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STELLTNGEN

1.

Meier en Luisi presenteren fluorescentie emissiespectra
van paardelever alcohol dehydrogenase in Aeroscl-0OT om-
gekeerde micellen zonder daarbij essentiele parameters
als de excitatiegolflengte en de eiwitconcentratie te
vermelden. Dit doet veel, 2o niet alles, af aan de
bruikbaarheid en de reproduceerbaarheid van de resul-
taten.

Meier,P. & Luisi,P.L. (1980) J. Solid-Phase Biochem. 5,
269-282.

Pileni et _al. baseren de conclusie, dat cytochroom c
zich in het grensvlak van Aerosol-OT micellen bevindt,
op onvoldoende experimentele gegevens,

Pileni,M.P., Zemb,T. & Petit,C. (1985) Chem. Phys. Lett.
118, 414-420.

Het observeren van een derde fluorescentie levensduur
bij paardelever alcohol dehydrogenase door Demmer et al.
kan worden vercorzaakt door het feit, dat zij hun
metingen bij een constante ionsterkte van 0.3 M hebben
gedaan.

Demmer,D.R., James,D.R., Steer,R.P. & Verrall,R.E.
(1987) Photochem. Photobiol. 45, 39-48.

Berekeningen van secondaire structuurkenmerken van ei-
witmoleculen door het fitten van circulair dichroisme
spectra met een lineaire combinatie van een set basis-
spectra zijn, vanwege de instabiliteit van het stelsel
vergelijkingen, zeer gevoelig voor experimentele onnauw-
Keurigheden.

Provencher,S.W. & Glockner,J. (1981) Bibchemistry 20,
33-37.



5. Ondanks de toegenomen beschikbaarheid van computers is,
bij de interpretatie van kinetische gegevens van enzym-
reacties, het gebruik van Lineweaver-Burk plots nog niet
uit te bannen.

6. Het op voorhand vastleggen van een functie, bij de bere-
kening van de verdeling van adsorptie-energieen, moet
worden afgewezen, omdat er methoden bestaan, die tot
goede resultaten komen zonder beperking aan de vorm van

deze verdeling.

vos,K. & Koopal,L.K. (1985) J. Colloid Interface Sci.
105, 183-196.

7. Bij de huidige toename van het luchtverkeer valt binnen
afzienbare tijd een tekort aan luchtruim te verwachten.

8. In mei 1988 is in Nederland een poging gedaan om de ge-
middelde snelheid op de autosnelwegen te verlagen door
de maximum snelheid te verhogen.

9. Veel uitlaatgaskatalysatoren zullen na de buitenlandse
vakantie alleen nog maar dienen als herinnering aan het

genoten belastingvecrdeel bij de aanschaf van de auto.

10. Promovendi doen het met artikelen.

Stellingen bij het proefschrift
"Spectroscopic Studies of Proteins in Reversed Micelles"
Kees Vos, 19 oktober 1988.
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1 IRTRODUCTION

Overview

The spectroscopic characterization of some protein—containing reversed
micellar systems has heen investigated. 'The concept of protein solubili-
zation in hydrocarbon media via reversed micelles was first introduced by
Gitler and Montal [1]. Their system consisted of proteclipids, solubilized
in an apolar solvent, with phospholipids as surfactant. Same years later
Wells intreduced the term “enzymes in reversed micelles" based on a study
of phospholipase in diethylether/methancl mnixtures with phosphatidyl-
cheline as the surfactant {2]. In this case the enzyme was alveady soluble
in some organic solvents and the surfactant acted also as the substrate of
the enzyme.

One of the first hydrephilic enzymes, incorperated into reversed micel-
les, was chymotrypsin. Detailed activity and spectroscopic data were repor-
ted by the groups of Martinek [3], Iuisi [4] and Menger [5].

In the following years, mmerous publications, dealing with reversed
micellar enzymological subjects, appeared. Three partially overlapping
fields of interest can be distinguished. The first cne is the study of
enzymatic activity in reversed micellar sclutions. Among this belongs the
work done in our laboratery, which is concentrated on the cptimization of
biocatalytic processes in reversed micellar systems (6-9]. The second
field of interest oconsists of structural and dynamic aspects of protein
containing reversed micelles. During the last few years, several groups
have reported on spectroscopic and ultracentrifugation studies. The work
presented in this thesis belongs to this category. The third line of
interest is the study of enzyme recovery using reversed micellar systems.
This type of research has gained increasing attention during the last
years. It is possible to selectively extract proteins from an agquecus phase
into a hydrocarbon phase containing reversed micelles ard to re—extract the
protein again into a sscond aquecus phase. This process can be applied to
the purification of proteins [10-14),
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In Chapter 2 a review is presentad about spectroscopic studies performed
with reversed micellar systems. In this chapter a mumber of techniques is
described, which can be used in reversed micellar research. These tech-
nicques are both applied to "empty" and protein-containing systems.

Chapter 3 provides a detailed description of the time-resolved flucres-
cence technique ard analysis, that we have applied to proteinmcontaining
reversed micellar systems. Examples are given of the fluocrescence proper-
ties of three well characterized proteins in a normal agquecus enviromment.
These examples illustrate the kind of information obtainable by studying
time-resolved fluorescence properties.

In Chapters 4,5 and 6 investigations on protein containing reversed mi-
cellar systems are presented. cChapters 4 and 5 describe micellar systems,
containing the fluorescent cytochrome c derivatives porphyrin cytochrume c
or Zn-porphyrin cytochrame ¢. Chapter 6 reports on studies of the same
micellar systems but with alcohol dehydrogenase as the guest protein in-
stead of cytochrome c.

In the last chapter of this thesis (Chapter 7) a summarizing discussjon
of the results is presented.

Literature
1. Gitler,C. & Montal,M. (1972) FEBS Lett. 28, 329-332.
2. Misiorowski,R.I. & Wells,M.W,. (1974) Biochemistry 13, 4921-4927.

3. Martinek,K., Levashov,A.V., Klyachko,N.L. & Berezin,I.V. (1977) Dokl.
Akad. Nauk. SSSR 236, 920-923.

4. Iuisi,P.L., Bonner,F., Pellegrini,A., Wiget,P. & Wolf,R. (1979) Helv.
Chim. Acta 62, 740-753.

5. Menger,F.M. & Yamada,K. (1979) J. Am. Chem. Soc. 101, 6731-6734.
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2 SPECTROSCOPY OF REVERSED MICELLES

Kees Vos, Colia Laane and Antcnie J.W.G. Visser™

Reprinted from: Photochemistry and Photcbiology (1987) 45, 863-878.

Introduction

Reversed micelles are nanometer-scale water drop-
lets, stabilized by a monolayer of surfactants in a
bulk organic solvent, For the formation of these
surfactant aggregates at least three components are
necessary, i.c. an aqueous solution, a water-immis-
cible organic solvent and a surfactant. Typically
stable and optically transparent solutions are formed
within seconds upon mixing approximately 0% sue-
factant, 80-90% organic solvent and only a few
percent of water. By varying the nature and concen-
tration of its constituents, the properties of these
celloidal particles can be modulated and tailored
easily to meet the desired specifications. A prerequi-
site for the formation of reversed micelles is, that
the interfacial tension berween the water and the
organic phase is close to zero. In a three component
system this is achieved solely by the surfactant.
However some surfactants are not able to lower the
interfacial tension sufficiently and a cosurfactant is
required 10 minimize the interfacial tension further
(Overbeek, 1978). Well known cosurfactants are
aliphatic alcohols ranging from pentanol up to dode-
canol. .

In reversed micelles, the surfactants are located
only at the interface with their polar head groups
directed towards the water pool and their tails stick-
ing out in the continuous phase, In contrast, the

*To whom correspondence should be addressed.

tAbbreviations: AOT, aerosol-OT  (sodium-bis(2-
ethythexyl}suifosuccinate); BHDC, benzyldimethyl-n-hex-
adecy! ammonium chloride; C,,RB, rose bengal hexade-
cyl ester; CD, cireular dichroism; CTAB, cetyl trimethyl
ammonium bromide; CTACL, cetyl trimethyl ammonium
chloride; Do, oxygen diffusion coelficient; DAP, dodecy-
lammonium propionate; DLPC, dilinoleoyl phosphatidyl
choline; DPPC, dipalmitoyl phosphatidyl choline;
ENDQR, electron nuclear double resonance; EPR, elec-
tron paramagnetic resonance; FMN, flavine mononucleo-
tide; g, parallel component of g valee; &,. luminescence
decay rate constant; k,, bimolecular rate constant for the
exchange process of dilferent water pools; k., intrawater
pool quenching rate constant; LS, light scattering; NMR,,
nucicar magnelic resonance; PADS, peroxylamine disul-
fonate; R, polar core radius; R,, hydrodynamic radius,
RB, rose bengal; SANS, small angle neutron scatiering;
SAXS, small angle X-ray scattering; SDBS, sodium dode-
cyl benzene sulfonate; SDS, sodium dodecyl sulfate; T,,
spin-lattice rclaxation time; T,, spin-spin rclaxation time;
wy, |HO)[surfactant), WP, water pool

cosurfactant partitions between the interface and
the organic phase. An important parameter for
reversed micellar media is the amount of water
present per surfactant molecule. This parameter has
adopted many names throughout the years but we
prefer the expression wyt.

In contrast to ‘normal” micelles, reversed micelles
do not repel each other because they are electrostat-
ically neotral. As a result reversed micelles are able
to collide freely in the hydrocarbon solution and
with a low efficiency {about 1%) such collisions lead
to the exchange of water pools (Eicke er al., 1976).
Reversed micelies are therefore not rigid but
dynamic entities, which can communicate with each
other on a ps timescale,

Originally reversed-micellar research seemed to
be a privilege of scientists, having a physical-col-
loidal signature. To date, many other disciplines
show interest as well in the unique properties of
reversed micelles. Technologists and engineers
regard them as a part of surfactant chemistry with
important practical applications in tertiary oil recov-
ery, lubrication, cosmetics and food industry {Luisi,
1985). Biologists and biophysicists see in these struc-
tures a similarity and hence a model for cell mem-
branes and simple organelles (De Kruyff et al,,
1980; Fendler, 1982), while chemists view them as
versatile microreactors, in which chemical reactions
can be accelerated and shifted into the desired direc-
tion (Fendler, 1982; Kitahara, 1980; O'Cannor et
af., 1984). Interest from biotechnologists aroused
over the tast few years because enzymes can be
hosted in reversed micelles without loss of activity,
which makes it possible to perform bioconversions
of water-insoluble compounds (Luisi and Laane,
1986, and references cited therein) and to isolate
intra- {Giovenco er al., 1987) and extracellular
(Dekker et ai., 1986) proteins.

In a recent article the biotechnological aspects of
reversed micelles have been reviewed (Luisi and
Laane, 1986). Here we will concentrate on some
techniques that have been employed to obtain
detatled structural information about these surfac-
tant aggregates, either alone or in association with
proteins. Among these are scattering techniques,
which yield information about the size and shape of
reversed micelles, as well as magnetic resonance and
optical methods by which the dynamics of micellar
systems can be investigated on a molecular level,
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Previous reviews on this subject have been pre-
sented by Eicke (1980), Martinek et al. (1986) and
Luisi and Magid (1986).

Scattering techniques

In this section the following scattering techniques,
which yield macroscopic, structural information on
reversed micelles, will be shortly discussed: light
scattering (LS), small-angle neutron scattering
(SANS) and small-angle X-ray scattering (SAXS).
The three techniques have many elements in com-
mon in-the treatment of scattered intensity. The
expression for the intensity of neutrons scattered
by monodisperse, spherical partictes shows great
analogy with that of the Rayleigh ratio in static
LS. Instead of the difference in refractive index
of droplets and organic solvent, the corresponding
difference in scattering length appears in the
expression for the intensity of scattered neutrons,
The intensity of X-rays scattered by monodisperse
w/o microemulsions follows a similar relationship as
for SANS. In SAXS the intensity of scatiered X-
rays is related to the difference in ¢lectron density
between particle and solvent. Scattering exper-
iments on microemulsions are often accompanied
by electrical conductivity and viscosity studies.

The majority of scattering expenments pertained
to LS, which essentially probes the Brownian
motion of the particies. Light scattering techniques
have proven to be a powerful tool to determine
sizes and diffusion coefficients of droplets and to
measure intermicellar interactions. For diluted mic-
roemuisions static LS can vield the second virial
coefficient of the osmotic compressibility. The
dynamic counterpart of LS, also known as quasi-
elastic light scattering or photon correlation spec-
troscopy, consists of a measurement of the autocor-
relation function of the light scattered by the
micelles, from which the translational diffusion coef-
ficient can be obtained. Extrapolation to a zero
velume fraction of the dispersed phase yields the
diffusion coefficient and the hydrodynamic radius
of the droplet (from the Stokes-Einstein relation).
A virial series for the experimental translational
diffusion coefficient can be developed as well. Both
second virial coefficients for static and dynamic LS
are related to the potential describing inter-droplet
interaction. The major contribution to the interac-
tion potential stems from hard sphere repulsion
(Apterof er al.,, 1976). Terms involving small van
der Waals attraction are treated as perturbation.
Detailed accounts on theoretical and experimental
relationships can be found in recent literature
(Cazabat and Langevin, 1981; Kaler and Prager,
1982; Roux et al., 1984; Nicholson and Clarke,
1984). Generally, it can be stated that there is quali-
tative agreement between theory and experiment
for low micellar concentrations.

The more earlier LS studies were mainly con-
cerned with various reversed micelles of AOT in

different organic solvents (Day er al., 1979; Sein et
al., 1979; Zulauf and Eicke, 1979; Gulari er al.,
1980). Quaternary systems were also studied, e.g.
water/SDS/cyclohexane with pentanol as cosurfac-
tant (Cazabat ef al., 1980) and water/SDB5/hexade-
cane/pentanol (Gulari er al., 1980).

In later studies the amplitude of the above men-
tioned interaction potential was modulated by
changing the volume fraction of water, addition
of salt or variation of the chemical nature of oil,
cosurfactant or surfactant. Thus, Cazabat and Lan-
gevin (1981) concluded that micellar stabilisation is
influenced by the polarity of the continuous phase
{e.g. cyclohexane vs toluene} and alcohol chain
length (butanol, pentanol or hexanol), whereas the
droplet sizes depend mostly on wg. Roux er al.
{1984) introduced in the same micelles additional
variations. The continuous phase consisted of,
among others, decane and dodecane, cosurfactants
ware pentanol, hexanol or heptanol and two surfac-
tants were used, SDS and alpha-methyl SDS.
Important parameters for an adequate description
of the LS data are the chain length of the alcohol
and the polar head area of the surfactant, which
changes after ramification. Interpenetration of the
droplets was taken into account in the interaction
potential, The same research group has extended
the latter investigations by the use of a graded series
of homologues of SDS, each compound containing
a larger ramification near the polar head group
{Dichristina et al., 1985). Analysis of LS data indi-
cated a constant surface area occupied by surfactant
and cosurfactant. The increase in the polar head
surface area of the individual surfactant molecule is
compensated by a decrease in the alcohol content
at the surface boundary. Proceeding through the
SDS series a definite decrease of the second virial
coefficient was found indicating an increase in micel-
lar attraction and penetration length,

A system where the alcohal is not only cosurfac-
tant, but also acts as organic solvent, was studied
by Sjdblom et al. (1982), namely water/sodium
octanoate/decanol. The micelles grow continuously
with increasing wy; the continucus phase behaves
as pure decanol saturated with water.

Reversed micelles of egg lecithin were also stud-
ied with LS and electron microscopy (Kumar et
al., 1984). Homodisperse aggregates are formed in
benzene or carbon tetrachloride, whereas aniso-
tropic, tubular structures with aqueous canals are
favoured in cyclohexane at relatively high wy,

More complicated agpregation schemes and poly-
dispersity were recently taken into account in order
to improve the correlation between theory and
experiment. Baker er al. {1984) have reinvestigated
the quaternary system water/SDBS/p-xylenethex-
anol. The Rayleigh ratio for certain concentrations
of surfactant increases slowly with the volume frac-
tion of water and more rapidly above a critical point
reaching a maximum at another, higher critical vol-
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ume fraction. The results were semi-quantitatively
described using a hard sphere mode] for particle
interacticns. Not all the availabie cosurfactant mol-
ecules seem to be adsorbed in the interfacial region.
Effects of polydispersity were intraduced to improve
the modeling of dynamic LS experiments on AQT
reversed micelles in heptane within a large range of
volumg fraction of water (0.05 to 0.4) (Nicholson
and Clarke, 1984).

An elegant (tracer) forced LS technique has been
described for direct measurements of self-diffusion
coefficients of microemuisions (Cazabat er al.,
1984b).

Furthermore, LS has been proven a useful tech-
nique to investigate protein encapsulation in
reversed micelles. The insertion of water soluble
myelin basic protein into AOT reversed micelies in
iscoctane has been studied with dynamic LS (Chat-
cnay ef al., 1985). At low wy (wo = 5.6) the hydrody-
namic radius of micelles filled with protein (R, =
43 A} is significantly larger than that of empty
micelles (Ry = 29 A). The results were analyzed
using a water shell model, in which the protein is
separated from the organic solvent by a monolayer
of surfactant molecules and a shell of water (Bonner
et al., 1980). About three empty micelles are
required to build up a filled one. At high degree
of protein occupancy a small fraction of droplets
contains protein aggregates. Conversely, results at
higher wq values (wp = 22.4) revealed similar radii
for empty and filled micelles (R, = 50-57 A), and
the absence of protein aggregates.

Currentiy, there exists a lively interest in critical
phenomena related to percolation thresholds and
phase separation. These phenomena occur in each
microemulsion. One example is the system water/
SDS/toluene/butancl, which exhibits large inter-
droplet attraction and, in more concentrated sys-
tems, rapid exchange of micellar constituents, both
mutually and between the continuous phase (Caza-
bat et al., 1984a). Another example consists of
water/AOT/isooctane mixtures near the phase sep-
aration temperature (Hilfiker e¢ al., 1985). Not only
LS data, but also the results of electrical conduc-
tivity, ultrasonic absorption, dielectric spectroscopy
(for example: Van Dijk ez al., 1986) and Kerr effect
measurements (Eicke ef al., 1985) lead to the con-
cept of percolation and open, infinite clusters in the
description of critical behavior of microemulsions.
The organization into bicontinuous structures (oil-
rich and water-rich domains separated by surfactant
sheets) at intermediate volume fractions of water
cannot be ruled out (Kager and Prager, 1982). A
manifold of other structural models has been pro-
posed [for a survey see Lindman et af. (1981} and
De Gennes and Taupin (1982)].

The advantage of SANS over LS is the larger
range of the scattering vector (0.02-0.2 A1,
depending on the angle between scattered and inci-
dent monochromatic beam and the tunzble wave-

length). allowing more detailed informaticn on size
and size distribution of microemulsions. Elaborate
descriptions of SANS applied to microemulsions
have been given by Dvolaitzky er al. (1978), Ober
and Taupin (1980), Robinson er al. (1984), Ravey
and Buzier (1984) and Magid (1986). Since the
coherent neutron scattering iength of hydrogen and
deuterium are widely different, heavy water usually
replaces normal water in order to improve the con-
trast profile of the droplet.

Robinson and coworkers (1984) studied w/o mic-
reemulsions with 0.1 M AOT, D,0 instead of H,O
and alkanes of increasing chain length (hexane —
dodecane). In heptane the radius of the water core,
determined from the intensity pattern, foilows an
approximately linear relationship with respect to wq
(S<wp=40). At wo=20 the radii of the water drop-
lets are dependent on the alkane chain length. The
experimental SANS patterns show increasing dis-
crepancies with a fitted function based on monodis-
perse spheres. This effect was attributed to
potydispersity and is more pronounced in the Jower
scattered intensity region and with longer chain
length of the organic solvent. The large droplet-
size distribution within these microemulsions is in
agreement with the photon correlation results of
Nicholson and Clarke (1984). In a second paper of
the same research group critical behaviour in the
same microemulsions was detected with SANS upon
approaching the phase transition temperature
(Toprakcioglu et al., 1984). The group of Robinson
(Flewcher er al., 1984} found no change in scattering
profile when e-chymotrypsin was incorporated in
the same AOT reversed micelles (w;=15 and 20).

A SANS study of the effect of additives (toluene,
octancl, benzyl alcohol, short-chain alcchols) on
the temperature-induced phase transition of AOT
reversed micelles was performed by Howe e al.
(1986). By monitoring the critical scattering com-
ponent of the SANS intensity profile a decrease or
increase in transition temperature, depending on
the nature of the additive, was found. The results
were interpreted by assuming different location and
partitioning of the various additives.

A quasi-electric, incoherent neutron scattering
method has been recently described to investigate
the translational motion of AOT reversed micelles
(Fletcher er al., 1986). The results suggest, that
additives like toluene and benzyl alcohol or the
solubilization of chymotrypsin do not influence the
translation diffusion of AOT. Substitution of water
by glycerol, however, produces a significant
reduction in AOT mobility. Measurements of spec-
tra associated with water mobility revealed the pres-
ence of 5-10% of water bound to the enzyme during
the experimental time scale. The mobility of the
remainder of the solubilized water is unaffected by
the presence of chymotrypsin.

Ravey and Buzier (1984) reported on SANS of
reversed micelles of the nonionic surfactant tetra-
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ethylene giveol dodecyl ether in decane. The micro-
emulsions consist of large nonspherical water
droplets inside a surfactant shell, even for volume
fractions of the dispersed phase as high as 0.5.

A SAXS experiment determines a so-called radius
of gyration, which is related ro the polar core radius
(R.). A detailed account of SAXS theory and appli-
cations 1o microemulsions has been given by Kaler
et al. (1983). The system used by the latter research
group is not a standard one: a commercial surfactant
mixture (TRS 10-80), tertiary amyl alcohol, various
brines and cctane. Depending on the composition
the microemulsion is either rich in oil or water.
SAXS data could be adequately modeled for
increasing volume fractions of brine until a perco-
lation threshold. Kaler and coworkers (1983) have
provided arguments in favour of a bicontinuous
structural model, which is in fairly good agreement
with SAXS data over a wide range of brine volume
fractions.

Pileni er af. {1985) have conducted SAXS exper-
iments on a mixture of .water/AQT/isooctane
(wo=9), to which small amounts of different com-
pounds were added. Relatively small solutes (ether,
diocty] viologen) do not change the radius as com-
pared to empty micelles (R.=34.9 A). Solubilisation
of a-chymotrypsin induces a slightly larger radius
(R.=36.8 A), in contrast with the results of Fletcher
et al, (1984). e-Chymotrypsin was assumed to be
located in the water core. On the other hand incor-
poration of cytochrome ¢ results in a slight decrease
in core radius {R.=33.6 A) indicating a possible
interfacial location of the protein.

Optical spectroscopy

Optical spectroscopy and especially fluorescence
and flash photolysis techniques have been widely
applied to reversed micellar systems. In most of the
experiments, some probe molecule is entrapped in
the water pool of the micelles and from its behaviour
some properties of the interior of the micelies can
be extracted,

Eicke and Zinsli (1977) used Na-fluorescein in
micelles consisting of AOT in iscoctane. From their
time-resolved fluorescence and anisctropy measure-
ments they concluded that this label is strongly
associated with the water/surfactant interface. At
low wq values {wy<4) the label has no internal
mobility within the micelle. The radii of the
micelies, which can be calculated from the rotational
correlation times vig the Stokes-Einstein relation-
ship, are in this case simply the sum of the radii
of the empty micelles and label. At higher water
contents complications arise, When the w, values
and the [AOT] are not too high the measured corre-
lation times are determined by the rotation of the
micelles. Both at higher wy values and at high sur-
factant concentrations, the micelles tend to coagu-
fate. The correlation times are in this case
determined by the rotation of the probe within the
micelles. From the decrease in the initial anisotropy

with increasing wq, Eicke and Zinsli concluded that
the packing density of the interface decreases when
the size of the water pools increases.

Probes which do not interact so strongly with the
AOQT interface were used by Keh and Valeur (1981)
and Visser et al. {1984). Keh and Valeur used
3,4,9,10-perylene sodium tetracarboexylate and 9,10-
anthracene diacetic acid. From the steady-state ani-
sotropy they calculated the correlation times of the
labels, using the well known Perrin equation. A
mode! was proposed in which the rotation of the
probe within the micelles and the one of the whole
micelles are coupled. This model was used to deter-
mine the hydrodynamic volume of the micelles by
measuring the correlation times in two related
organic solvents of different viscosity. The results
were in good agreement with values obtained by
photon-correlation spectroscopy (Zulauf and Eicke,
1979),

Visser et al. (1984) used FMN as probe and meas-
ured the time resoived fluorescence and anisotropy
of FMN in AOT, CTAB and DAP micelles. In
CTAB and DAP the fluorescent properties of the
FMN moelecule are more influenced than in AOT.
This was explained by clectrostatic interactions
between the negatively charged phosphate group of
FMN and the head groups of the different surfac-
tants. The anisotropy decays follow in all cases a
single exponential function. Therefore Visser et al.
assumed the rotations of the label and the micelle
to be independent. Using the hydrodynamic radii
of the micelles measured by other technigues it was
possible to calculate the correiation times of the
FMN molecule within the micelles.

Recently the same group (Visser er al., 1987)
employed an amphiphilic flavin 10 investigate the
dynamic properties of the interface of AOT
reversed micelles in heptane. The fluorescence ani-
sotropy could only be fitted with a double exponen-
tial function, yielding a short correlation time (0.5
ns), which is constant at larger wy and a longer
correlation time, that varies from 1.1 to 2.5 ns in
the wg-range studied. The contribution of the short
component increases with larger wy, providing evi-
dence for enhanced mobility at the boundary region.

Reversed micelies of calcium alkanyl sulfonates
in alkanes of increasing chain length (hexane —
nonane) were probed with 1-pyrene carboxaldehyde
and a graded series of pyrene carboxylic acids with
varying alkyl chain fength (Jao and Kreuz, 1986).
1-Pyrene carboxaldehyde is an appropriate probe
for measuring micellar sizes, The other series of
probes is useful for establishing polarity gradients
and lateral mobility via the ratio of excimer to
monomer fuorescence. In a previous study an oxy-
gen concentration gradient for the same micelles
and probes was found from quenching of pyrene
carboxylic acid fluorescence by oxygen (Jao and
Kreuz, 1984).

The H-bonding capacity of the entrapped water
can be monitored via the fluorescent lifetimes of
xanthene dyes like rose bengal (RB) (Rodgers,
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1981; Rodgers, 1984). In protic solvents like water
and alcohols these dyes have a very short lifetime,
probably due to an efficient intersystem crossing
from excited singlet to triplet. The less H-bonding
capacity of the soivent the longer are the lifetimes
of these labels. Besides normal RB Rodgers (1984)
also used its hexadecyl ester (C,(RB) in a system
consisting of AOT in heptane. This probe will be
anchored in the interface with its apolar tail. The
results show no differences between RB and C,,RB
s0 it can be safely assumed that RB is also associated
with the interface. At wy=0 the H-bonding capacity
of the entrapped water is in the same order of
magnitude as in f-butanol and increases gradually
until a limiting value is reached at wy>20. At wy>>20
the lifetime of RB is still much longer than in bulk
water {0.28 ns for the micelles vs 0.08 ns for bulk
water). Nuclear magnetic resonance studies have
shown, that entrapped water has the relaxation
properties of bulk water at wy>8 (Wong et al., 1977)
providing evidence for probe association with the
interface,

Experiments with probes, which are localized in
the apolar phase have also been performed (Geladé
et al., 1982; Geladé and De Schryver, 1984a.b).
Derivatives of naphtalene with aliphatic tails of
varying length were used. From measurements of
the hetero-excimer formation of these probes with
tricthylamine and the energy transfer to terbium
ions, which are localized in the water pools, con-
clusions couid be drawn about the localization of
these probes, the properties of the solvent in the
vicinity of the micelles and the rate of terbium
exchange between micelles by intermiceliar colli-
sions.

Extensive research has been carried out on the
transfer of photo-electrons between entrapped
donor and acceptor molecules. Light is used as an
electron pump, promoting charge transfer from the
donor to the acceptor. The microheterogeneity of
the system retards the back reaction and this aliows
the utilization of the reduced acceptor in a chemical
process. Because the charge transfer leads to
quenching of the luminescence of the donor, useful
information can be obtained about the system under
investigation by studying the kinetics of the lumi-
nescence decay. This decay is mainly determined by
the distribution of the donor and acceptor molecules
among the water pools, which is best described by
a Poisson distribution. With this assumption it is
possible to derive the following expression, which
describes the complex decays that are observed
(Infelta et af., 1974; Tachiya, 1975; Atik and Singer,
1978, 1979; Atik and Thomas, 1981a):

I(0) = I(O)exp[—Cyt— Co{1-exp(— Ci}}]
where
Cy = ky +kgk JQY kg + kWP)),
Ca = k JQY[WP)(ky + k[WP])

and
C} = kq"'k,_.[WP!-

The parameters in this expression are: k. the decay
rate constant of the donor in the absence of
quencher; k,. the intrawater pool first-order
quenching rate constant: k., the bimolecular rate
constant for the exchange process of the different
water pools and { WP, the water pool concentration.
For the characterization of the micellar systems, the
parameters &, and [WP} are of special interest. The
k, is a good measure for the facility of the micelles
to exchange their contents. The lower k., the more
the back transfer of the electrons will be retarded.
From [WP] the size of the water pools can easily
be calculated.

Atik and Thomas (1981a.b) have studied AOT
and CTAB reversed micellar systems using various
donor-zcceptor couples. The authors found radii
for the water poois in AQT micelles, which are in
good agreement with those found by Zulauf and
Eicke (1979). The exchange rates are in the order
of 107 M~1 s~ This is about 1% of the calculated
collision rate of the micelles. Additives, such as
benzyl alcohol increase the exchange rate, while a
solute like benzene decreases it. Atik and Thomas
ascribed these effects to interactions of these addi-
tives with the micellar head groups.

Experiments of the same kind have been perfor-
med by Geladé and De Schryver {1982, 1984a), by
Furois ef al. (1984), by Brochette and Pileni (1985},
by Almgren et al. (1986} and by Handa et al. (1986).
Geladé and De Schryver have studied DAP micelles
in cyclohexane, using I-methylnaphtalene and 2-(1-
naphityl) acetic acid as the fluorophores and potass-
jum icdide and sodium nitrate as the quenchers.

Handa er al. {1986) made use of tris(2,2'-bipyri-
dine) ruthenium(II) dichioride as fluorophore and
potassium ferricyanide as quencher in reversed
micelles composed of heptakis (ethylene glycol)
mono-n-decylether and hexanol in decane. The par-
titioning of [Ru(bipy),]Cl; between the hydrated
poly(ethylene glycol) shell and the water pool could
be quantitated,

The same Ru(bipy)i* ion with methyl viologen
as quencher was used by Almgren et al. (1986) in a
study of the reversed micellar system Triton X-100/
toluene/water. The rapid exchange of probes and
quenchers between the droplets was assumed to
follow a fusion-fission process in which two droplets
metge transiently into a large drep, which splits up
rapidly in two drops again.

The systems studied by Furois et al. (1984) and
by Brochette and Pilent (1985) consisted of AQT
micelles in isooctane with different porphyrins as
fluorophores and three viologen derivatives as quen-
chers. The same micellar system was used by Pileni
et al. (1984) in a study of the quenching of hydrated
clectrons, generated by pulse radiolysis, by nitrate
ions. From this study it appeared, that the hydrated
electrons are also Poisson distributed and therefore
from these experiments the same kind of infor-
mation about the sysiem could be extracted as from
the experiments described above.
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In reversed micelies of benzyldimethyl-n-hexade-
cyl ammoniuvm chioride (BHDC) interactions
between excited-state zinc tetraphenyl porphyrin
and quinones (duroquinone and anthraquinone-2-
sulfonate) have been investigated by Costa and
Brookfield (1986) vsing time-resolved flucrescence
spectroscopy, Fiuorescence quenching was pre-
sumed to be associated with intramolecular charge
transfer from singlet excited porphyrin to ground-
state quinone. Dynamic quenching was observed in
case of duroquinone as quencher, which is solubi-
lized in the benzene orgamic phase. The other
quencher anthraquinone-2-sulfonate, is bound at
the interface leading to biexponential Auorescence
decay with average time constants, characteristic for
unquenched porphyrin (1 ns) and quenched porphy-
rin (100 ps), respectively. The fluorescence decays
were interpreted in terms of an active-sphere
quenching model. In the later model only quenchers
which are bound to BHDC within a certain volume
arcund the BHDC-bound porphyrin lead to quench-
ing. The observed lifetimes result in an estimate
of the pseudo-unimolecular electron-transfer rate
constant of the order of 10" 5%,

It is also possibie 10 use micellar entrapped redox
proteins as the electron acceptor, which has been
shown by Pileni (1981) and by Visser and Fendler
(1982). In the work of Pileni N-methyl-phenothiaz-
ine was used as the photoactive compound, which
reduces cytochrome ¢. With a second electron donor
in the system, which is able to reduce the oxidized
N-methyl-phenothiazine,  irreversibly  reduced
cytochrome ¢ was observed under continuous radi-
ation conditions. Visser and Fendler studied the
reduction of cytochrome ¢ and cytochrome ¢; by
electrons generated by pulse radiolysis and by
pyrene photoicnization. With both methods of elec-
tron generation an  instantaneous, reversible
reduction of the proteins was observed, which
means, that the proteins have maintained their
native conformation within the micelles,

Reversed micelies are frequently used as models
for complex biological systems. An example of this
is the study of the behaviour of singlet oxygen in
microheterogeneous systems as a model for the
activity of singlet oxygen in the photodynamic dam-
age in biclogical systems (Lee and Rodgers, 1983;
Rodgers and Lee, 1984). A model was developed
for the dynamic behaviour and the quenching of
singlet oxygen in reversed AOT micelles. Singlet
oxygen is not restricted to one of the different
phases but can diffuse freely through the whole
system. Based on lifetime measurements of singlet
oxygen, velocity and equilibrium constants for the
exchange of this probe between aquesous and
organic phase could be calculated. Quenching stud-
ies with water soluble molecules yield information
about the water structure in the micelles. When the
azide ion was used as quencher a maximal constant
quenching rate is reached at wy>30. This rate is
about 80% of the value in bulk water, indicating

that the entrapped water under these circumstances
behaves almost like normal water. Tryptophan
behaves differently. The tryptophan molecule is
probably associated with the interface. In this case
the quenching rate is also constant at wa>30 but
the value is only 50% of that in bulk water. These
results clearly indicate that there is a large differ-
ence between water in the neighbourhood of the
interface and in the center of the micelle.

Recently, extensive research has been performed
on ground and excited-state proten transfers
(Kondo ef al,, 1982; Bardez et al., 1984, 1985; Politi
et al., 1985; Politi and Chaimovich, 1986). Used
probes are pyranine (B-hydroxy-1,3,6-pyrenetrisul-
fonate), 2-naphiol, 2-naphtol-6-sulfonate and 2-
naphtol-6,8-disulfonate. A common property of
these probes is, that the pK, value in the excited
state is much lower than in the ground state. Hence
upon excitation with a short light pulse a proton
can dissociate from these compounds. Different
fluorescence techniques have been applied to deter-
mine the rate constants for the de- and reproton-
ation of the probes. Pyranine has been used by:
Konda ez al. (1982} in AQT and CTAC] micelles,
by Bardez er al. (1984) in AOT micelles and by
Politi et al. (1985) and Politi and Chaimovich {1986)
also in AOT micelles. This probe with its trianionic
character is expected to be in the center of the
water pools in the case of AOT micelles. In CTACI
micelles pyranine will probably be located in the
vicinity of the interface due to electrostatic attrac-
tions,

The rate of deprotonation in small micelles
{0<wy<3) was found to be much lower than in
water. This is due to the fact, that in small micelles
a limited number of water molecules is available to
hydrate the proton. Moreover the structure of the
water was assumed 1o be disrupted (tess hydrogen
bonding) (Rodgers, 1981, 1984) which also will
decrease the ability to accept the proton. With
increasing water pool size the rate of deprotonation
also increases and reaches the same value as in
water at wg>12. In CTACI micelles the addition of
water has almost no effect, indicating that pyranine
sticks at the interface in this micelle. Reprotonation
is faster in small micelles than in water. This behav-
iour has been explained in terms of the so-called
cavity effect. The ejected protons remain in the
vicinity of the pyranine molecule. Also in this case
the same rate as in water is reached at wp>12.
These observations prove that water in the center
of the water pools of AOT micelles has more or
less the same properties as bulk water at wp>12,

2-Naphtol and its sulfonate derivatives have been
used by Bardez ef al. (1985 and 1986) and by Politi
and Chaimovich {1986). It was found that 2-naphtol
shows no deprotonation in AOT micelles, whatever
the water content. Apparently this probe is located
in the interface where it does not ‘see’ any water
molecules. 2-Naphtol-6-sulfonate can be deproton-
ated in the micelles but the rate is much lower
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than in water, Only at w40 the aqueous value is
reached and then still the recombination rate is
much faster. This behaviour has been explained in
terms of localization of the probe. [t was assumed
to be in the vicinity of the interface where the
structure of the water is also affected at high wy
values. 2-Naphtol-6,8-disulfonate shows almost the
same behaviour as pyranine and is therefore
believed to be in the center of the water pools. This
abservation is consistent with the fact that this probe
is the most hydrophilic one of the three naphtol
derivatives, The change in free energy for the de-
and reprotonation processes by specific localization
effects can very well be compared to the situation
which can occur in the active sites in enzymes.

Bardez et al. (1986) determined the binding con-
stant between 2-naphtol and AOT from changes in
the light absorption spectra in the absence of water.
Water solubilization in AOT reversed micelles
decreases the binding constant and induces changes
in the probe microenvironment as a function of
AQT concentration with accompanying increased
polarity at higher water content. Steady-state ftuo-
rescence polarization reveals an increase in mobility
of 2-paphtol at larger wy, which was interpreted by
a more loose interface,

Recently a Fourier transform infra red study on
reversed micelles has been published (Holmgren et
al., 1986). The reversed miceliar system was sodium
octanoate/octanoic acid/water. Methylene and the
antisymmetric carboxylate vibrational modes were
monitored. Hydrogen bonding and counterion
effects at the interface couid be inferred from fre-
quency shifts and band width alterations.

During the last decade, numerous publications
have appeared about biopolymers and especially
about proteins, which are incorporated in reversed
micellar systemns. For recent surveys see Luisi and
Magid (1986) and Waks (1985). In this part of this
review we will focus attention on optical spectro-
scopic techniques, which were applied to elucidate
the structural properties of these kind of systems.

Among the earliest publications in this field are
those of the group of Douzou (Douzou et al., 1979;
Balny and Douzou, 1979). In this case the reversed
micellar systemns were used to perform crycenzymol-
ogical stodies. When the conditions are favorably
chosen, it is possible to cool the micellar solutions
down to subzero temperatures, without freezing of
the entrapped water. Using this method it was for
instance possible to record absorption spectra of
entrapped cytochrome ¢ at temperatures as low as
—40°C. Other enzymes, which have been studied in
reversed micelles at subzero temperatures are: horse
radish peroxidase, catalase and bacterial cytoch-
rome P450, With this last enzyme also some kinetic
experiments have been performed.

A pioneering group, which is very active in the
field of the micellar solubilization of proteins, is the
one of Luisi in Switzerland. Detailed studies of
entrapped ribonuclease (Wolf and Luisi, 1979),

horse liver alcohol dehvdrogenase (Meier and Luisi,
1980), lysozyme {Grandi er al.. 1981} and a-chymo-
trypsin (Barbaric and Luisi, 1981) have been pre-
sented.

In the case of ribonuciease UV absorption and
CD spectra have been recorded in a system consist-
ing of 50 mM AOT in octane, wy=19. The spectra
are virtually the same as the ones of the protein in
water, except for the 240-250 nm region in the
CD spectrum, where some differences occur. From
these observations it was concluded, that the protein
conformation in the micelles is almost the same as
that in water. It is noted by the authors, that more
marked differences were observed, when methyitn-
octyl ammonium chloride was used as the surfac-
tant.

The systern horse liver alcohol dehydrogenase/
AOQT/ispoctane was characterized, wsing CD, UV
absorption and fluorescence techniques. From CD
measurements in the 200-250 nm region it was con-
cluded, that the secondary structure of the protein
in the micelles is almost the same as that in water. A
closer examination of the properties of the aromatic
amino acids reveal some differences between a
hydrocarbon and an aqueous enzyme solution.
Ultraviolet-absorption spectra show, that the pK of
a tyrosine residue in the protein is higher in the
micelles than in water. In addition, the intrinsic
fluorescence of the protein is quenched. This most
probably means, that at ieast one of the tryptophans
senses an altered environment. The quenching of
the fluorescence by NADH was used to determine
the dissociation constant of the enzyme—coenzyme
complex and the concentration of active sites. The
value of the dissociation constant thus obtained, is
close to the ‘agueous’ value when overall concen-
trations of the reactants are considered and much
higher when water pool concentrations are used.
The concentration of active sites is about 10-20%
Jower than in the aqueous sclution. The authors
ascribed this effect to denaturation of a fraction
of the protein molecules during the solubilization
procedure.

The spectroscopic properties of lysozyme change
rather drasticzlly upon incorporation in (AOT/iso-
octane) micelles. The absorption spectrum does not
change too much but the CD spectrum in the far UV
region show some important changes. Especially at
low water contents the ellipticity between 220 and
230 nm increases, which indicates a higher helical
content under these conditions. Also in the aromatic
region (250-300 nm} the CD spectrum changes. The
spectral properties of lysozyme in this region are
predominantly determined by the six tryptophan
residues, Changes in the environment of these resi-
dues can also be monitored via the protein fluo-
rescence. Again the most dramatic changes occur
at low water contents, where a blue shift of the
fluorescence of about 10 nm and a marked increase
of the quantum efficiency were observed. This sug-
gests, that one of the tryptophan residues, which is



-22=

rather exposed when the protein is in normal aqueous
solution, gets more buried in the protein coil in the
micelles. Furthermore the lysozyme fluorescence
was more accessible to acrvlamide quenching in the
micelles, which also indicates that conformational
changes have occurred.

The properties of a-chymotrypsin also change
when it is incorporated. Especially the fluorescence
and CD data show, that the protein is in 2 more
rigid conformation than in agueous sclution. This
effect decreases when the size of the water pools
increases. It seems contradicting, that the aqueous
properties are best approximated at wy=19 and not
at wp=22.5, which was the highest value studied.
The increased rigidity was in this case observed via
the CD spectra, which shows an increased ellipticity
in the far UV region and via the polarization of the
fluorescence, which is higher in the micelles than in
water, indicating, that the finorophores have lost
mobility. These effects were observed at wa<19. At
wo=22.5 the opposite behaviour was found. Both
the ellipticity and the degree of polarization are
lower than in water in this case.

The tryptophan fluerescence of the hemoproteins
cytochrome ¢, cytochrome b; and myoglobin in
AOT micelies has been studied by Erjomin and
Metelitza (1984). A significant increase of the inten-
sity of the fAuorescence was observed for cytoch-
rome ¢ and myogiobin. With cytochrome by this
effect was also found but it was less pronounced.
Apart from a change in intensity, in all proteins a
blue shift of the emissicn maximum was observed.
These results were interpreted in terms of an
increased viscosity and a decreased polarity in the
environment of the tryptophan residues. The fact,
that the changes for cytochrome b5 are smalier than
for the other proteins was explained by the forma-
tion of protein aggregates, which do not disintegrate
upon incorporation. Within an aggregate the micro-
environment of much of the tryptophans is not alt-
ered and therefore the overall propertics of
cytochrome by show only small changes. The effect
of several additives on the cytochrome ¢ fluoresc-
ence was tested. Aliphatic alcohols and secondary
amines quench the fluorescence, whereas polar
aprotic solvents like dimethylsulfoxide increase the
fluorescence intensity. These results were inter-
preted by the effect of these additives on the proper-
ties of the water in the neighbourhood of the
protein.

The integrity of an entrapped enzyme can be
tested by activity measurements in reversed
micelles, A luminescence assay in reversed micelies
was developed to detect hydrogen petoxide, which
is a product of the reaction catalyzed by glucose
oxidase, via coupling to the well-known luminol
chemiluminescence (Visser and Santema, 1984).
The glucose oxidase was entrapped in CTAB
reversed micelles, The sensitivity of the method
enables to easily sefect optimum conditions for enzy-

matic activity, like e.g. choice of cosurfactant,
organic solvent or wy,

Membrane proteins can also be incorporated in
reversed micelles as was shown with the Folch-Pi
proteolipid (Delahodde er al., 1984) and with the
myelin basic protein (Nicot er ael., 1983). The
Folch-Pi  proteolipid is a water insoluble
protein-lipid ompiex, which is usually studied in
solvents like 2-chloroethanol or chloroform—
methanol mixtures. The maximum solubility of the
complex in AQT/isooctane micelles was found to
take place at a water content wy=5.6. The trypto-
phan fluorescence in this system shows a marked
biue shift (10 nm} as compared to a 2-chloroethanol
solution of the complex, which is an indication of a
more apolar environment of the tryptophan. The
CD spectrum in the far UV region is consistent with
a secondary structure that is substantialiy helical
{about 55%). This is Jess than in 2-chloroethanol or
in a chloroform-methanol mixture but these solvents
are known to be helix inducers. The reversed
micelles seem to form a good medium to mimic the
natural environment of this proteotipid.

Myelin basic protein is a water soluble protein,
which behaves like an extended, fiexible polyelec-
trolyte with little periodic secondary structure. It is
believed, that in its native environment the protein
has a more structured conformation. Two different
micellar media, with an anionic (AOT) and a non-
jonic (tetraethylene glycol mono-n-dodecyl ether)
surfactant, were used. By CD measurements it was
evident, that in both types of micelles the protein
is more structured than in water. The latter effect
was also indicated by measurements of the trypto-
phan fluorescence in the AOT micelles. Upon incor-
poration, the emission maximum shifts about 15 nm
to the blue, which is an indication, that the single
tryptophan becomes more buried in the protein coil.
The latter effect is independent of the water content
of the micelles. A compound like N-acetyl-L-trypto-
phanamide also exhibits a blue shifted emission
maxtmum but the shift gradually increases with
decreasing water content. This means, that the con-
formational change in the protein is induced by the
interface., Time-resolved fluorescence and ani-
sotropy measurements show, that increasing the
water content of the micelles only influences the
internal dynamics of the protein and not its confor-
mation.

The secondary structure inducing capacities of
reversed micellar media can be studied in detail
when small model-peptides are incorporated (Gier-
asch et al., 1984; Thompson and Gierasch, 1984;
Seno et al., 1984). Gierasch et ai. {1984) and Thomp-
son and Gierasch (1984) studied the behaviour of a
cyclic pentapeptide, cycle(Gly-Pro-Gly-D-Ala-Pro),
in AOT micelles. With different spectroscopic tech-
niques it was demonstrated, that this peptide under-
goes a conformational change in the micelles,
similar as in solutions with a high sodium chloride
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concentration. From this fact it was concluded that
tiie conformational change in the micelles occurs
because the peptide experiences a high sodium con-
centration in the micelies,

The peptides studied by Seno er al. (1984) were
poly(N*-dihydrexyethylaminopropyl-L-giutamine) and
poly(N*-dihydroxyethyl-L-glutamine). Both pep-
tides assume a disordered structure in pure water.
Poly(N-‘-dihydroxyethylaminépropyl-L-glutamine) is
transformed into o-helix in AOT reversed micelles
at low wo and in aqueous AOT solutions. The inter-
actions of the peptide with the surfactant seem to
decrease the de-stabilization of the helix, owing to
the hydration shell surrounding the hydroxy) groups
in the side chain. In sodium ethanesutfonate sol-
ution no helix formation could be detected. There-
fore neither the soedium ion nor the sulfonate are
involved in the induction of the secondary structure.
Poly(N*-dihydroxyethyl-L-glutamine) does not show
any helix formation, probably because in this pep-
tide there is steri¢ hindrance from the bulky dihydr-
oxy-ethylamino group, which is located near the
main chain. In general it can be concluded, that
forces of different nature play roles in the formation
of secondary structure in peptide chains.

The feasibility has been demonstrated to solubil-
ize nucleic acids in hydrocarbon solvents vig
reversed micelles (Imre and Luisi, 1982). RNA
(mol. wt. 2000-3000) was added in solid form to
AOT/isooctane solutions and the solubility was
investigated as a function of the pH of the aqueous
phase and of the water content of the micelles.
There seems to be almost no dependence on the
pH value but there is one on wy. Solubility increases
with increasing wp until a value of w=20 and then
decreases with further increasing wy. Circular dich-
roism measurements show, that the RNA is much
more structured in the micelies than in aqueous
solution. These facts indicate a strong influence of
the interface on the RNA molecule.

Large picces of DNA (mol. wt. =250 000} can
be incorporated by injecting concentrated aquecus
DNA sotutions in an AQT solution. The CD spectra
of these preparations are of the so calted -type,
which means a strong increase of the ellipticity in
the 240-340 nm region. A simitar CD spectrum is
found for the DNA in bacteriophages and is related
to a strongly condensed form of the DNA, The
effect can even be amplified by addition of mag-
nesium ions, which are capable of neutralizing nega-
tive charges on the DNA molecule. These
observations demonstrate again the power of
reversed micellar media to mimic the interfacial
properties of bioassemblies.

Magnelic resonance

In this section electron paramagnetic resonance
(EPR} and nuclear magnetic resonance (NMR})
applied to reversed micelles are briefly surveyed.

EPR measurements are usually carried out with
spin labeis or probes incorporated in the micelles.
Dynamic information can be obtained from analysis
of line shape and width of spin labels and by com-
parison with EPR specira taken with spin labels
in solvents of known wiscosity. Nuclear magnetic
resonance measurements-vield both dynamic and
structural infofmation (at molecular level) and have
the advaniage that the intrinsic nuclear moments
of miceliar constituents can be utilized preventing
external perturbation. Most measurements per-
tained to ‘H and C resonances, but *'F (e.g. pH
determinations of phosphate buffers in reversed
micelles or investigations of phospholipid reversed
micelles), *Na (e.g. AOT) and ¥F (introduced as
label in certain micelles) NMR spectroscopy have
been reported as well. A spin-echo 'H and *C
method for simultaneous measurement of self-dif-
fusion coefficients of all micellar components will
be summarnzed (Lindman and Stilbs, 1984). Both
EPR and NMR experiments have been mostly per-
formed with reversed micelles from AQT in various
organic soivents. These experiments will be dis-
cussed first. Reversed micelles made from other
surfactants will be surveved thereafter.

Menger and coworkers {1975} have introduced
nitroxide spin labels in AOT reversed micelies in
heptane. Nitroxide radicals exhibit a three-line EPR
spectrum because of the hyperfine interaction
between the unpaired electron spin (§=1/2) and the
nuclear spin of *N (f=1}. The hyperfine coupling
constant is sensitive towards the polarity of the
micro-environment. The line width is a measure of
the rate of molecuiar tumbling and therefore
depends on the microviscosity. Different degrees of
hydration and three labels with different polar side-
chains were used. The effect of pool size on the
nitrogen hyperfine coupling constant and the line
width of the spectral lines was explained in terms
of micro-environmental changes. In small droplets
the nitroxide group is located in the interfacial
region of water, surfactant and continuous phase.
In larger water pools (wy>10) the spin label remains
entirely within the water pool. The anicnic spin
label shows a splitting of the line at high field, which
arises from slowly exchanging labels between the
micellar interior and surfactant boundary region.

A similar exchange of the spin probe 2,2,6,6-
tetramethyl-4-piperidone N-oxide in AOT reversed
micelles in heptane at different wg in supercooled
water (—32°C} was observed by Yoshioka (1981}
Typical rotational correlation times for wy=8 are
0.24 ns {0°C) and 0.08 ns (20°C). At room tempera-
ture the rotational correlation time becomes shorter
with increasing wy. The observed correlation times
are composed of contributions from internal motion
and micellar rotation. In two following papers
(Yoshicka, 1983; Yoshioka and Kazama, 1983) the
positional exchange of the same spin probe in AOT
reversed micelles was examined in greater detail,
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The exchange could be monitored at low tempera-
ture in relatively large water pools, A two-phase
model of the water pool was proposed to fit the
calculated to the observed spectra. At room tem-
perature the rate of exchange between the two
phases amounted to about 4 x 10 s~2,

Beiongova and coworkers (1983) have investi-
gated (among others) a-chymotrypsin, spin labeled
at the active site, in AOT reversed micelles in
octane. With increasing wy the mobility of the label
decreases first (wo=10-15), manifested by longer
correlation times, but increased gradually in the
range wo=20-80. The catalytic activity of a-chymo-
trypsin reaches its optimum at w, values when a
maximum rigidity of the active site is detected.

The product of oxygen diffusion coefficient
{Do,) and concentration in AOT solubilized water
in heptane was measured with the paramagnetic
probe peroxylaminedisulfonate (PADS, Fremy's
salt} (Gandin er al., 1984). The location of this ionic,
hydrophilic probe in the water core is unambiguous.
The effect of oxygen presence on the line width of
the EPR spectrum of PADS was studied. The prod-
uct [0:).Dg, increases linearly with the radius of
the water droplet (from 12 to 43 A) indicating a
concomitant decrease in water viscosity. Line width
measurements permitted absolute viscosity determi-
nations ranging from 5.6 ¢P at R,=12 A 10 0.93 cP
at R.=43 A. The oxygen concentration in the water
pool (1.8 X 107* M) appeared to be lower than in
bulk water (2.4 x 10=* M), The organic solvent is
the oxygen reservoir from which oxygen diffuses
towards the spin probe in the water core,

Nitrogen-14-ENDOR spectra of Fremy's salt in
reversed miceiles of DAP and AOT in toluene at
room temperature have recently been reported
(Janzen et al., 1986). The observation of ENDOR
signals was much easier in micellar encapsulated
water than in bulk water, which was ascribed to a
more polar and viscous environment in the water
pools as compared to that in bulk water,

Lim and Fendler (1978) utilized 2,2,5,5-tetram-
ethylpyrrolidine-1-oxyi derivatives (neutral, cationic
and anionic) in DAP reversed micelles in benzene,
The neutral spin label exchanges among miceliar
and solvent environments. The charged compounds
are preferably located in the surfactant boundary
region, the cationic label probably in a less polar
environment. The anionic radical can be reduced
by sodium ascorbate (water soluble) and phenylhy-
drazine (benzene soluble). The second order rate
constant for quenching by phenylhydrazine remains
unaffected in the presence of DAP, but decreases
in case of quenching by sodium ascorbate. The latter
effect was explained by mutual electrostatic repul-
sion between both anienic species,

Long fatty acid spin label analogues were used in
the system water/CTAB/hexanol in order to probe
the dynamics of the interface (Lufimpadio et al.,
1984). The rotational correlation times depend

strongly on the micellar composition, e.g. on the
molar ratio [CTABJ/{hexanol] at constant w.

Seno and colicagues (1980) utilized EPR spec-
troscapy of Mn?* solubilized in waier pools of
CTAB reversed micelles in chloroform. The ling
width of one of the hyperfine lines was measured
as a function of the water content in’the micelle.
At low water concentrations the line width is larger
than in bulk water, which was explained by a dis-
torted structure of the Mn?*-water complex. The
water is used for solvation of the polar head groups
and is not available for Mn?* coordination.

Cupric chloride was used as a spin probe to inves-
tigate the vitrification behaviour upon cooling of
water within cationic {CTACI), anionic (SDS) and
nonionic (Triton X-100) reversed micelles in the
presence of several short-chain alcohols as cosurfac-
tants and in different organic solvents (octanol, tolu-
ene, cyclohexane) (Briggeler, 1986). Only in one
case ice formation was observed when a microemul-
sion was cooled very slowly. In all other reversed
micelles the bound water vitrifies upon cooling. The
g splitting of the Cu®* ion turns out to be very
sensitive to participation of alcohol/surfactant in the
coordination sphere of the metal ion.

Important parameters in NMR spectroscopy are
the chemical shift of the nuclei and their spin-lattice
(7)) and spin-spin (T;) relaxation times, Good intro-
ductions in theoretical, experimental and analytical
aspects of NMR applications in reversed micelles
are given by Wong et af. (1977) (*H, chemical shift
and nuclear relaxation of entrapped water, and
2Ng, line width determined by quadrupole coup-
ling}, Maitra and Eicke (1981} {'H, spin-spin coup-
ling and AOT conformation), Martin and Magid
{1981) (**C, chemical shift and spin-lattice relax-
ation in AQT), Seelig (1984) (*'P polymorphism
in lipids) and Smith and Luisi (1980) (™P, pH of
phosphate buffer in reversed micelles).

With increasing water content a downfield chemi-
cal shift in the 'H NMR spectra of H,O in AOT
reversed micelles was observed (Wong et al., 1977).
Both 'H spin-lattice and 'H and **Na spin-spin relax-
ation rates decrease with increasing water content.
Data were interpreted by assuming highly immobi-
lized water in small pools. After compiete hydration
of the sodium ion (wp™>6) the rigidity of the micelles
is greatly reduced. In large pools a considerable
fraction of Na* is located within the core,

Maitra and Eicke (1981) have measured the tem-
perature dependence of proton-proton coupling
constants of AOT in order to assess different
rotamer populations (rotational isomers or Newman
projections of the monosubstituted succinic ester).
An increase in temperature would increase the
population of an energetically higher rotamer. A
different equilibrium mixture of rotamers exists in
AQT dissalved in organic solvents of decreasing
polarity (methanol, chlorcform and iscoctane). The
composition of the rotamer mixture depends on
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solvent-surfactant interaction. In polar solvents
there is a strong, isotropic solvent—surfactant inter-
action, in apolar solvents the polar heads have no
interaction. Better hydration is an important prop-
erty of AOT in the enhancement of surface activity
and hence, its solubilization and aggregational prop-
erties. In a following paper (Maitra-er al., 1983) the
effect of ‘cosurfactants’ like benzene and nitroben-
zene on AOT reversed micelies in isooctane was
investigated with *H NMR. It was demonstrated
that the solubilized water adopts the properties of
bulk water and, at increasing ‘cosurfactant’ concen-
tration, the surfactant molecules are solvated by
the ‘cosurfactant’ molecules in the interfacial region
thereby reducing the solubilization power of the
reversed micelles.

Martin  and Magid (1981) have detected
conformational and dynamic changes in AOT
reversed micelles {in ¢ycichexane, benzene or car-
bon tetrachloride) at increasing water content using
13C NMR spectroscopy. Conformational changes
were induced throughout the AOT molecule result-
ing in more open, extended micellar structures.
Such structures are favored at lower wg in benzene
or carbon tetrachloride because of solvent pen-
etration. In the latter solvents the more favorable
interactions between surfactant and solvent reduce
the sotubilizing capacity of AOT. A distribution of
correlation times affecting the nuclear relaxation of
all the carbon nuclei of AOT was inferred from
frequency-dependent spin-lattice relaxation times.
In a following article (Magid and Martin, 1984) the
presence of different rotamers has been demon-
strated, in agreement with the 'H NMR data of
Maitra and Eicke {1981).

Fujii and colleagues (1982) have utilized *'P NMR
spectroscopy in order to determine the pH of phos-
phate buffer inside AOT reversed micelles dissolved
in octane (see also Smith and Luisi, 1980). Internal
consistency could be obtained by using another,
spectrophotometric method with an indicator dye.
The principle of pH-measurements consists of
chemical shift measurement of *'P in phosphate
buffer as function of pH and comparison with results
in reversed micelles. The pH inside the water pools
turned out to be a few tenths lower than the corre-
sponding value in aqueous buffer. The chemical
shift and accordingly the true pH in the reversed
micelle was dependent on w, for wy>7. The #*Na
NMR results of Fujii ez al. (1982} are not essentially
different from those of Wong er al. (1977).

Maitra (1984) has determined the fraction of
bound water in the water core, water core radius,
thickness of the bound water layer (3-5 A) and
effective head-group area of AOT in reversed
micelles in isooctane or cyclohexane from chemical
shifts of water protons and aggregation data. The
stability of the reversed micelles is governed by
the rotational isomerism of AOT (internal rotation
about C-C boend of the ethane part) leading to

favorable surfactant packing factors, particularly in
isooctane. In the low wy-range (wy<10) some AOT
molecules remain outside the interface and thereby
increase the surfactant layer from about 10 A to
about 15 A. Stabilization is then obtained by inser-
tien of solvent molecules into the surfactant mon-
alayer. For wy>10 the number of water molecules
bound to an AOT molecule remains a constant
number of 6.

'H NMR spectra of the small pentapeptide Met-
enkephalin (an opioid molecule) in AOT reversed
micelles in isooctane (wy=20} were reported by De
Marco er @l. {1984). Temperature coefficients of the
chemical shift of the amide protons, measured in
varicus solvents and in reversed micelles, indicate
the largest folding of the peptide in the reversed
micelle. Lanthanide shift reagents selectively affect
'H resonances from phenylalanine and tyrosine,
from which spatial information of these amino acid
residues was inferred.

'The *C chemical shift data and spin-lattice relax-
ation times of enriched glycine, solubilized in glyc-
erol-water mixtures and in DAP reversed micelles
in benzene or carbon tetrachloride, have been used
to derive microviscosities of the water pool (Tsujii
et al., 1983). At relatively small pools the micro-
viscosity of entrapped glycine (i.e. the viscosity of
the surrounding water moilecules) turns out to be
similar to that of a 78% aqueous gtycerol solution.
Microviscosities decrease with larger wy.

Reversed micelles of sodium octanoate and coso-
lubilized water in hexanol were studied by **Na and
3C NMR spectroscopy (Fujii et al., 1983). Line
width measurements of the #Na resonance indi-
cate mobility of sodium ions at approximately
wo=6. The ¥C chemical shift and spin-lattice relax-
ation measurements indicate a different dynamic
behaviour of the methylene carbons, the influence
of water molecules on specific methylene carbon
mobilities and contact of water with hexanol.

Lufimpadio et al. (1984) have utilized "*F NMR
spectroscopy of 6-fluorohexanol to demonstrate the
distribution of this label in the interface and continu-
ous phase in CTAB reversed micelles in hexanol.
Since exchange is rapid on NMR time scale the
relevant chemical shift parameters could be
obtained from a titration with CTAB, and from
these the conceantration of hexanol in the interface.

Nuclear magnetic resonance spectroscopy has also
been applied to phospholipid reversed micelles.
Boicelli ez aof, (1982) have studied the effect of the
presence of amino acids and small peptides in the
water pools on the nuclear retaxation rates of micel-
lar constituents. The reversed micelle consisted of
epgg phosphatidyl choline in deuterated benzene.
3P, M3C and 'H spin-latice relaxation times were
obtained. 'H Relaxation times indicate two fractions
of water molecules, bound to the polar lipid head
group and freely moving water. The main effect of
the incorporation of the perturbing species in the
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micelles is to alter the distribution and crganization
of the water molecules. Cross relaxation and magne-
tization transfer play an imporiant role in the relax-
ation mechanism of the miceilar nuclei. Reversed
micelles of dilinoleoyl phosphatidyl choline {DLPC)
and dipalmitoyl phosphatidyl choline (DPPC) in
benzene were investigated with 3'P NMR. spec-
troscopy in order to determine exchange rates and
lifetimes of the phospholipids (Barclay er al., 1986).
Two exchange rates were determined, namely from
one micelle to another and from single lipids in the
selvent to the micelle. A magnetization transfer to
a water soluble lanthanide shift reagent ensures the
resolution of the signals of the two populations. The
two exchange lifetimes are similar for DLPC (=30
ms), whereas the lifetime for monomer/micelle
exchange in the DPPC system is twice as long.
Direct diffusion through the solvent seems a poss-
ible mechanism for intermicellar exchange.

Lindman and coworkers (1981) have described an
interesting 'H and '*C Fourier transform pulsed-
gradient spin-echo method to obtain multicompon-
ent self-diffusion coefficients. The method was
applied to a broad range of microemulsion systems
involving ionic and nonionic surfactants, cosurfac-
tants of various (alcohol} chain length, water and
different hydrocarbons (Lindman er al., 1981). The
measurements were performed using various com-
positions of constituents covering a wide range in
the ternary phase diagram, Two systems will be
briefly discussed, namely consisting of AOT
reversed micelles (Lindman et al., 1981; Stilbs and
Lindman, 1984; Geiger and Eicke, 1986) and the
role of cosurfactants in w/o microemulsion structure
{Lindman et al., 1981; Stifbs ez al., 1983). Various
aspects of both systems are discussed in general by
Lindman and S$tilbs (1984).

Self-diffusion coefficients of the system water/
AOT/p-xylene or iscoctane reveal rapid oil diffision
and slow water diffusion. The latter system is char-
acterized by a distinct separation into hydrophilic
and hydrophobic domains. In p-xylene the self-dif-
fusion coefficient of AOT is similar to that of water
(Stilbs and Lindman, 1984; Lindman and Stilbs,
1984). Conversely, the self-diffusion coefficients for
the system water/sodium octanoate/decanol indicate
a much less distinction between hydrophilic and
hydrophobic domains (Lindman and Stifbs, 1984).
A nomnegligible amount of water is dispersed in the
continuous medium (¢f. also Sjoblom et al., 1982).

In a recent paper Geiger and Eicke (1986) have
extended 'H spin-echo NMR measurements on the
system water/AOQT/isooctane, containing selectively
deuterated, different components, with temperature
as variable. The self-diffusion coefficients of AOT
decrease with increasing wy at 25°C, The latter
observation was explained by geometrical consider-
ations and the Stokes-Einstein relation for trans-
laticnal diffusion, Discrepancies between observed
and calculated diffusion coefficients could be

resoived by the presence of a small fraction of AOT
molecularly dissoived in the organic solvent. A
dependence of the diffusion coefficients on tempera-
ture was observed for reversed micelles with wy,>38.
The self-diffusion coefficient of water at 25°C is
similar to that of AOT under the same experimental
conditions, but it incréases dramatically at increas-
ing temperature for we>38. These phenomena were
interpreted in terms of the onset of phase separation
and percolation. The slightly lower self-diffusion
coefficient of isooctane in the presence of AOT has
been ascribed to a distribution of micellar-bound
ispoctane and free, mobile isooctane in the bulk
dispersion medium.

Quite rapid self-diffusion of virtually all com-
ponents was observed in a quaternary system like
water/SDS8/butanoi or pentancl/toluene or cyclohex-
ane (Stilbs er al., 1983; Lindman and Stilbs, 1984).
The self-diffusion coefficient of water was cnly a
factor of 2 to 3 less than the one of the hydrocarbon,
These observations indicate a low degree of organiz-
ation for the system. Conversely, closed water
domains are distinctly separated from the organic
solvent when a long alcohol like octanol acts as
cosurfactant.

Conclusion

This review shows, that in contrast 0 ‘normal’
media rather sophisticated techniques are required
to obtain structural and dynamic information on
reversed micellar systems. In ordinary homo-
geneous media, parameters such as salt concen-
tration, acidity, viscosity, dielectric constant etc.
are determined easily Dy a variety of techniques.
However in microheterogeneous media like
reversed micellar solutions, the values of these par-
ameters are strongly regio-dependent. For example
in the water pool the salt concentration will be
quite different from that in the interface and organic
phase. Even within water pools salt-gradients do
exist as induced by the surfactant head groups. This
implicates, that different 1echniques have to be used
together to probe different regions within the
micelles. With the aid of spectroscopic methods,
surveyed in this review, complementary information
is obtained.
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