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The methods of magnetic resonances (1-3) have

yielded valuable data about the structure and dy-

namics in the studies of liposomes (4,5).- Most of ~

the investigations involved either NMR lineshape or
relaxation studies of various nuclei; or spin labeling

EPR.

Liposomes are a special class of lyotropic lig-
uid crystals. The NMR and EPR methodology de-
veloped for the investigations of different lyotropic
mesophases earlier (6-9) was also applied to the
studies of liposomes. However, because liposomes
have a finite size, as compared to “infinite dimen-
sions” of liquid crystals, several differences arose.

~ The aim of this review is to discuss these questions

because most of the other aspects of the field, such

- as dynamics and ordering properties of single mol-

ecules and their conformation, phase transitions, or

. lipid diffusion as a function of temperature, compo-

sition, or concentration, have been subject to nu-

merous reviews (10-15) and articles (16—23) and wdl'
be only briefly mentioned.

We shall review the problem of meleculaif relax-
ation and lineshapes in such colloidal systems where

_molecules in aggregates reorient with respect to the

external magnetic field with rates which are fast,
slow, or comparable to the time scale of NMR or
EPR experlments This reorientation is due pre-
dominantly to the tumbling of aggregates and for
molecular diffusion on surfaces with small radu of
curvature

II. Liposomes

Amphiphilic molecules are the major constituents
of liposomes. These molecules have a hydrophilic
and hydrophobic part and because of their solubil-
ity properties they form ordered structures in aque-
ous solutions (24) (Figure 1). A typical phase di-
agram of a single chain amphiphile (such as soap,

“detergent) consists of spherical and/or asymmetric



lamellar phase
'—:____'—“————:ﬁ:

Figure 1: A schematic presentation of phospho-
lipid molecule and several different phases formed
by these molecules arranged into bilayers (inset).
The thickness of the membrane is ~4.5 nm while
the size of the liposomes may vary from 20 nm
to several dozens of um. In the inset, phospho-
lipid molecules are shown schematically. Polar
heads, such as choline (CH;CH;N(CH3)*), serine
(CH,CH(NH})COO™), or glycerol
(CH,CH(OH)CH,OH) are attached via phospho-
glycerol backbone (R-CH2-CHR-CHOPO,O-polar
head) to nonpolar tail, ie. two hydrocarbon
chains (R), such as palmitoyl (-(CH2)14CH3),
stearoyl ((CH2)160H3), or oleoyl ((CHg)-(CH
CH(CH;)sCHg).

micelles (oblate or prolate ellipsoids, normal and in-
verse), hexagonal phases (hexagonal packing of infi-
nite rod-like micelles or their inverted structures),
cubic phases, and lamellar phases (bilayered or,
in some cases, monolayered) with different thick-
" nesses of the water compartment. Inverse structures
and regions with coexisting phases may also exist
(25). Double chain amphiphiles, such as phospho-
lipids, form predominantly bilayered structures (26)
while interdigitated monolayers or inverse hexago-
nal phases may also be formed by some particular
lipids or their mixtures (27).

In aqueous solutions, phospholipid molecules
(PL, typical examples: egg or soy lecithin, phos-
phatidylglycerol, synthetic. phosphatidyicholines,
etc.) aggregate into spherical or oval structures
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where one, or several, or many bilayers sequester

'paljt of the sblvent into their interior. These struc-
“tures are called liposomes or PL vesicles (28). More

detailed definition distinguishes between large mul-
tilamellar vesicles (MLVs), and small (diameter <
0.1 pm) and large (> 0.1 pm) unilamellar vesicles
(5) (SUVs and LUVs, respectively) (Figure 2).

" Actually, in most publications unilamellarity, as
opposed to pauci- (oligo-, but not multi-) lamellarity
is substantiated only vaguely and we shall show that
practically, NMR methods are the only ones which
can unambiguously prove that a vesmle consists of ;‘
only one closed bilayer. ‘

Liposomes are normally prepared by hydrating
thin lipid films deposited from organic solvent on the
walls of a flask (4). Upon addition of aqueous phase
and agitation, large and heterogeneous MLVs are
formed. SUVs and LUVs:are produced from MLV
by mechanical (extrusion, sonication) or chemical
(change of solubility conditions) treatments.

The size of liposomes ranges from 20 nm to sev-_
eral tens of pm while the thickness of the bnlayered
membrane is ~ 4.5 nm. .

Liposomes are used in basic research where
they serve as a model for the studies of biological
membranes, membrane proteins, cells (shape, fu-
sion), a means for compartmentalization of chemi-
cal reactions, in catalysis, etc. (29). Their great-
est potential is, however, in application such as
delivery vehicles for drugs, genetic material and
other (macro) molecules into cells in pharmaceu-
tics/medicine, biotechnology (30) and some other
industries (29) (cosmetics, food, paints, etc.).

III. NMR and EPR of Lipo-
steS

NMR and EPR methods were extensively. used
to study the hydrophobic region of the membrane
(chain ordering, inequivalence of chains, motility)
and the structure and dynamics of glycerol back-
bone, phosphate group, and headgroups. Different
lipids and lipid mixtures at different conditions (size
distribution, ionic strength, pH, presence of various
ions, molecules, etc.) were investigated predomi-
nantly by 'H, 2H, 13C, 19F, and 3'P NMR and by
spin labeling EPR using either hydrophilic or hy-
drophobic spin probes. All these studies have been
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Figure 2: Typical transmission electron microscopy (EM) micrographs of different liposomes and corresponding
NMR spectra. A: negative staining EM micrograph of SUVs (diameter ~ 30 nm); bar indicates 100 nm; B:
freeze fracture EM micrograph of LUVs with mean diameter ~ 100 nm, bar indicates 1 pm; C: freeze fracture.
EM micrograph of MLV, bar indicates 1 ym; and D: corresponding 1H NMR spectra, bar indicates 1 ppm.

extensively reviewed (see for instance references 10-
15) and will not be mentioned further herein.”

An interesting aspect of magnetic resonance
studies is also double labeling where in addition to
unlabeled sample (*H, 2H, 13C, 3!P ...) or labeled
sample (2H, 13C, 170, '9F, spin probe ...) a second

label is added. In NMR these are normally shift
or relaxation reagents (31) which shift (upfield or
downfield) or bleach out (part of) the signal (Pr3*,
Eu®t, Mn2?t, Fe(CN),3~) while in the EPR these
are either (chelated) paramagnetic ions, a second
spin label, or simply chemical agent which destroys



the stable free radical of the spin probe (reduction
by ascorbic acid, for example; 32). These studies
have revealed data such as internal volume of lipo-
somes, (33) ratio of polar heads in the outer mono-

layer and inner one(s): i.e., number of lamellae in .

MLVs (34) and radius of vesicles in SUVs (35). In-
directly, this double labeling can be used to study
the permeability of the membrane, an important pa-
rameter of liposomal design.

IV. Re]axatlon in Llposome So-
lutions

Proton NMR lineshapes in liBosomes are deter-
mined by dipolar Hamiltonian Hp(t) (6,36). It is
convenient to decompose Hp(t) into a time aver-
aged and fluctuating component

’Hn(t) =< ’HD(t) > +: {'HD(t) < 'HD(t) >}

The ﬁrst. term is the trme averaged value of 'Hp(t) :

and for 1sotrop1c systems is zero; “Ini'such a case, the

second term, which couples the spms to the lattice, )

and is responsible for the spin lattlce relaxatlon de-

termines the lmeshapes ‘which -are Lorentzian. For

slow anisotropic motions, however the linewidths
are determmed by the second moment associated
with < 'HD(t) > and. are normally of a Gaussian
shape.. In different hposome systems, however, both
terms may contribute to the lineshapes and there-

fore their proper separation and determination is of
crucial importance for the explanation of the NMR

spectra.

The relaxation which determines the second mo-
ment can be intra- or inter-molecular. Main re-
laxation mechanisms are order director fluctuations

and rapid molecular diffusion which frequently aver- - -

age out intermolecular contributions in analogy with
thermotropic liquid crystals. Intramolecular inter-

actions are modulated predominantly by modula-

tion of orientation of spins in the magnetic field, a
direct consequence of aggregate tumbling, diffusion
of molecules on surfaces with small radii of curva-
ture, and conformational dynamics of hydrocarbon
chains. o S
Methylene protons (-CHz- groups on the hydro-
carbon chains of amphiphiles) in lyotropic systems
normally average out the intermolecular interactions

_motion (compared :to
/by 7y, a rotational
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by l'apld molecular diffusion. Intramolecular -
teractions are governed by random vanatlons w1th
characterlstxc correlatlon tlmes P ' '

3cos 19(rv) 1
2

< Ho(t) >=< ’Hn > (0)

where '19 is the angle b’etWeen‘ 1nternnclear' e,ctor and

< 3cos219 -1>=0 whrle in general case‘Pg(ﬂ) ;é 0
and determines the llneshape v1a the res;dual second’
moment MgR (36) '

WAV = I/Tg = MzRTv + al (M2 — M2R)T¢

where Au is the lmew1dth at half maximum, T2
is spm—spm relaxatlon tlme, Mz 1s the second mo-

(worc << 1) and- 7

Already in: ‘the' 60, C
ers (37) observed th: MLVs j gave rise to
proton NMR spectra While SUVs yleld‘ :

2D. The drﬂ'erence ‘was explarned quah,a ively by"
the rapld rotatron and Browman motlon of sma.lljf

of second moments by Gutowsky and ‘ ,ake i y‘Fl
(38). However, Seiter and Chan (39) disputed this
approach, showing that the value of residual second
moment used in Finer’s calculations was an order of
magnitude too small and claimed that macroscopic
vesicular tumbling contributes insignificantly to the
relaxation rates. According to these authors, the.
high surface curvature in SUVs disrupts the fegular
packing of PL molecules and increases their flex-

‘ibility which in turn contributes to the relaxation.

They have used Andersen’s stochastic linewidth the-
ory (which is, actually, analogous to the Gutowsky-
Pake treatment), which has taken into account both

_the restricted motion of fatty acid chains and tum-

bling of SUVs, to prove, that the surface curvature
imposes constraints on the packing of PL molecules
in SUVs which are more flexible and relax faster.

_ Similar conclusions were reached also by Horwitz et -
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al., (40) who suggested that rapid interconverting
(1/7c ~ 107'%) between trans and gauche forms
on the hydrocarbon chains is the main relaxation
mechanism which results in narrow lines for SUVs.
Bloom and coworkers critically analyzed both ap-
proaches and pointed out several mistakes in previ-
ous works (29,34). They have shown that the state
of the bilayer is the same in SUVs and MLVs and
that rotational tumbling (7,) as well as diffusion of
PL molecules on the surface of a sphere (diameter
<50 nm) are responsible for the relaxation which
gives an effective zero average value for the dipolar
coupling. »

~ An empirical relation correlating the observed

proton linewidths and size of the spherical particle

was arrived at (41)

Av=c+Ar

‘where ¢ is the intrinsic methylene proton linewidth,
A is an experimental constant and 7y is the reorien-
tational correlation time defined as

3kT + 212
47pR3 ~ R?

Tv =

“which includes changes of the angle between inter-
proton vector and magnetic field due to vesicle tum-
bling and diffusion of molecules on the surface of a
vesicle (D ~'7 - 1078 cm?/s) with a radius R; 57 is
viscosity of the solvent and other symbols have their
usual meaning. '

Wennerstrom et al. (42,43) have come to the
same conclusions using a rigorous theory of motional
narrowing.

This view was further supported by 2H and
3P measurements. Deuterium is especially use-
ful nucleus because dipolar interactions with neigh-
boring spins, which complicate proton spectra, are
very small compared with quadrupolar splitting and

‘can be also eliminated by 'H decoupling. Smith
and coworkers (44) have observed that deuterium
linewidths of vesicles labeled with lecithin deuter-
ated in the polar head region (C(CDs3)3) are nar-
row and isotropic in the case of SUVs (~20 Hz)
and broader and anisotropic in multilamellar dis-
persions. Vesicles were also labeled with specifically
deuterated fatty acids. The authors concluded that
the spin-lattice relaxation time is similar in MLVs
and SUVs because in either case it is dominated by

the molecular and intermolecular motions character-
istic for a mabile fluid. However, the spin-spin relax-
ation time (T2) depends on the orientation rate of
vesicles and observed linewidths were in fair agree-
ment with the ones obtained by assuming narrowing
mechanism of quadrupole couplings by lateral diffu-
sion of molecules and vesicle tumbling. They also
didn’t find significant differences in the ordering of
hydrocarbon chains in hlghly curved SUVs and large
lamellae.

- Also 3P studies show broad asymmetrical lines
in dispersions of MLVs due to the restricted
anisotropic motion while SUVs are characterized by
narrow. lines because spectra are motionally nar-
rowed. Freed et al. (45) have calculated the line-

‘shape for this case and experimental work has shown

close agreement between the calculated and ob-
served lineshapes (46), and again, the isotropic mo-
tional averaging of NMR spectra was attributed to
the tumbling of liposomes and lateral diffusion.
'Even though it appears that the rapld vesicle
tumblmg and dnﬂ'usnon on the surface of a sphere

“are the main causes for the narrow line spectra, we

should not completely disregard dlfferent lipid or-
der and dynamics in systems with different curva-
tures. Detailed 3C spin lattice and EPR studies of

“lipid order of highly curved and large, flat lamellae

have found lower values of order parameter in highly
curved systems (47-49). This probably 1mphes that
for the second-order approxlmatlon ‘at least in the

systems with extremely high curvatures (R < 10-

12 nm), the kink diffusion along the hydrocarbon
chains should be taken into account also.

As a useful tool to follow some of the vesicle
preparation methods, Hauser used the intensity of
the high resolution proton signal, as compared to
the added intensity standard for the estimation of
the fraction of SUVs in different sa.mples (50) In
addition, the homogenelty of the SUV preparatlon
can be assessed by the deviations of the lmeshape
from the Lorentzian which is a characteristic line-
shape for a homogeneous population of SUVs (51).

V. Shape of the Particles and
Aggregates
Lipdsorhes are mbstly of spherical or oval shape

and normally it is sufficient to know their diameter.
The diameter of SUVs can be determined by dou-



ble labeling NMR via the ratio of external/internal

signal which can be determined by comparing the

-intensity of the signal of polar heads (for instance,
methyl protons in choline group of lecithin, or P)
before and after addition of shift reagent (31,33). It
should be noted that very small SUVs show differ-
ent chemical shift for protons in the “compressed”
inner monolayer as opposed to the “dilated” exter-
nal one (52). Because of larger values of the chem-
ical shift tensor anisotropy, the shapes of 3C and
31p NMR spectra are more sensitive for larger lipo-
somes (slower tumbling rates and diffusion over sur-

faces with larger curvature radii) and diameters up -

to 0.5 um can be, directly-but only qualitatively, es-
timated from the lineshapes (53). Addition of Mn?*
‘or other paramagnetic ions yields, in the case of 3P
and phospholipids (or selectively labeled lipids with
13C), the fraction of externally exposed polar heads.

In the case of homogeneous LUVs, this gives an esti- -

mate d_f liposome radius, while in the case of MLVs,
one can calculate" the number of lamellae if the ra-
dius of MLVs can be estimated.

. Amphlphlhc molecules can aggregate also in
nonvesicular aggregates such as spherical, rod-like
or disk-like micelles. In the optically isotropic so-
lutions NMR methods cannot measure the shape
of these particles directly. However, by combining
the pulsed field gradient. self diffusion experiment,
which yields the value of the hydrodynamic radius
() of the particle, (54,55) with an independent
‘method (light scattering, thermodynamic methods,
etc.) which yields the molecular weight (or radius
of gyration) of the aggregate one can fit results into
an appropriate model.

I believe that direct information on the
anisotropy of the micelles can be obtained by mea-
suring splittings (line broadening) by the partial
orientation of asymmetric micelles in otherwise
isotropic micellar solution in strong magnetic fields.
Large disk-like or rod-like (mixed) micelles orient in
a magnetic field B with a macroscoplc order param-
eter

N(Xy - X,)B?
kT

where N is the number of molecules in the struc-
ture and X)) - X is their magnetic susceptibility
anisotropy. In a superconducting magnet one gets
S~0.001 for large (mixed) micelles and, if the mi-

S=
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celles are labeled with a deuterated fatty acid or
lecithin molecules (low cmc values, i.e., extremely
low monomer concentration) which have quadrupo-
lar splitting constant ~170 kHz (56), a splitting of

-~170 Hz should be observed. In 1H or 13C, high res-

olution spectra a line broadening due to the partial
macroscopic orientation of the sample may result.
~ In recent times nonbilayered lipid structures,

'such as inverted hexagonal phase (Hex II), cubic

phases, and monolayered lamellar (interdigitated)
phases have received increasing attention because
of their possible biological relevance. In contrast
to dispersion of liposomes and micelles these sys-
tems are normally optically birefringent and NMR
and EPR can distinguish between these phases. Be-
cause of different symmetries in these systems lipid
molecules exhibit different motion and average out
anisotropic interactions in a different way (6). Of
course, these motions have to be fast on the time
scale of the experiment. Systems with spherical (cu-
bic phases, “SUVs”), cylindrical (hexagonal I and
II) and lamellar symmetry (lamellar mesophases,
MLVs, large disk-like micelles) of molecular motion
were dlstmgmshed by proton NMR lineshape and
relaxation time analyses (6), deuterium lineshapes
(57) and 3'P measurements (58) as well as by spin
labeling EPR (59,60). The bilayer-monolayer phase
transition was also observed via reversible expulsion
of spin probe molecules at the bllayer-monolayer
phase transition (61).

Basically, the splittings in hexagonal phases are
one half of the splittings observed in lamellar phases
for the same local order of molecules (6,60). The
lateral diffusion in a lamellar does not change the
angle of the molecule with the applied field and the
only fast motion in the NMR time scale is fast rota-
tion of molecules along their long molecular axes (z).
Therefore, chemical shift anisotropy tensor (of pro-

_tons or 31p) with elgenvalues Oxx;Oyy,and o, av-

erages into O’L = 043 and 0¥ = 1/2 (0xx + gyy). In
hexagonal phase, however, the radius of cylinders
is small and diffusion on the surface of the cylin-
der can cause further averaging of tensor compo-
nents. Along the c,, axis of the cylinder we ob-
serve a‘lI{ = oﬁ: and from the two perpendicular axes

(C2) we observe ol = 1/2(c% + o"ll{) and it follows
H— _1/20%. '

In the powder spectrum (nonoriented system) all

the orientations are equally probable and we observe






