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We have studied the effect of two cosolvents, urea and glycerol, on the association and interactions of a
surfactant, octaethyleneglycol dodecyl ether (C12EO8) and a phospholipid (POPC). We have measured the
CMC, the partition coefficient, the effective mole fractions Xe

sat and Xe
sol at the onset and completion of the

membrane-to-micelle transition (membrane solubilization), and the enthalpies of transfer of surfactant by
ITC. Changes in membrane order and dynamics were characterized by time-resolved fluorescence anisotropy
measurements of DPH, and micelle sizes and clouding by light scattering. The cosolvents have complex
effects that are not governed by the well-known ‘salting in’ or ‘salting out’ effects on the solubility alone.
Instead, urea and glycerol alter also the intrinsic curvature (‘effective molecular shape’) of the detergent and
the order and packing of the membrane. These curvature effects have an unusual enthalpy/entropy balance
and are not additive for lipid and detergent. The results shed light on the phenomena governing lipid–
detergent systems in general and have a number of implications for the use of cosolvents in membrane
protein studies.
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1. Introduction

The study of membrane proteins has become one of the key topics
of biomedical research, and virtually all of these investigations require
the use of detergents for the isolation of the protein from lipid
membranes and its subsequent purification, characterization or
reconstitution. Whereas the physico-chemical basics of lipid–deter-
gent interactions in simple, binary systems are quite well understood
(for reviews, see [1,2] and papers in Alonso and Goñi's special issue
[3]), practical applications often require complex mixtures of
detergents and cosolutes. In many cases, there are no suitable models
to treat these multi-component systems and therefore, the technical
procedures are developed and optimized on a largely empirical level.
One example is Grisshammer's magical “triple detergent buffer” [4,5]
which allows for the isolation and study of several G-protein coupled
receptors (see also [6–8]) and comprises CHAPS, lauryl maltoside,
cholesteryl hemisuccinate, 30 v% of glycerol, Tris, and NaCl. The
success of this sophisticated system raises the questions why so many
components are needed and what their functions are and their effects
on protein, lipids, and co-solutes, respectively. We have started to
tackle this problem by deriving and validating a model that describes
the additive action of two or more detergents, such as CHAPS/LM, to
solubilize a membrane [9]. Here we address the effect of glycerol and,
for comparison, urea, on the self association, membrane partitioning,
and membrane solubilization of non-ionic detergents. Further to its
application upon membrane solubilization, glycerol is widely used to
stabilize the native structure of globular proteins and to protect cells
upon drying and freezing (including technical procedures as well as
biological systems such as overwintering insects, etc.).

The effect of glycerol to stabilize the compact, native structure of
globular proteins has been explained by several models, describing it
as kosmotropic (a water-structure maker) and, according to Tima-
sheff's concept [10,11], as preferentially excluded from the protein
surface. This concept can be considered an application of Gibbs'
adsorption isotherm (a macroscopic view of solute-induced changes
in interfacial tension) at the molecular level: The minimization of free
energy causes a solute that would increase the interfacial tension
between two media (energetically unfavorable) to be preferentially
excluded from this interface. This is the least of evils but the interfacial
tension is, nevertheless, increasing due to the loss of mixing entropy
in the interfacial region so that the system tends to minimize the
interfacial area (e.g., of a protein by assuming a more compact state).
MD simulations have provided detailed insight into the effect of
glycerol on the composition, relaxation kinetics, and H-bonding of the
solvation shell of a protein [12]. Specific details and extent of the
interfacial effects depend on the molecular properties of the surfaces.

On a lipid membrane surface, the degree of exclusion of glycerol is
even larger than adjacent to proteins [13]. This increases the
interfacial tension of the membrane and favors structures with
condensed interface. Koynova et al.'s [14] detailed model quantifies
the resulting tendencies to freeze of a fluid bilayer into a gel phase
[13,15] or convert it into an inverse hexagonal phase [15–17]. Based
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on the increased energy expense of exposing hydrophobic surface to
water, one might expect glycerol also to promote the aggregation of a
surfactant to micelles (i.e., a lowering of the CMC) or into a separate
phase (i.e., a lower cloud point). While the prediction regarding the
cloud point depression by glycerol was experimentally validated for
C12EO8 [18], the CMCs of C12EO8 [18], Brij 58 (another EO-detergent),
and CTAB [19] were found to increase upon addition of glycerol. This
appears to indicate an anomaly of the EO-head group and/or glycerol;
other kosmotropic cosolvents such as NaCl and sucrose decrease the
CMCs of a series of surfactants as expected [20]. However, the fact that
CMC-shifts do not scale with chain length also in these examples
reveals a substantial impact of glycerol-head group interactions on
the CMC. Particularly in case of EO-detergents, this seems to
overcompensate the “salting out” of the chains. Controversial seems
to be the issue whether the dehydration of the EO head group by
glycerol renders the intrinsic curvature of a detergent less positive
(thus promoting a lower interfacial curvature by a micellar growth to
interconnected structures) [18] or, due to a collapse of the EO chain at
the interface, more positive (causing the micelles to shrink) [19].

When it comes to detergent–lipid interactions, other kosmotropic
additives like sucrose and NaCl increase the amount of octyl glucoside
needed for complete membrane solubilization, which is quantified by
the mole fraction Xe

sol (i.e., they reduce the capacity of its micelles to
solubilize lipid). However, their effect on the onset of solubilization
(Xe

sat) is weak and apparently complex [20]. No information seems
available about the effect of glycerol on lipid–detergent interactions
(including solubilization).

We compare the effects of glycerol on lipid–detergent systems with
those of urea, a cosolvent that behaves just opposite to glycerol in most
respects. Urea is a particularly prominent stabilizer of water-exposed
surfaces that accumulates in interfaces (preferential interaction) and
perturbs water structure (chaotropic effect). Hence, it promotes protein
unfolding [11], demicellization [20,21], and inhibits surfactant clouding
[21] by facilitating the exposure of hydrophobic surfaces to water. It
stabilizes the fluid lipid bilayer with its relatively large interface and
hydration against transitions to gel and inverse hexagonal phases
[14,17,22]. By relaxing the interfacial tension of membranes it also
renders otherwise detergent-resistant gel phases of long-chain saturated
lipids susceptible for the insertionof Triton, followedby solubilization [23]
and it reduces the amount of octyl glucoside that is required for complete
membrane solubilization [20]. Urea has been used as a standard tool in
(un)folding studies of globular proteins and there is evidence that also
membrane protein stability can be modulated by urea [24].

To shed more light at the effect of glycerol and urea on lipid–
detergent systems, we have studied their impact on the self-
association (e.g., micelle formation), membrane partitioning, and
membrane solubilization by C12EO8 and, in some cases, octyl
glucoside (OG). All these phenomena can very precisely and
conveniently be measured by isothermal titration calorimetry
applying the demicellization [25–28], uptake and release [29], and
solubilization and reconstitution [30] protocols. Fluorescence and
light scattering data reveal the accompanying structural changes.

2. Materials and methods

2.1. Materials

Non-ionic detergents octaethyleneglycol mono-dodecylether
(C12EO8) and n-octyl-β-D-glucopyranoside (OG) were obtained from
Anatrace Inc., Maumee, OH in Anagrade purity (99% HPLC). The lipid,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was pur-
chased from Avanti Polar Lipids, Alabaster, AL. Glycerol, a Bioshop
Canada product with purityN99%, and Urea (99.5% purity) from
Sigma-Aldrich were used without further purification. Diphenyl
hexatriene (DPH) was from Molecular Probes (Invitrogen), Eugene
OR. Solvents were prepared by mixing desired volumes of glycerol or
weights of urea with water from aMillipore system. Volume fractions,
ϕ can be converted into molar concentrations, C, according to
(subscript U for urea, but eq. holds for glycerol analogously):

ϕ =
VU

Vtotal
= CU V

�
U ð1Þ

where VU denotes the volume of urea added to the mixture of total
volume Vtotal, CU represents the molar concentration of urea, and
V U̅=43.2 mL/mol the partial molar volume of urea in aqueous
solution. For glycerol we find V ̅ to range from ≈70.8 to 73.1 mL/mol
for ϕG=0–1, respectively [31,32]. In other words, 1v% cosolvent
corresponds to 0.23 M of urea or 0.14 M of glycerol, respectively.

2.2. Liposome preparation

Vesicleswere prepared as described [29,30,33], simply replacing the
buffer hydrating the dry lipid by one with the desired content of co-
solvent. Briefly, a solution of POPC in chloroform was dried under a
streamofnitrogen gas andunder vacuumand the dry lipidfilmweighed
and dispersed in the desired solution of glycerol or urea (0–40v%). Each
suspensionwas vortexed and freeze-thawed for five cycles before large
unilamellar vesicles (LUVs) of the desired diameter were prepared by
extrusion through Nuclepore filters of ∼100 nm pore size in a Lipex
extruder (Northern Lipids, Canada). Spot checks of the final lipid
concentration using an inorganic phosphorus assay (Biovision, Inc.)
confirmed an effective molecular weight of POPC of about 778 g/mol
(the formula weight is 760 g/mol, i.e., about one water molecule
remainsbound after drying) and ruled out a significant loss of lipid upon
extrusion in water and urea/water. We assume this holds true also in
glycerol/water where the assay failed to yield stable results. The size of
LUVs was confirmed to be close to the pore size by dynamic light
scattering.

2.3. Isothermal titration calorimetry

Themeasurements were performed using a VP isothermal titration
calorimeter [34] produced by MicroCal Inc., Northampton MA
applying the protocols explained below. In all cases, concentrations
of titrant and original cell content during the titration were corrected
for the displacement of some sample from the totally filled cell as
detailed by the manufacturer. Injection volumes ranged between 2
and 15 μL and were, typically, increased during a titration to ensure
optimum resolution at low titrant concentration while keeping the
total time of the run acceptable. All experiments were done at 25 °C.

2.3.1. Demicellization protocol [25–27]
The injection syringe of the calorimeter was loaded with micellar

dispersions of CD
syr=3 mM (C12EO8) or 500 mM (OG), respectively, in

water–cosolvent mixtures of the desired composition. The cell was
filled with the corresponding water–cosolvent mixture (same batch).
The syringe content was titrated into the cell in a series of injections
and the heat of re-equilibration of the cell content after each injection,
Qobs, was recorded as a function of the average detergent concentra-
tion in the cell during the respective injection, CD. Typically, Qobs(CD)
shows a sigmoidal change from the concentration range below to
that above the CMC, which is identified as the point of inflection
(maximum or minimum of first derivative). The heat of demicelliza-
tion, Qdemic, is estimated as the difference between the Qobs curves
below- and above the CMC, respectively, linearly extrapolated to the
CMC (see Fig. 1 below for a graphical representation). Then, the molar
enthalpy change of transfer of detergent from the aqueous solution
into micelles, ΔHD

aq→m, is calculated as:

ΔHaq→m
D = −Q demic

Csyr
D

Csyr
D −CMC

ð2Þ



Fig. 1. Results of ITC demicellization experiments. Panel A: ITC demicellization curves as
a function of the concentration of C12EO8 in the cell, repeated at a series of volume
fractions of glycerol, at 25 °C. The arrow illustrates how the CMC and Qdemic are read
from the plot by extrapolating pre- and post-transition base lines. Panels B and C
compile the results for the CMC (notice log scale) and enthalpy of micelle formation for
C12EO8 (circles) and OG (diamonds) as a function of urea (solid symbols) or glycerol
(open symbols) content. The slopes of the linear regression lines (for urea limited to
ϕU≤10v%) yield the micellization parameters in Table 1.
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by re-normalizing Qdemic from the total amount of detergent injected
(concentration in syringe is CDsyr) to the micellar detergent injected
(concentration in syringe: CDsyr-CMC). Note that ΔHD

aq→m and Qdemic

refer to different directions of transfer and, hence, differ in sign.

2.3.2. Membrane partitioning characterized by uptake and release
experiments [29,35]

A detailed step-by-step procedure can be found elsewhere [29].
Basically, for the uptake, the syringe is filled with a lipid vesicle
suspension of CLsyr and the cell is initially loaded with a detergent
concentration well below the CMC (CDini). For the experiments with
C12EO8 described here, 50 μM and 25 μM of detergent were titrated
with 15 mM lipid, respectively. In the release assay, the syringe is
filled with vesicles that are pre-equilibrated with detergent (con-
centrations CLsyr, CDsyr) and the cell contains only the corresponding
solvent. The data obtained from both types of experiments were
evaluated using a global fit in a published spreadsheet [36] (problems
of the macro buttons in Excel 2007 can be avoided by running the
solver directly from the Data menu after proper installation of the
Solver add-in).

2.3.3. Solubilization and reconstitution experiments
The main aim of these protocols is to establish the pseudo-phase

boundaries at the onset and completion of membrane solubilization
(i.e., detergent-induced membrane-to-micelle transition) which are
specified here in terms of the critical mole fraction of the detergent in
the aggregates, Xe

sat (onset) and Xe
sol (completion) [1,37]. All the

membrane solubilization and reconstitution experiments were
performed as described elsewhere [30]. For the solubilization
experiment, the cell was filled with a 10 mM lipid vesicle suspension
and these vesicles were titrated with a micellar solution of C12EO8

(CDsyr=125 mM). For the reconstitution assay, 40 mM of lipid was
titrated into the cell loaded with 3 mM of C12EO8. These concentra-
tions are high enough to render detergent monomers negligible to a
good approximation, because CD≫CMC and/or CL≫1/K. Waiting
times after each injection of 30 minutes were chosen because the
equilibration (or achievement of a stationary state) may be slow in
these systems. To enhance the resolution of the transfer enthalpy
function at low solute concentration, the injection volumes were,
typically, varied gradually from 0.7 to 15 μl.

2.4. Dynamic light scattering

DLS experiments were carried out in a Malvern Nano ZS (Malvern,
Worcestershire, UK) utilizing non-invasive backscattering (NIBS) with a
scattering angle of 173°. The light source is a He–Ne laser at 633 nm.
Different parameters and algorithms were used to evaluate the results.
Temperature-dependent changes in light scattering were monitored in
terms of the derived count rate, i.e., the scattered intensity after correction
for the individual attenuators used; this eliminates the effect of the
temperature dependence of the viscosity on the data. Intensity-weighted
size distributions at 25 °C were obtained by a multiexponential fit of the
correlation function using the software provided with the instrument.
Since the distributions are monomodal and largely symmetric, their
maxima agree approximately with the z-average size of a cumulants
analysis. DLS measurements at 25 °C were interpreted considering
viscositiesof 1.1 cP for 2 Mureaand2.64 cP for 30v%glycerol, respectively.

2.5. Fluorescence spectroscopy

For fluorescence measurements, diphenyl hexatriene (DPH) was
mixed with the lipid in organic solvent at a 1:600 (DPH:POPC) mole
ratio prior to drying and vesicle preparation in the respective solvent
and dilution to 2 mM. Time-resolved anisotropy decays were
recorded on a FL3 system (Horiba Scientific, Edison NJ) utilizing
time correlated single photon counting. Excitation was realized by a
340 nm LED pulsed at 1 MHz, and emission was detected at 425 nm
(slit 14.7 nm, double-grated monochromator) by a TBX detector. The
software DAS6 (supplied by Horiba) was used for data evaluation.

3. Results

3.1. Micelle formation

Fig. 1 shows results of ITC demicellization experiments of C12EO8 at
different concentrations of glycerol. Up to about 60 μM C12EO8 in
water (blue, open diamonds in Fig. 1) in the cell, the instrument
measures an almost constant, endothermic heat, Qobs of≈−16 kJ/mol
arising, mainly, from the disintegration of the injected micelles. What
is referred to as the CMC is, as usual, not a sharp boundary but the
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midpoint of a rather broad transition range at about 60–120 μMwith a
point of inflection at 90 µM (defined here as the CMC). An arrow
symbolizes the heat of demicellization and Eq. (2) gives
ΔHD

aq→m=15.6 kJ/mol.
Addition of glycerol causes a dramatic change in Qdemic which

vanishes between 20 and 30% glycerol and then turns positive
whereas the CMC remains almost constant (see also open circles in
Fig. 1C). However, in contrast to what one might expect for a
preferentially excluded cosolvent, the CMC of both C12EO8 (Fig. 1 A,
open circles in 1B) and OG (open diamonds in 1B) is virtually
unchanged by glycerol up to 40v%. Aramaki [18] published a slightly
larger CMC of 109 µM in water and a moderate increase to 146 µM at
40v% glycerol. One reason for somewhat different CMC values
obtained by different methods is the considerable width of the
transition which is disregarded by the phase model of micellization,
causing some ambiguity in defining the CMC in the first place. Urea
increases, as expected, the CMC of C12EO8 and OG (solid symbols in
Fig. 1B) but decreases their micellization enthalpies (solid symbols
in 1C) almost identically as glycerol.

Considering solution and micelles as two pseudo-phases, we may
derive the standard chemical potential difference of micelle forma-
tion:

Δμ0;aq→m
D = −RT ln

C0;aq
D

CMC

" #
ð3Þ

where CD0,aq denotes the concentration of the detergent in solution
representing its standard state, where its activity becomes 1. Here, it is
most suitable to choose a 1 M solution, i.e., CD0,aq≡1 M. The slopes of
ΔμDaq→m andΔHD

aq→m as a function of ϕ are compiled in Table 1 below.

3.2. Membrane partitioning

Fig. 2A illustrates the global fit of uptake and release experiments
to determine the partition coefficient, K, and the enthalpy of transfer,
ΔHD

aq→b, of C12EO8 from the aqueous phase including, in this example,
0.5 M (=2.2 v%) of urea into bilayers. The uptake of detergent
monomers from solution in the cell into vesicles injected from the
syringe is endothermic. In this assay, the heats decrease in the course
of the titration because less and less detergent remains free and able
to partition into newly added liposomes. The release of pre-bound
detergent upon injection of a small aliquot of mixed lipid–detergent
liposomes into an excess of buffer in the calorimeter cell is
Table 1
Derivatives of standard free energy and enthalpy changes of transfer of C12EO8 with
respect to the volume fraction of glycerol and urea, respectively. Values and errors are
derived from slopes and standard errors of linear fits (additional errors may apply) of
data in Fig. 2 (for aq→m, aq→b; using dΔμ0/dϕ=−RT 2.3 d(logK)/dϕ) and Fig. 4 (for
m→b), respectively.

Y dY/dϕ in kJ/(mol v%)

Glycerol Urea, ϕ≤0.1

OG
ΔμD0,aq→m 0.014±0.005 0.06±0.01
ΔHD

aq→m −0.26±0.01 −0.21±0.01

C12EO8

ΔμD0,aq→m 0.00±0.01 0.19±0.01
ΔHD

aq→m −0.61±0.03 −0.47±0.07
ΔμD0,aq→b 0.01±0.01 0.22±0.03
ΔHD

aq→b −0.7±0.2 −0.1±0.4
ΔμD0,m→b −0.011±0.003 0.021±0.005
ΔμL0,m→b +0.004±0.003 0.03±0.01
ΔHD

m→b(Re→0) −0.15±0.02 Nonlinear
ρH0 −0.19±0.03 Nonlinear
exothermic, because the reversion of the direction of the transfer
changes the sign of the heat of transfer. As detailed elsewhere, a global
fit of several uptake and release curves has major advantages [29].
One shared fit parameter is the membrane–water partition coeffi-
cient, K, defined here on the basis of the mole ratio:

K≡ Cb
D

CLC
aq
D

=
Re

Caq
D

ð4Þ

where CDb denotes themolar concentration of bilayer-bound detergent
(referred to the total volume of the dispersion), CL is the lipid
concentration (all lipid is in aggregates, here: liposomes), and CDaq

stands for the concentration of ‘aqueous’ (here: incl. co-solvents)
detergent monomers. The second equality illustrates that CD

b/CL is just
Re, the effective mole ratio of ‘bound’ detergent to lipid. Other fit
parameters are themolar enthalpy of detergent transfer from solution
into the bilayer, ΔHD

aq→b (shared), and a constant term usually
referred to as heat of dilution, Qdil, which, however, comprises also
Fig. 2. Uptake and Release profile showing normalized reaction heats, Q, versus lipid
concentration in the presence of 0.5 M urea. The data (A) refer to uptake titrating
15 mM POPC into 50 μM (circles) and 25 μM (triangles) of C12EO8 and release
experiments titrating mixed vesicles comprising 15 mM POPC and 1 mM (squares) or
2 mM (diamonds) of C12EO8 into buffer. The curves represent a global fit with the
shared parameters K=5.2/mM, ΔHD

aq→b=7.5 kJ/mol, γ=1 (both membrane leaflets
are accessible to detergent), and individual, small values of Qdil . Panels B, C show K
(note log scale) and ΔHD

aq→b as a function of the volume fraction, ϕ, of urea (solid
circles) and glycerol (open squares) in water at 25 °C.



Fig. 3. Results of ITC solubilization and reconstitution experiments. Panel A shows
observed heats, Qobs, of a solubilization (right-pointing triangles) and a reconstitution
experiment (left-pointing triangles) with C12EO8/POPC in 3 M urea at 25 °C as a
function of the mole fraction of detergent in the aggregates, Xe. The blue dashed curve
in A illustrates a fit according to Eq. (7), yielding ΔHD

m→b(0) and ρH0 as plotted in Fig. 4C.
The boundaries of the bilayer-to-micelle transition range, Xe

sat and Xe
sol are marked and

included in panel B. B compiles values of Xe
sat (solid symbols) and Xe

sol (open symbols) as
a function of the volume fraction, ϕ, of urea (circles) or glycerol (squares), respectively.
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‘blank’ heats resulting from other effects such as the imperfection of
the temperature match between injectant and cell, mechanical work
of injection, etc (individual). All fits are in line with the assumption
that the detergents flip-flop quickly between the inner and outer
leaflet of the bilayer so that all lipid is accessible for partitioning and
the ‘accessibility parameter’, γ=1 [29,38].

Fig. 2B, C shows that both urea and, much less so, glycerol decrease
K, i.e., they stabilize detergent in solution compared to the
membrane-inserted state. Urea has very little effect on the enthalpy
of transfer but glycerol renders it less endothermic, qualitatively
similar to the enthalpy of micellization. Again, the slopes of the lines
in Fig. 2 are considered in Table 1, with the standard chemical
potential change, ΔμD0,aq→b, obtained as:

Δμ0;aq→b
D = −RT ln K × C0

D

� �
ð5Þ

choosing a standard state of a solution of CD0 =1 M.

3.3. Membrane solubilization and reconstitution

Membrane solubilization is usually well described by Helenius and
Simons' [39] 3-stage model, according to which a system encounters
with increasing detergent content the following stages: (i) detergent
binding, (ii) lamellar–micellar phase transition, and (iii) size decrease
of mixed micelles. If the detergent concentration is specified in terms
of the effective, local mole fraction within aggregates, Xe:

Xe =
Cb
D + Cm

D

CL + Cb
D + Cm

D

+
CD−Caq

D

CL + Cb
D + Cm

D

ð6Þ

the onset and completion of solubilization (the lower and upper
boundary of stage 2) can be assigned to values denoted Xe

sat and Xe
sol,

respectively, that are characteristic for a given detergent–lipid pair
and temperature and do not depend on absolute concentrations etc.
The concept was introduced for mole ratios [37], Re=Xe/(1−Xe), but
fractions are more convenient here.

A uniquely simple, convenient and precise means of establishing
Xe
sat and Xe

sol is to cross these boundaries in one or more ITC
experiments, either by titrating detergent micelles into a liposomal
dispersion of lipid (solubilization experiment) or vice versa (recon-
stitution experiment) [30,40]. The absolute concentrations of the
titrant at the phase boundaries are indicated as sudden changes of the
heats of titration, in most cases involving actually a change in sign
(Fig. 3). For C12EO8 in the different solvents studied here, the partition
coefficient is sufficiently large (K≥2.6/mM) to ensure that at 10 mM
lipid used for the solubilization assays, N96% of the detergent are
bound to aggregates. Reconstitution experiments were done well
above the CMC of the detergent. We can therefore obtain the effective
fractions directly from the break points of the ITC curves on the total
mole fraction scale, Xe

sat=Xsat and Xe
sol=Xsol, to a very good

approximation. Furthermore, we may approximate ΔHD
m→b(XbXsat)≈

Qobs(X) of the solubilization experiment, at least except for the first few
injections. In Fig. 3, this range is fitted by a blue, dashed model curve
according to:

QobsðXÞ = ΔHm→b
D ð0Þ + ρ0H ð1−XÞ2−1

h i
ð7Þ

which has been derived analogously to the model of regular solutions
yet with the important difference that we assume quasi-random
mixing but do not exclude intramolecular entropy changes so that the
non-ideality parameter for the mixing enthalpy, ρH0 , does not agree
with the non-ideality parameter for the free energy [41].

Fig. 3B reveals that urea reduces Xe
sat and Xe

sol of C12EO8, i.e., it
destabilizes the mixed membrane and promotes its solubilization to
micelles. Glycerol has a very weak, membrane-stabilizing effect. The
enthalpy changes, expressed in terms of ΔHD
m→b(0) and ρH0 are

plotted in Fig. 4C.
The standard chemical potential of transferring a non-ionic detergent

from a micelle into a bilayer can be derived as [42]:

Δμ0;m→b
D = −RT ln

Xb
D

Xm
D

= −RT ln
Xsat
e

Xsol
e

; ð8Þ

taking into account that the compositions at the phase boundaries are
just those of the coexisting bilayers and micelles, Xe

sat=XD
b and

Xe
sol=XD

m. For the lipid, we find with XL
m+XD

m=1 (and analogously
for bilayers) that:

Δμ0;m→b
L = −RT ln

Xb
L

Xm
L

= −RT ln
1−Xsat

e

Xsol
e

: ð9Þ

These transfer potentials are shown below in Fig. 4 A,B.

3.4. Micelle size distribution and cloud point

Fig. 5 illustrates the effects of cosolvents and temperature on the
size of C12EO8 micelles as detected by light scattering. The intensity of
back-scattered light in terms of derived count rates (=real count



Fig. 4. The standard chemical potential differences of transfer of lipids (A and D) and
detergents (B and E) and the enthalpy of micelle-to-bilayer transfer at Xe→0 (ΔHD

m→b

(0), open symbols in C and F) and enthalpic non-ideality parameter (ρ0H, solid symbols
in C and F) as a function of cosolute content (A, B and C, green circles for urea and red
squares for glycerol) and temperature D, E and F (values from [42]). All points are for
C12EO8 except for the green open circles in A and B representingWalter et al.'s [20] data
for OG. Ordinates of right panels are chosen to match those of the left ones, the
abscissae are related by 1 K/v%, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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rates times attenuation factor of the attenuator) illustrates the
temperature-induced changes of micelle size dispersions in the
different solvents. At the cloud point (at the upper temperature
limit of the curves shown in Fig. 5A), the scattered light intensity
increases very steeply and becomes unstable over time (after true
phase separation, the sample is cleared). Glycerol shifts the cloud
point to lower temperatures and appears to reduce the temperature
range of micellar growth preceding clouding. Urea shifts TC to higher
temperature and seems to facilitate a more gradual growth of the
micelles. These effects are in line with the expected salting out and
salting in phenomena caused by glycerol and urea, respectively.

While scattering intensities are the most robust parameter to
illustrate temperature effects, they do not permit a comparison of
micelle sizes between the different solvents at a given temperature
because the solvents differ in refractive index. To this end, Fig. 5B
shows the intensity-weighted distributions of the hydrodynamic radii
of the micelles at 25 °C. Micelles of C12EO8 in water show a broad size
distribution which comprises non-spherical shapes with RH substan-
tially bigger than the maximum length of a molecule, ≈4.5 nm.
Naively, one might expect urea and glycerol to have opposite effects
on micelle size but both are found to induce a down-shift and
narrowing of the intensity-weighted size distribution (see below for
discussion).

3.5. The effects of cosolvents on the time-resolved fluorescence
anisotropy of DPH

Fig. 6 shows the results of time resolved fluorescence anisotropy
measurements with DPH (mole ratio to POPC 1:600). The anisotropy
decays for vesicles prepared in 2 M urea (green) and 30v% glycerol
were fitted by a monoexponential decay

rðtÞ = r0−r∞ð Þ exp − t
θ

� �
+ r∞: ð10Þ

The rotational correlation time θ is in the range of several ns
(representing the dynamics of the probe) and the limiting anisotropy
r∞ (quantifying the constraints to its motion, i.e., order) is very small
yet not zero. These parameters are plotted in Fig. 6 B,C as a function
of temperature.

The results support the hypothesis that exposure of the membrane
to 30% glycerol condenses its lateral packing, thus slowing down
rotational motion and increasing order, particularly at low temper-
ature. However, these effects are weak. At room temperature, 30%
glycerol slow down DPH dynamics similarly as a decrease in
temperature by of the order of 6 K (ratio 0.2 K/v%).

While the results for glycerol were in line with the expectation for
a salting-out cosolvent, the lack of an effect of urea to disorder the
chains and accelerate their dynamics (2 M, not shown, and 3 M, Fig. 6)
is surprising considering its activity to promote the gel-to-fluid
transition and facilitate the exposure of hydrophobic surface to water.
The finding is, however, in accord with other studies reporting, for
example, urea to replace water under low-humidity conditions but
to have little effect on membranes in excess water [43] and with
other experiments in our study showing that urea effects on
membranes cannot be explained in terms of surface activity or salting
in alone.

4. Discussion

4.1. Cosolvent effects, m-values

Table 1 lists the slopes of the effects of the cosolvents on the
standard chemical potentials and enthalpies of transfer as obtained
from demicellization (Fig. 1), partitioning (Fig. 2), and solubilization
(Fig. 4) experiments. On the first glance, we notice that (i) the transfer
potentials fulfill, within error, the requirement to be independent of
the pathway, e.g.:

Δμ0;aq→m
D + Δμ0;m→b

D = Δμ0;aq→b
D ; ð11Þ

note that the absolute errors of the partitioning data are larger. (ii)We
see that the enthalpy changes are more than an order of magnitude
larger than the respective chemical potential differences, illustrating
that the effects governing our systems and processes are subject to
almost perfect enthalpy-entropy compensation. (iii) If the effects of
urea and glycerol could all be explained in terms of chaotropic and
kosmotropic effects, respectively, the effects of glycerol and urea
should be opposite and the values within each row should differ in
sign. This is not the case; instead, we have to consider a number of
competing phenomena as explained in the following sections.

The effect of urea on the thermodynamic parameters assessedhere is
not always linear and in some cases not even monotonic, this has been
described formicellization before [44]. Table 1 gives approximate slopes
fitted in the range up to 10v% but this does not exclude moderate,
systematic deviations from linearity even in this concentration range. It
should be noted that the slopes in Table 1 can be converted into the unit
of cal/(mol M) for comparison with so-called m-values quantifying
denaturant effects on protein stability. For urea, m=(dY/dϕ)×4.32v%/
M×239 cal/kJ, for glycerol: m=(dY/dϕ)×7.2v%/M×239 cal/kJ.

4.2. Solvent effects on alkyl chains in solution

As outlined in the introduction, a primary effect of cosolvents is to
change the free energy of the interface between the molecule (primarily
the alkyl chain) and the solvent. Macroscopically, the contribution of an
interface to the free energy of the system can be written as γA, where A
stands for the interfacial area andγ for the interfacial tension. For discrete
molecules atmolecular (andhence rough) surface,wemay formallywrite



Fig. 6. Effects of cosolvents on membrane dynamics and order as indicated by DPH
time-resolved anisotropy. A: Anisotropy decays of DPH, 1:600 mol in POPC vesicles
(2 mM) in water (blue dots) and water+30v% glycerol (red line) at 25 °C. The
temperature (T) dependence of the rotational correlation times of DPH (θ, B) and
minimum anisotropy (r∞, C) for vesicles made in water (blue crosses), 3 M urea
(ϕU=13%) (green open circles) and 30v% glycerol (red squares). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 5. Results of light scattering experiments with micelles of C12EO8 in different
solvents. Panel A displays the scattered light intensity of the micelles (10 mM C12EO8)
in water (spheres, blue), water with 2 M urea (triangles, green), and water with 30v%
glycerol (squares, red) as a function of temperature. Clouding is indicated by a virtually
vertical increase at the end of the curves. Panel B shows intensity-weighted size
distributions of these micelles at 25 °C as obtained by DLS. The arrow indicates the
approximate length of a stretched C12EO8 molecule which represents an upper limit of
RH of a spherical micelle. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the interfacial energy as γe×ASA. Here, ASA stands for the solvent
accessible surface area and γe for an effective interfacial tension (which is
not necessarily identical with the macroscopic γ, for details, see [45]). By
preferential interaction with the molecular surface, urea reduces the
interfacial tension by δγe and the reduction of μD0,aq by δγe×ASA will
increase the CMC and decrease K by the same factor, contributing equally
to dΔμD0,aq→m/dϕU and dΔμD0,aq→b/dϕU (see Table 1). Furthermore, the
effect of δγe should scale with ASA, i.e., by larger for C12EO8 than for the
smaller OG, for example.

Inspection of our results reveals that urea does, indeed, decrease−ln
CMC and ln K of C12EO8 to a similar extent and that −ln CMC of OG
decreases less steeply than of C12EO8. The ratio between dΔμD0,aq→m/dϕU

for C12EO8 and OG,≈2.5, is somewhat larger than the ratio between the
ASA of the dodecyl and octyl chains, ≈1.5. For a more quantitative
comparison, let us convert the urea effect on micelle formation to an m-
value of +170 cal/(mol M). Assuming that micellization keeps the head
group exposed to the solvent andwith an upper limit ofΔASA for a lauryl
chain of ΔASAb650 Å2 [46], we obtain mN0.26 cal/(mol M)×ΔASAnp

(subscript ‘np’ for nonpolar). This is at or above theupper level ofmvalues
induced by ΔASAnp upon protein denaturation, m=[(0.15±0.12)
ΔASAnp+0.08 ΔASApol] cal/(mol M Å2) [47]. Summarizing, we may
conclude that the effect of urea on the CMC and (for C12EO8) on K is
largely (yet not exclusively) governedby the “salting in”of thedetergents,
i.e., the stabilizationof thedetergents in solution. Thismayalsoaccount for
the increase in the cloud point of C12EO8 caused by urea.

For glycerol as a preferentially excluded cosolvent, δγeN0 (this
effect is even stronger for membranes than for proteins [13]). That
means, one may expect all phenomena discussed in the previous
paragraph to be reversed compared to urea, if the glycerol system is
governed by the analogous phenomena. However, instead of
decreasing, the CMC is unaffected or even slightly increased by
glycerol (see also [18]), indicating that it is not governed by δγe and
the calculated maximum ASA of the chain.

The strong changes of the enthalpies of micellization and partitioning
induced by the cosolvents including a change from endothermic to
exothermic values are strongly reminiscent of the temperature depen-
dence of the transfer enthalpies. The slopes of the latter are just the heat
capacity changes,which isΔCP=−600 J/(mol K) for C12EO8micellization
[42]. Correlating ΔCP with dΔHD

aq→m/dϕ yields a ratio of ≈1 K/v% for
C12EO8/glycerol. For OG, we obtain a somewhat smaller ratio of 0.74 K/v%
with ΔCP=−350 J/(mol K) [27]. Cosolvent-induced changes of the
interfacial free energy of solvent-exposed detergent molecules explain
also the shifts in the cloud point of C12EO8.
4.3. Head group interactions, chain order, and curvature stress

Whereas the free energy change upon detergent self association
and membrane partitioning (and, consequently, CMC and K) are
dominated by the hydrophobic effect (previous section), the remain-
ing ASA in micelles and membranes is relatively small and similar.
Instead, the most important difference between micelles and
membranes is their different interfacial curvature and packing (at
least for non-ionics). Detergents formmicelles because their hydrated
head group occupies a lateral interface area that is larger than the area
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needed by the hydrophobic part. This ‘inverted cone-like effective
shape’ [48,49] causes the detergent to prefer a curved interface of a
radius R=1/c0; c0 is referred to as the intrinsic curvature [50,51].
Micelles can, typically, adapt their size and shape to establish a real
interfacial curvature that matches the intrinsic curvature, c0, of their
constituents. There is, however, a gap between the minimum curvature
in a micelle and the on average, non-curved topology of a membrane
interface.When detergentswith c0N0 insert into amembrane, they cause
a curvature stress that contributes a penalty of κc02/2 to the free energy per
area of themembrane [50,51] (κ is the bending rigidity of themembrane
leaflet). In otherwords, the standard free energy of transfer of a detergent
from a rather stress-free micelle into a bilayer, ΔμDm→b (see Fig. 4),
represents approximately the curvature stress in the membrane. It is
noteworthy that for small Xe

sat, one finds thatΔμDm→b≈−RT ln(K×CMC)
so that the product K×CMC allows to tell strong curvature stress inducers
(‘strong detergents’, K×CMCN1) from weak ones [52]. Andelman et al.
[50,53] have established a sophisticated quantitativemodel ofmembrane
solubilization on the basis of intrinsic curvatures.

Before we discuss the consequences of urea and glycerol on c0 as a
clue to understand their effect on solubilization, let us illustrate the
molecular strains that result from c0 in a membrane in terms of its
temperature dependence. Increasing temperature tends to dehydrate
the head groups and to disorder the chains. Both effects reduce the
curvature strain in the membrane and, hence, shift the structural
preferences in favor of bilayers. The dehydration of the head groups
makes them smaller and renders the effective shape of the molecules
less cone-like. The disordering of the chains expands the effective area
per chain (at the expense of membrane thickness) so that it tends to
catch up with head group size and c0 decreases. Furthermore,
disordering and thinning are also expected to reduce the bending
stiffness κ of the leaflet, further decreasing curvature strain. The sum
of all these effects is indicated by virtually identical, positive, slopes of
dΔμD0,b→m/dT=14 J/(mol K) and dΔμL0,b→m/dT=15 J/(mol K) for
C12EO8 [42) (Fig. 4 D, E). Because curvature stress-induced disorder-
ing perturbs chain–chain interactions but increases the conforma-
tional entropy of the chain, its impact on free energy is subject to
strong, almost complete enthalpy–entropy compensation. Hence, it is
much more sensitively revealed by enthalpy changes (see Fig. 4F)
with ΔHD

m→b(0) reflecting the misfit of an isolated detergent with the
membrane geometry (i.e., its intrinsic curvature) and the non-ideality
parameter ρH0 illustrating the detergent-induced disordering of the
membrane (reducing the enthalpic penalty upon further detergent
uptake).
4.4. Glycerol increases interfacial curvature of micelles but reduces
intrinsic curvature of membranes

Addition of glycerol has opposite effects on the properties governing
intrinsic curvature: It dehydrates the head groups (like increasing T) yet
orders the membrane (like decreasing T, see also Fig. 6). The results
suggest that head group dehydration dominates the free energy of
the detergent (red squares in Fig. 4B, the slope being comparable to
temperature increase in Fig. 4D— the abscissae are related by1 K/v%). In
line with other evidence (see introduction), the EO chain at room
temperature seems to interact weakly with many water molecules so
that it is extraordinarily susceptible to glycerol-induced dehydration.
However, the slight decrease of the bilayer-preference of the lipid,
qualitatively in line with temperature decrease, suggests that the
behavior of the lipid is dominated by the chain ordering effect of
glycerol. This ordering effect has been detected as an increase in DPH
anisotropy (Fig. 6) or activity to favor the gel phase [13,14]; it results from
the increase in interfacial tensionof themembranewhich is inequilibrium
with repulsive forces in the chain and head group regions (principle of
opposing forces [48,49,54]) so that the equilibrium area per molecule
decreases. Relating the glycerol and temperature effect on the lipid
preference, ΔμL0,m→b, we obtain ∼−0.2 K/v%, which is comparable to the
correlation of the effects on DPH dynamics (Fig. 6).

The hydrodynamic radius of the micelle depends on the molecular
size (length of the stretched chain and thickness of the hydrated head
group layer) and shape (a more positive c0 causes a micelle with a
larger curvature, c, i.e., smaller radius R=1/c). The decrease in
hydrodynamic size (Fig. 5) could thus be explained in terms of a
reduced thickness of the head group region caused by dehydration.
We should, however, mention that the literature suggests also the
aggregation number of EO-detergent to be diminished by glycerol
[55], which corresponds to a stronger curvature, c, and implies a more
positive c0. It may appear paradoxical that c0 increases in a micelle but
decreases markedly in a membrane but this is not a contradiction. In
the spherical geometry of a micelle, the cross-sectional area decreases
with decreasing distance from the midpoint so that a relocation of the
head group towards the core can, indeed, cause an increased c0 [55]. In
a membrane, the head group repulsion controlling the lateral area per
molecule is strongest in a layer somewhat ‘above’ the hydrophobic–
hydrophilic interface. The dehydrated EO-chain can relocate to a less
packed region and partially solvate the lipid head group [56,57] (thus
freeing water from it, particularly at reduced water activity). This
reduces the combined lateral area requirement of the lipid and
detergent head groups and relaxes curvature stress.

4.5. Urea renders solvated head groups ‘big but soft’

Urea shows a relatively weak, nonlinear effect on lipid–detergent
parameters as a consequence of a partial compensation of opposing
effects. Up to ϕU=10%, urea shifts the preferences of the detergent
(dΔμDm→b/dϕU, Fig. 4A) as well as the lipid (Fig. 4B) somewhat in favor
of micelles. Both slopes are 24 J/(mol v%) which correlates with the
temperature effect (Fig. 4D,E) by −1.6 K/v%. This is what one should
expect given the increased solvation of the head group in the presence
of urea, which renders the intrinsic curvature more positive. Such an
increase in c0 is also in line with a shrinking of the micelles (Fig. 5B)
and an inhibition of the lamellar-to-inverse hexagonal transition of
certain lipids [14,17] caused by urea. However, in contrast to other
effects increasing c0 such as larger head groups of the lipid [58], lower
temperature [42], larger EO-head group [42], or decreasing glycerol
content (Fig. 4), urea does not increase the enthalpy of bilayer
insertion of C12EO8, ΔHD

m→b (Fig. 4C), which typically reflects
increased curvature strain. Instead, urea renders the enthalpy more
favorable while the free energy becomes less favorable. This implies
that urea causes a penalty to the entropy of membrane insertion
(compared to localization in a micelle). Recalling that there are two
types of strains that can result from curvature stress, (i) head group
desolvation and compaction and (ii) chain disordering (endothermic,
entropically favorable), we may speculate that urea shifts the balance
of these two to a more pronounced head group compaction. In other
words, the urea and additional water molecules that solvate the head
groups are bound only weakly, by a gain in conformational and
motional freedom of the head groups (see [59] on entropy-driven
hydration of lipids), and render the head group bigger but ‘softer’ in
the presence of urea. This explains also why neither order nor
dynamics of DPH reflected a loser packing of the chains in the
presence of 2 M (not shown) and 3 M (Fig. 6B) urea. At very high urea,
Walter et al. [20] have found the membrane–micelle coexistence
range for OG to become very narrow, which implies that the two
phases become very similar to each other in terms of the free energy
of lipid and detergent. This is, qualitatively, seen also for C12EO8 at 4 M
urea (Fig. 4A, B).

4.6. Electrostatics

It should be mentioned that urea and glycerol may affect lipid–
detergent interactions also by increasing or decreasing the dielectric
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constant of the solvent, respectively, thus attenuating or boosting
electrostatic interactions. This is of primary importance for charged
lipids or surfactants but may have some influence here as well,
because it affects the (repulsive) dipole–dipole interactions between
the lipids. In water, the insertion of C12EO8 into POPC vesicles was
found to raise the orientation of the head groups, normally largely in-
plane with the membrane surface, to a more upright orientation [60].
This relaxes, to some extent, head group packing and positive
curvature stress. Urea and glycerol are likely to modify these
phenomena but the resulting changes to the insertion of detergents
are probably weak and complex and will not be discussed in detail
here.

5. Conclusions

1) The effects of cosolvents on association and interaction parameters
of lipids and detergents are complex and cannot be understood in
terms of the ‘salting in’ or ‘salting out’ of solutes due to changes in
water structure alone. While these effects contribute to the
behaviour of the systems, they may be overcompensated by
cosolvent effects on intrinsic curvature and aggregate structure
and order.

2) Urea promotes positive intrinsic curvature by facilitating the
solvation of the polar head groups. However, the resulting
curvature stress is an entropic rather than enthalpic penalty as
usual. This may be explained by the strain applying more to the
head groups (desolvation, compaction) rather than the chains
(disordering).

3) Glycerol dehydrates and contracts the EO-chain. This results in the
apparent paradox that intrinsic curvature is increased in micelles
(which shrink) but decreased for mixed detergent and lipid in a
membrane (opposing membrane solubilization).

4) Glycerol reduces the absolute value of the free energy of transfer of
lipid and detergents between micelles and membranes, i.e., it
renders membranes and micelles thermodynamically more sim-
ilar. This tends to improve the homogeneity of the protein
distribution in reconstituted proteoliposomes.
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