, x, over 
a temperature range of 15-60°C for a binary lipid-cholesterol system. 
Quite different dependences of DCSL and DI6-PC upon x are evident. 
The presence of cholesterol influences the cholesterol diffusion more 

Table 1 Fits of lateral diffusion coefficient to an activation energy dependent upon s2a 

DO a'd b'd J3 
Systemb•c (cm2 s-') (K) (K2) (K) 
CSL in POPC/cholesterole 9. 18 x 10-6 -3364 1.30 x 106 1303 
CSL in DMPC/POPC/cholesterol 1. 16 x 10-7 -4363 1.55 x 106 �O 
16-PC in POPC/cholesterol 1.06 x 10-4 -2.60 X 104 8.56 X 106 2317 

a From Ref. 68. See Equations 9 and 10. 
b CSL, 3-doxyl derivative of cholestane-3-one; 16-PC, l-palmitoyl-2-(I6doxyl stearoyl) phospha

tidylcholine; POPC, I-palmitoyl-2-o1eoyl-sn-glycero-phosphatidylcholine; DMPC, 1,2-dimyristoyl
sn-glycero-phosphatidylcholine. 

c 17 wt% H20. 
d urn of Equation 10 is given by urn = a' + b'fT. 
e A reanalysis of these data shows that a(n fits better to the quadratic function ( - 18.1 X 101) 

+ (1.07 x 107fT) - (1.48 X 109fT2). The graph in Figure 3 is unaffected, since it utilized the ex
perimental values of arT) (ef 68). 
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8 FREED 

..J 
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'0 
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o 

0.0 

----- x 

-- --0 

0.1 0.2 0.3 
cholesterol mole fraction x 

Figure 1 Plots of the variation of DcsL (solid lines) and Dl6-PC (dashed lines) with 
cholesterol mole fraction x at different temperatures in POPC-cholesterol mixtures .  Tem
peratures: for CSL 15 (shaded triangles), 25 (shaded circles), 35 (shaded stars), 48 (solid 

squares), and 60°C (shaded arrowheads); for 16-PC 15 (open circles), 24 ( x) ,  35 (open 

triangles), 48 (asterisks), and 60°C (open diamonds). Data from Ref. 68. 

than that of the phospholipid. Also, the observed nonlinear variations 
of the diffusion coefficients are characteristic of a nonideal solution, 
because in an ideal! solution, the self-diffusion rate should be linear 
with composition (3J). Related nonlinear variations (described below) 
appear in the order iparameter, S (cf Figure 2), and in the rotational 
diffusion coefficient; R� obtained from the ESR spectral simulations. 
These studies show�d a preferential association of cholesterol mole
cules with each other in the lipid solvent. In dilute solution, this ten
dency of the cholesterol (including CSL) molecules to aggregate means 
that the environment of CSL changes significantly as a function of x, 

from that of flexible lipid molecules to the more rigid cholesterol mol
ecules. A cholesterol rich region would be more dense and compact 
than the pure lipid bilayer, thus providing less room for the molecules 
to diffuse. As a result, the self-diffusion of CSL in such a region should 
be slower than in the pure lipid bilayer. The tendency of cholesterol 
to aggregate means that the lipid-rich regions are less influenced by 
cholesterol molecules than would otherwise be expected. This obser-

I 
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_- 0 
- -- ::: ::: -.::.1 _--0 _- _-

------;:i::=
---

--:::.�:;:::.;::::- -.I.) -- -- --
A _ 

_ - -v 

O.O�----�--�----�----�----�----� 
0.0 0.1 0.2 0.3 

cholesterol mole fraction x 
Figure 2 Plots of the S(x,T) for CSL and for 16-PC vs cholesterol mole fraction x at 

different temperatures in POPC-cholesterol mixtures. See Figure I for labeling of points. 

Data from Ref. 68. 

vation is consistent with the rather modest effect of cholesterol on the 
lateral diffusion of 16-PC. 

Self-association, creating larger and more cholesterol-rich regions or 
clusters, possibly competes with the creation of new clusters in the 
nonideal solution. The observed saturation effect on DCSL for x > 0.1 
(cf Figure 1) suggests that the addition of more cholesterol merely 
increases the extent, but not the nature, of the cholesterol-rich clusters. 
This may be thought of as a preseparation regime of the nonideal so
lution. Experiments with CSL in DMPC-POPC-cholesterol ternary 
mixtures (cf Table 1) show a weaker effect of cholesterol on DCSL, 

indicating that addition of the saturated lipid DMPC to the unsaturated 
lipid POPC enhances the mixing of cholesterol in phosphatidylcholine 
model membranes (70). 

In general, the deviations of the DCSL and DI6-PC temperature de
pendences from Arrhenius behavior at each composition suggest a tem
perature-dependent activation energy. However, for large x (>0.3) and 
low temperatures (::;32°C), DCSL for the DMPC-POPC-cholesterol sys
tem remained constant with the temperature. This constancy was at-
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10 FREED 

tributed to a phase separation (70) that occurs at high cholesterol con
centration (40, 64, 69). 

Comparison with Other Techniques 
Previous studies of lateral diffusion by other techniques (1, 27, 39, 42, 
59, 78) have almost all focused upon phospholipid diffusion. The DID
ESR results for D16-PC do not exhibit significant cholesterol influence. 
A pulsed NMR study of the same system (42) also showed little effect 
of the cholesterol on. the self-diffusion of the POPC molecules. Only 
FRAP studies of lateral diffusion in DMPC and egg-PC model mem
branes containing cholesterol (1, 27) investigated both fluorescence
labeled sterol and phospholipid. However, the results of these exper
iments significantly differed from the results of those DID-ESR studies 
in three respects. Fi�st, the diffusion rates of the fluorescence-labeled 
sterol and phospholipid probes were nearly equal under all conditions 
of cholesterol concentration and temperature in the liquid crystalline 
state. Second, the temperature dependence of the self-diffusion coef
ficient was very mild in all compositions. Finally, self-diffusion coef
ficients of both fluorescence probes were almost constant until the 
concentration of cholesterol reached x = 0.1; they then decreased by 
factors of three at x = 0.2 but did not change much from x = 0.2 to 
0.4. In all likelihood, the two experiments yielded different results be
cause the photosensitive functional group attached to the parent mol
ecules used in the FRAP experiments is very substantial in size and 
hence could have a dominant influence on the diffusional process. This 
could result in identical diffusion coefficients that are different from 
those of cholesterol .and lipid. 

Correlation Between Lateral Diffusion and Orientational 
Order Parameteli 

I 
The most pronounced and important feature of the liquid crystalline 
phase is the existenc� of significant orientational order of the long axis 
of the phospholipid :chains. This orientational order results from the 
mean ordering potential experienced by each molecule, which is usu
ally taken to be that calculated in the mean field approximation, U( (J) 

= p(p,T)bS [(3 cos2(j - 1)12], where (j is the angle between the long 
axis of the molecule and the direction of the average orientation (the 
director), S is the order parameter defined as S = f [(3 cos2(J - 1)/2] 
exp[ - U( (j)/'lJtT] d( cos (J) while p(p, T) is the number density, and b is 
the interaction constant. Figure 2 illustrates the results for SCSL and 
S16-PC vs x for different temperatures in the binary POPC/cholesterol 
system. SCSL increases sharply with x up to x = 0.1, but is not very 
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FIELD GRADIENT ESR AND DIFFUSION 11 

sensitive to further addition of cholesterol. The results for S 16-PC show 
a more modest and gradual increase vs x. A comparison with Figure 
1 shows that Sand D have very similar but opposite trends vs x for 
both the labeled ,lipid and the labeled sterol. Equivalent observations 
were made for the DMPC-POPC-cholesterol system (70). As a result, 
an empirical relationship between D and S was established, and this 
relationship served as the basis for a model that explains how the struc
tural changes in the membrane associated with the increased ordering 
from addition of cholesterol will influence the membrane fluidity as 
measured by D. Second, given that the nonlinear dependence of DCSL 

on x and the very different behavior of D16-PC vs DCSL with x are 
manifestations of nonideal solution behavior, the related behavior of 
SCSL and S16-PC with x should also be attributed to nonideal behavior. 
In fact, for an ideal ordered fluid, S should vary linearly with com
position (58). 

We first consider the relationship between D and S. The empirical 
relation is of an Arrhenius form (68): 

D(S,T) = DO exp[ -E(S,T)I9}tT], 9. 

where DO is the pre exponential factor, 9}t is the universal gas constant, 
and the activation energy E(S,T) is given by: 

E(S,T)/(jR = a(T)S2(x,T) + {3, 10. 

with aCT) and {3 empirically determined. Figure 3 illustrates this re
lationship for both DCSL and D16-PC, in POPe-cholesterol mixtures. An 
equivalent result was found for DMPC-POPC-cholesterol mixtures 
(70). The values of aCT) and f3 appear in Table 1. What is most inter
esting about Equations 9 and 10 is that the only way the mole fraction 
of cholesterol, x, affects D is through the dependence of Eon S. Finally, 
it is important to stress that the spectral measurements from which D 
and S were obtained were performed on the same sample during the 
same time period. 

Correlation Between Rotational Diffusion and 
Orientational Order Parameter 
The rotational diffusion tensor also reflects directly on the membrane 
fluidity. A very similar relationship to Equations 9 and 10 has been 
found for RL,cSL, the perpendicular component of the rotational dif
fusion tensor for CSL (66, 68, 70), which measures the rate of reori
entation of the long axis of CSL. In particular: 

11. 
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12 FREED 
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I 
S2(T)cx(T)/9tT 

Figure 3 Plots of In D(x;T) - In DO(n vs S2(T)o.(T)/RT for CSL (solid line) and for 
16-PC CSL (dashed line), :for the cholesterol mole fractions and temperatures shown in 
Figures I and 2. For 16-PC, In D(x,n - In DO(T) - I is plotted. Note DO(n '" DO 
exp( -(3/RT). Data from Ref. 68. 

I 

Figure 4 displays art example of the validity of this relationship. (Here 
A = 4.02 kcal mol-I and R� = 2.02 X 108 s -I.) Thus the overall 
rotational dynamics is also affected by the cholesterol simply through 
the structural change induced in the membrane, which is directly re
lated to the order parameter. Similar comments also apply to the role 
of water (66), consistent with the fact that the cross-sectional area per 
lipid molecule is nearly proportional to the water content (43). Fur
thermore, if we recognize that the DID-ESR measurement of D is a 
macroscopic one (.1x = 100 J-Lm and t = 1 h), whereas those of Sand 
R.L are microscopic ories (i.e . .1x "'" moleculallfrdimensions and t = TR 
= 3-200 ns) such correlations joWly, temporal an4 spatiaL uniformity 
in the effects of mixing on dymimies-,characteristic' of a single simple 
fluid solution. 

. ' 

No simple relatioq between R.L and S emerged for labeled lipids. 16-
PC (68) and 7,6-PC (66). Unlike. CSL, the lipid chain is nonrigid, so 
one must consider the complex internal modes of motion of the chain, 
as well as the overall molecular reorientation in any interpretation of 
R.L (23). 
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2.5 

• 
0 

3.0 

Figure 4 Semilog plot of R" for CSL vs S�sLIT for a range of cholesterol mole fractions 

and temperatures in DMPC-cholesterol-H20 mixtures. From Ref. 66. 

FREE VOLUME MODEL 

The S2 dependence of the activation energy of lateral diffusion and of 
overall rotational reorientation can be interpreted within the context 
of the free volume model of Cohen & Turnbull (6). The principal con
cept of the free volume model is that each molecule of a system is 
confined to a cage by its neighbors. The molecule rattles inside this 
volume until fluctuations in density open a hole within the cage large 
enough to permit a substantial translation of the molecule. 

If we introduce two characteristic free volumes, a critical free vol
ume V* that is large enough to permit a substantial displacement, and 
Vf, the average free volume per molecule, the diffusion coefficient can 
be expressed as (6): D = D(V*) exp( -,.\V*/Vf) , where D(V*) is the 
diffusion coefficient in a cage of volume (V* + V), Y being the mean 
molecular volume. Because Vf can be assumed to arise from the iso
baric thermal expansion, then 

D = g(V*)Do(T) exp[ -f3/(T - To)], 12. 

where f3 = ,.\BV/a Y, BV = V* - yr, a is the mean value of the thermal 
expansion coefficient, and To is the temperature at which the volume 
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14 FREED 

per molecule would be reduced to the close-packing limit. DO( T) is the 
small-scale diffusion constant, and g(V*) is a numerical factor related 
to the cage size for V*, such that D( V*) = g( V*)DO( T). A is a numerical 
constant. Usually g(V*)DO(T) is written as gD exp( - EDI!JtT) where 
ED is an activation energy associated with DO(T). Equation 12 explains 
the fluidity of numerous glass-forming substances (6). Vaz et al (74) 
applied it to PC model membranes, taking into account the drag forces 
at the membrane-water interfaces . Diogo & Martins (13) used an ap
proach based upon the Cohen-Turnbull model to explain the twist vis
cosity in nematic liquid crystals, and Moscicki et al (48) used such a 
model to describe the translational diffusion in smectic liquid crystals. 
Also taking this approach, Shin et al (70) obtained a model explaining 
the composition and temperature dependence of lateral diffusion in 
mixed model membranes. 

The ordering of the long molecular axis in membranes decreases the 
average free volume at the disposal of a molecule. Therefore, if the 
molecule is to gain the critical free volume, the cage must first expand 
by the amount that the orientational order has reduced it (.:1 V*), and 
second by the amount it would need in the fully disordered, or isotropic, 
fluid (i.e. <5V). For phospholipid-cholesterol mixtures, one introduces 
the mean ordering potential experienced by a cholesterol molecule as: 
Uch( (}) = - PO[�bchSi:h + (1 - �)blpSlp](3 cos2() - 1)/2, where � is the 
fractional average nl)mber of cholesterol molecules in the neighbor
hood of the CSL probe. Shin et al (70) show that for T � To (cf Equation 
11): 

where f30n Och and Olp are constants of the cholesterol (ch) and lipid 
(lp) mixture. Expressions for the diffusion coefficient of the phospho
lipid molecules can be written in the same fashion. 

When the concentration of cholesterol is significant, cholesterol 
molecules experience mostly the cholesterol environment (�� 1) ac
cording to the exp�rimental results. Thus, �(JChS�h � (}chS�h and 
(1 - �)(JlpSlpSch � 0 in Equation 13. This is just the form observed 
experimentally, implying that g approaches I at low mole fractions, 
x-i.e. the cholesterol molecules are aggregating. It would also appear 
that (}ch � (Jlp. This result is consistent with the idea that for the elon
gated and structurally rigid cholesterol molecule, the intermolecular 
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FIELD GRADIENT ESR AND DIFFUSION 15 

interaction between cholesterol molecules is significantly larger than 
the interaction between the cholesterol probe and the phospholipid 
environment. 

Shin et al (70) have shown that a very similar free volume approach 
may be applied to obtain an expression for R�. For example, they obtain 
in the limit � � 1, and T j,;> To: 

R (T S ) � R ( _ ER + EChSCh) ( _ /3ch + OChS�h) 
-'- , ch � gch exp 

I!JtT 
exp 

T 
. 

14; 
The definition of terms is essentially the same as for Equation 13 

except that the /3ch and Och in Equation 14 are of different magnitude 
than in Equation 13. A comparison of Equation 14 with experiment 
shows that OchS�h is the dominant term in the effective activation en
ergy for R�. The observations are consistent with a (Jch for DCSL being 
less than that for R.,-CSL, implying a more crucial dependence of the 
rotational diffusion on the free volume. 

THE ORDER PARAMETER AND 

THERMODYNAMICS 

Given the important relationships between the diffusion coefficients 
and the order parameter, some further discussion of S is appropriate. 
S, an important thermodynamic quantity, results from the statistical 
average of the orienting forces (or torques) from the surrounding mol
ecules. Thus, S for the ith component in a multicomponent system 
should reflect the average local composition of surrounding molecules. 
The ordering of the rigid CSL spin probe is particularly important in 
this context, because it has no intramolecular modes of motion, and it 
reports the overall ordering in the solution (36). For a label on a flexible 
chain position, one must correct the observed order parameter for the 
additional effects of internal motional averaging (23, 63). 

The order parameter of the ith component and its activity in solution 
should be connected. We have explored this possibility (65, 66, 68, 69) 
and have proposed a general method for obtaining the activity coef
ficients of the components of mixed model membranes from the com
position dependence of their orientational order parameters. The basic 
approach has been tested on phospholipid-cholesterol-water systems, 
partly in conjunction with the DID-ESR experiments. The order pa
rameter for the ith component, S;, is an intensive thermodynamic prop
erty somewhat analogous to the partial pressure (57, 69). Thus, S; 
should be a linear function of the composition variable(s) if the solution 
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16 FREED 

is ideal. When Si varies nonlinearly with Xi (cf Figure 2), the replace
ment of Xi by the activity of the ith component should reestablish the 
linear nature of the functional dependence, just as it does other inten
sive thermodynamic properties of a solution. An analysis of the data 
on Si for CSL and a labeled lipid (16-PC and 7,6-PC) vs cholesterol 
mole fraction showed that the activities obtained satisfied a necessary 
requirement of thermodynamics (i.e. the Gibbs-Duhem equation) (57). 

Classical thermodynamics suggests that the most important ther
modynamic quantity in the study of mixtures is the activity of each 
component. The actiyities of components in a binary mixture are re
lated to each other by the Gibbs-Duhem equation. The variation of the 
activity (or equivalently the order parameter) of PC molecules can be 

I 

predicted by integrat�ng the Gibbs-Duhem equation once the activity 
of cholesterol is obtained. The good agreement of such predictions with 
the experimental results for PC-analog spin probes has three important 
implications: (a) the PC-cholesterol mixture forms a single phase so
lution, because the Gibbs-Duhem equation is only valid for components 
in single phase mixtures; (b) obtaining the thermodynamic activities 
from the order parameters is valid; and (c) one need only obtain the 
activity of one component as a function of all composition variables, 
because the activities of all other components can be calculated by 
integrating the Gibbs-Duhem equation (65, 66, 68, 69). 

We also showed that the activities obtained from the order parameter 
can correctly predictthe observed phase boundary between the single 
liquid crystalline phase for lower Xch and the two-phase region for 
higher Xch. Thermo�ynamic stability conditions for binary mixtures 
demonstrate that the chemical potential of a component should increase 
vs its mole fraction ;as long as the mixture is stable. However, the 
chemical potential, ::i-nd hence the activity (or the order parameter), 
must reach its maximum at the phase boundary. Therefore, one can 
predict the phase bo�ndary directly from the measured order param-
eter. , 

The obtained acti�ities are consistent with the results of DCSL and 
D16-PC in that they show nonideal mixing between lipid and cholesterol 
that leads to aggregation of cholesterol. They also showed that acyl 
chain unsaturation leads to poorer mixing of cholesterol in the PC 
model membranes (for T > 35°C) in the liquid crystalline phase. How
ever, in a mixed solvent consisting of two types of lipid (DMPC and 
POPC), the dissolved cholesterol deviates less from ideality than it does 
in either of the two binary lipid-cholesterol mixtures. 

Almost all the mixing properties may be deduced from the ther
modynamic activities of the components. However, in the case of 
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FIELD GRADIENT ESR AND DIFFUSION 17 

mixed membranes a practical method has not been available for mea
suring the thermodynamic activities of the membrane components. 
Consequently, investigators could characterize the nonideal behavior 
of mixed membranes only indirectly, e.g. by comparing the phase dia
gram with that predicted using an appropriate theory (34, 35, 41). How
ever, tractable theories are necessarily very approximate, and reliable 
data on thermodynamic activities in membranes would also enable one 
to accurately test and refine theoretical models. Feigenson (21) has 
developed a reliable experimental method based on solubility products. 
This method is, however, only applicable to systems containing phos
phatidylserines. Thus a general method, such as that proposed by Shin 
& Freed, could be extremely valuable if it can be extended to a wide 
range of mixed membranes. 

SPECTRAL-SPATIAL IMAGING: MACROSCOPIC VS 

MICROSCOPIC DIFFUSION 

Spectral-spatial (SS) ESR imaging (19, 44, 45) is a promising technique 
for generalizing DID-ESR in order to study diffusion of spin probes in 
systems with substantial spin concentration. SS ESR imaging provides 
a way to resolve the concentration (or position)-dependent spectral 
variation in a two-dimensional fashion, as illustrated in Figure 5-i.e. 
along one axis (the spatial axis) it gives the spin concentration profile, 
whereas along the other axis it gives the ESR spectrum at that position 
(and spin concentration). This method had previously been illustrated 
for the investigation of transport in nonuniform media (71) and for 
studying O2 distributions (76). 

This technique was successfully applied to the simultaneous mea
surement of both the macroscopic and microscopic diffusion coeffi
cients, Dmacro and Dmicro, respectively, of a spin-labeled phospholipid 
( l6-PC) in oriented multilayers of POPC utilizing a substantial spin 
concentration (67) (larger than for DID-ESR). If the spin probe is ini
tially concentrated in a small region of the sample, its distribution will 
tend over time to become homogeneous via translational diffusion. By 
measuring several SS images at different times, one can analyze the 
spread of the concentration profile as a function of time to obtain the 
macroscopic diffusion coefficient from the diffusion equation, by anal
ogy with DID-ESR. In addition, such an experiment will be equivalent 
to the spectra obtained from many different homogeneous samples that 
must be prepared with different spin concentrations for conventional 
ESR studies of Heisenberg spin exchange (HE),(4, 50; 60). The ESR 
line broadening that results from spin relaxation induced by spin-spin 
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18 FREED 

Figure 5 ESR spectral-spatial image of J6-PC diffusing in aligned multilayers of POPC 
viewed (top left) along the spectral axis to display the spatial distribution, (top right) 
along the spatial axis to display the spectral dependence on position, and (bottom) in 
perspective. From Ref. 67. 

interactions such as HE can be analyzed to obtain the microscopic 
diffusion coefficient. 

Devaux & McConnell (12) (prior to the development of ESR imaging) 
used the concentration dependence of the ESR spectra together with 
an inhomogeneous initial distribution of spin-labeled lipids to measure 
Dmacro. The spatial pistribution was deduced through a complicated 
simulation of the composite spectrum as a superposition of spectra from 
regions of different concentration. Spectral-spatial imaging effectively 
separates the spectra for each concentration, permitting a direct de
termination of Dmacr� from the time-dependent broadening of the con
centration profile, as well as Dmicro from the line broadening. 

In comparing the results on macroscopic diffusion via ESR imaging 
vs microscopic diffusion via spin-spin interactions, one should remem
ber that the former provides the macroscopic tracer diffusion coeffi
cient of the spin label, which can be identified as the self-diffusion 
coefficient of the lipid when the two are very similar (68, 70). However, 
the latter provides a microscopic relative diffusion coefficient that is 
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FIELD GRADIENT ESR AND DIFFUSION 19 

very sensitive, not only to diffusion, but also to relative interactions 
between colliding spin labels, including how they are influenced by 
their milieu (14, 50). Also, any nonideal mixing of the spin labels will 
influence the probability of bimolecular collisions (14, 50). 

The basic idea underlying SS imaging methods is that the spatial 
dependence of the ESR spectral intensity can be represented as a 
pseudo-object in a space consisting of an intrinsic frequency coordinate 
(the spectral dimension) and one or more spatial dimensions. The im
aging method used is the multiple stepped gradient (19, 45) algorithm. 
In this technique, one sweeps through the ESR spectrum repeatedly, 
each time with a different constant magnetic field gradient. At each 
field gradient, B'(a), the spectrum obtained is the projection of the 
pseudo-object after it is rotated through some angle a, given by B'(a) 

= (.1IILlx)cota where LlI is the spectral width and Llx is the size of 
the object. Once projections are collected for a set of rotation angles 
a, the image of the spectral-spatial object can be reconstructed using 
standard tomographic methods (19, 44, 77). In the diffusion experiment, 
the concentration distribution obtained by the multiple stepped gradient 
method was analyzed with Equation 6 for a Gaussian initial distribution 
given by Equation 8. The resultant Gaussian has a variance (T2(t) = 

S2 + 2Drnacrot. Here twas 10 h, corresponding to an average molecular 
displacement, Llx = (2Dt)1/2 = 400 /Lm and Drnacro = (2.3 ± 0.4) x 
10-8 cm2 s -I at 22°C in agreement with the result from DID-ESR (68). 

The concentration-dependent ESR line broadening arises from HE 
and from electron-electron dipolar (EED) interactions between the 
electron �pins on neighboring spin probe molecules. According to mod
ern HE theory (50), the Heisenberg spin exchange contribution to the 
line width, assuming isotropic three-dimensional Brownian diffusion, 
is given for 14N nitroxides by 

15. 

where d is the encounter distance for two spins, Dmicro is the micro
scopic spin-label self-diffusion coefficient, N A is the Avogadro number, 
C is the molar concentration of spins, and f* is a partition function 
given by (f*)-I = d I'd exp[ V(r)lkTjr-2 dr, in which VCr) is a mean
field pair interaction potential for the spin probe molecules. By con
trast, the EED contribution to the linewidth for isotropic motion is 
(50): 

T-1(EED) = Ii? 4 (191T) ( NAC )[f* V(d)]-I 
2 

'Ye 405 dDmicro 
exp 

kT 
16. 
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20 FREED 

Equations 15 and 16 express the fact that the Iinewidth contributions 
from both HE and EED are linear with concentration in the limit of 
ideal solutions. 

To make Equations 15 and 16 applicable to labeled lipids in mem
branes, the value of C was doubled to account for collisions between 
spin labels on different sides of the bilayer, following Sachse et aI, 
because the nitroxide moiety is attached close to the end of one of the 
16-PC acyl chains. These equations were also corrected for lateral (two
dimensional) diffusipn in membranes by replacing the Dmicro with 
(2/3)Dmicro (2, 50). With the assumption of Arrhenius behavior for 
Dmicro [i.e. Dmicro = DO exp( - EactlkT)]' the temperature dependence 
of the concentration-dependent line width was used to separate 
Ti I(HE) and Ti I(EED). This separation leads to Eact = 6.8 ± 0.4 
kcal/mol, and U(d) = 1.6 ± 0.1 kcallmol. The result for Eact compares 
favorably with:the value of Eact = 6.3 kcallmol from Dmacro measured 
for this system with DID-ESR (68). At 22°C, D ... ,micro = (1.0 ± 0.4) x 
10-7 cm2 s -I. By comparison, linewidth studies by Sachse et al (60) 
yielded Dmicro = 1.2 x 10 -7 cm2 s -I (from the HE contribution) at 
30°C for 16-PC in DMPC. 

These measurements of Dmacro and Dmicro show that Dmicro is about 
four times greater than Dmacro. This result is in agreement with previous 
observations that D measured with microscopic techniques is larger 
than D measured with macroscopic techniques (39, 55). Pfeiffer et al 
(55) found that Dmicro measured by quasielastic neutron scattering is 
approximately twofold larger than Dmacro measured using FRAP in di
palmitoylphosphatidylcholine (DPPC) model membranes. Saxton (61) 
postulated that such discrepancies could result from different sample 
preparation techniques' that produce inhomogeneous defects in the 
model membrane. However, tHe spectral�spatial measurements of 
Dmicro and Dmacro were carried out-on the same sample. 

The discrepancy between Dinacro and Dmicro may reflect important I 
details in the microscopic molecular dynamics. Shin et al (67) point 
out that: (a) The d cbrresponding to the rigid diameter of the lipid may 
require correction for chain wagging (79). (b) The more subtle effects 
of two-dimensional �otions in a plane and details of membrane struc
ture may need to be included in the analysis of HE and EED (37, 80). 
The role played by nonideal mixing in the dynamic structure can also 
be important. Vaz & Almeida (73) have also considered discrepancies 
between Dmacro and Dmicro in the context of the free volume model. 

In summary, the SS method provides an unambiguous comparison 
between Dmacro and Dmicro that eliminates possible artifacts resulting 
from differences in probe molecules, sample preparation, hydration, 
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etc, which are otherwise inevitable when Dmicro and Dmacro are mea
sured using two different methods. We have suggested "such simul
taneous measurements on various systems will provide an important 
tool to study the microscopic dynamic structure of membranes, and it 
will be extremely useful in the development of better models for mo
lecular dynamics in membranes" (67, p. 955). 

FOURIER TRANSFORM ESR IMAGING 

Even though DID-ESR is now a well-developed technique, future de
velopments are expected. For the most part, investigators have per
formed ESR imaging using cw methods. Researchers predominantly 
use the Fourier transform (FT) method in NMR imaging, but this 
method has been difficult to combine with ESR becausc of its highcr 
frequencies, much shorter relaxation times, and much greater spectral 
bandwidths. FT-ESR imaging offers a number of advantages over cw 
methods, including faster data acquisition and more straightforward 
data analysis with fewer artifacts. A particulary nice feature of FT
ESR imaging applied to the DID-ESR experiment is that the Fourier
transformed spectra, 19(K,t) and lo(K) of Equations 2a and b are ob
tained directly by collecting the free induction decay (or else the -eche 
decay). This permits one to obtain the Fourier-transformed concen
tration distribution C(K,t) directly from the experiment, unlike in cw
DID-ESR where one must first Fourier transform Jg(g,!) andJo(g) (17, 

18, 47). 
Spectral-spatial imaging, in particular, would benefit from FT im

aging methods. FT imaging is much more flexible with respect to the 
possible combination of dimensions, both spectral and spatial, that can 
be presented in the final image. For example, one could perform two
(spectral) dimensional ESR in combination with one or more spatial 
dimensions. Thus modern two-dimensional Fourier transform (2D-FT)
ESR methods (28, 29, 53, 54) could enable ESR to measure molecular 
dynamics as a function of spatial coordinate. 

Recent efforts in these laboratories have overcome the significant 
difficulties of FT-ESR imaging, and the method has been applied to 
spectral-spatial ESR imaging (17). In addition, we (18) have extended 
these techniques to spatially resolved two-dimensional electron-elec
tron double resonance (2D-ELDOR). 2D-ELDOR is a form of two
dimensional exchange spectroscopy that is very sensitive to cross-re
laxation processes such as HE (28, 29). Spatial resolution, would, for 
example, permit one to study microscopic molecular dynamics in in
homogeneous media. Most interesting is the potential application of 
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2D-ELDOR to the simultaneous study of both macroscopic and mi
croscopic translational diffusion. This is likely to be an improvement 
over the cw method described above, in which the (inhomogeneously 
broadened) ESR linewidths are measured in the spectral dimension and 
the HE and EED are estimated from their concentration and temper
ature dependence to yield Dmicro (30, 50). We have shown that 2D
ELDOR is a natural way to directly measure HE from the cross-peaks 
(28, 29). Thus, spatially resolved 2D-ELDOR could be the method of 
choice for comparative studies of microscopic vs macroscopic diffu
sion. 
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