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Abstract

We have used cryo-transmission electron microscopy (cryo-TEM) for inspection of aggregates formed by dimyristoylphosphatidylcholine

(DMPC) and dihexanoylphosphatidylcholine (DHPC) in aqueous solution at total phospholipid concentrations cLV 5% and DMPC/DHPC

ratios qV 4.0. In combination with ocular inspections, we are able to sketch out this part of phase-diagram at T= 14–80 jC. The temperature

and the ratio q are the dominating variables for changing sample morphology, while cL to a lesser extent affects the aggregate structure. At

q = 0.5, small, possibly disc-shaped, aggregates with a diameter of f 6 nm are formed. At higher q-values, distorted discoidal micelles that

tend to short cylindrical micelles are observed. The more well-shaped discs have a diameter of around 20 nm. Upon increasing q or the

temperature, long slightly flattened cylindrical micelles that eventually branch are formed. A holey lamellar phase finally appears upon

further elevation of q or temperature. The implications for biological NMR work are two. First, discs prepared as membrane mimics are

frequently much smaller than predicted by current ‘‘ideal bicelle’’ models. Second, the qc 3 preparations used for aligning water-soluble

biomolecules in magnetic fields consist of perforated lamellar sheets. Furthermore, the discovered sequence of morphological transitions may

have important implications for the development of bicelle-based membrane protein crystallization methods.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Aggregates composed of the short-chain phospholipid

DHPC (dihexanoylphosphatidylcholine, dicaproylphospha-

tidylcholine, di-C6 lecithin) and the long-chain phospholipid

DMPC (dimyristoylphosphatidylcholine, di-C14 lecithin)

have found use in the structural elucidation of biological

macromolecules (polynucleic acids, polypeptides and pro-

teins) by NMR. The function of the aggregates is twofold.

For one, DMPC/DHPC mixtures with a relatively high

amount of DHPC, typically DHPC/DMPC= 2:1, are be-

lieved to form discoidal structures. The discs, often referred

to as ‘‘bicelles’’, have been proposed to consist of a circular

center made of DMPC in a bilayer, or lamellar, arrangement,

surrounded by a rim of DHPC [1]. This model, originally

proposed in bile salt/lecithin mixtures [2,3], is known as the
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‘‘ideal bicelle’’ model [4]. Such discs present a better

alternative to globular micelles as membrane mimics for

the extraction of biologically relevant membrane protein

(polypeptide) structures by NMR [5–7]. A second use of

DMPC/DHPC mixtures is through the ability of the aggre-

gates formed at higher amounts of DMPC, typically DHPC/

DMPCc 1:3, to align in NMR magnetic fields. In this way,

a slightly ordered solvent is obtained for the biomolecules,

which gives rise to unaveraged, or residual, internuclear

dipolar couplings that aid in the structural elucidation of the

biomolecule dissolved [8–10]. These aggregates have also

been believed to be disc-shaped [4,11,12], although recent

experimental evidence seems to indicate otherwise [13–15].

Recently, DMPC/DHPC mixtures have also successfully

been used in the crystallization of a membrane protein for

X-ray analysis [16] (see also the recent review by Caffrey

[17]), and in the capillary electrophoresis of amphiphilic

drug molecules [18].

The water (i.e. buffer)-dissolved mixtures of DHPC and

DMPC are typically characterized by cL, the total weight of

phospholipids per weight of solvent, and q, the molar ratio of
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long-chain to short-chain phospholipid ( q=[DMPC]/

[DHPC]). In terms of these parameters, the small (non-

aligning) DMPC/DHPC discs used as model membranes in

NMR form at low values of q, typically q= 0.5–1, and a

phospholipid concentration of around cL= 5–15% [7]. The

magnetically alignable larger aggregates are typically pre-

pared at 3%< cL < 5% and q= 3.0–3.5 [19]. According to the

ideal disc model, the ratio q effectively and straightforwardly

controls the size of the bicelle discs by specifying how much

short-chain phospholipid is available for the formation of the

rim of the disc. cL, then, controls the number of discs that are

formed. However, it has been shown that there are several

other parameters that come into play when preparing these

DMPC/DHPC aggregates. One of these is the monomer

solubility of the short-chain phospholipid (DHPC), an effect

that alters the DMPC/DHPC ratio of the aggregates formed.

Another complication is the different effective head group

areas occupied by DHPC in the rim and DMPC in the

bilayer. These effects have been invoked in the ‘‘refined

ideal bicelle model’’ in order to explain bicelle disc size as

found by light-scattering experiments [20]. Furthermore,

there are indications that the NaCl concentration of the

buffer has an effect on the DMPC/DHPC systems [19],

which is remarkable considering the zwitterionic identity

of the phosphatidylcholine head group.

Despite the popularity of DMPC/DHPC aggregates for

use in biological high-resolution NMR, and the numerous

investigations of the system, there is still no solid evidence

of the existence of the discoidal micelles, and it has recently

been doubted that large distinct bicelle discs do exist at all

under the conditions (temperatures 25–38 jC, pH 6–8)

typically used [13–15,21]. Several attempts at characteriz-

ing the phase-behavior of water-dissolved DMPC/DHPC

mixtures have been made, and several suggestions are to be

found in the current literature [22–24]. The structures of the

aggregates formed have been characterized through the

interpretation of a variety of spectroscopic data, mainly

(and not surprisingly) NMR [11,19,22] but also light- [20]

and neutron-scattering [14,24,25], as well as fluorescence

spectroscopy [15,20]. Some electron micrographs, obtained

after negative staining of the samples, have also been

published in the literature [20,26], but the technique renders

it difficult to assess whether the pictures give a true

representation of the sample morphology.

In the present study, we investigate the phase-behavior

and aggregate structure of DMPC/DHPC mixtures in ‘‘phys-

iological’’ buffer (20 mM HEPES, pH 7.4, 150 mM NaCl)

under conditions covering those used in biological solution

NMR, 1%V cLV 5% and 0.5V qV 4.0. This range covers

both the isotropically tumbling small bicelle discs used as

membrane mimics, and the larger aggregates used to

achieve magnetically aligned solvents for water-dissolved

biomolecules. We use cryogenic transmission electron mi-

croscopy (cryo-TEM) in combination with ocular inspection

as our main method, and supplement this technique with

dynamic light scattering (DLS). The cryo-TEM technique is
ideally suited for direct observation of aggregates in the

size-range of 10–500 nm in dilute water-based solutions,

and offers a reliable means to determine sample morphology

at the aggregate level [27]. Detailed information on the

average size of the aggregates is collected more suitably

from DLS. We also use fluorescence spectroscopy in order

to address the question of DHPC monomer solubility as a

function of temperature.
2. Materials and methods

2.1. Preparation of samples

Dihexanoylphosphatidylcholine (DHPC) and dimyris-

toylphosphatidylcholine (DMPC) were purchased as dry

powders from Avanti Polar Lipids (Alabaster, AL, USA)

and used as received. Separate 100 mM stock solutions of

DHPC and DMPC were prepared by carefully weighing in

the appropriate amounts of chemicals and pre-prepared

buffer. DHPC is hygroscopic, and therefore the weighing

was performed rapidly from a freshly opened can. DHPC

readily dissolves in water, while DMPC does not. The

DMPC stock was therefore vigorously vortexed and heated

to about 40 jC to get a homogeneous dispersion, and always

vortexed just before taking out aliquots.

DMPC/DHPC samples were prepared by adding the

appropriate volume of DHPC from the stock solution to a

DMPC solution prepared from mixing the appropriate

volume of the DMPC stock solution with the appropriate

volume of additional buffer. The amounts were calculated

from the relations: cL={m(DHPC) +m(DMPC)}/m(buffer)

and q=[DMPC]/[DHPC]. The amount of buffer was deter-

mined by volume, using a density of 1.0 g/ml. The solutions

of DMPC/DHPC were heated to 40 jC and vortexed, then

cooled to 4 jC and vortexed again, and this cycle was

repeated five or more times. All stocks and samples were

prepared in 20 mM HEPES buffer at pH = 7.4, with 150 mM

NaCl added, unless otherwise stated. In order to prevent

bacterial growth, the buffer also contained 0.01% NaN3.

Samples were stored in freezer between measurements, and

were always vortexed after thawing.

2.2. Cryo-TEM

Electron microscopy was performed using a Zeiss EM

902A Transmission Electron Microscope (LEO Electron

Microscopy, Oberkochen, Germany) operating at 80 kV in

zero-loss bright-field mode. Digital images were recorded

using a BioVision Pro-SM Slow Scan CCD camera (Pro-

scan, Scheuring, Germany), giving a digital resolution

corresponding to a pixel size of 1.6� 1.6 nm at the

magnification most frequently used (105� ). The sample

preparation procedure has recently been reviewed [27], and

consists in short of the following steps: (1) The solution to

be investigated is left in a thermostated chamber at (close to)



Fig. 1. A schematic picture of an ideal disc with the notation used. Black

head groups represent DMPC (the long-chain phospholipid); light-grey

head groups represent DHPC (the short-chain phospholipid).
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100% relative humidity. (2) Typically 1 Al of the solution is

taken out with a pipette and deposited on a Cu grid covered

by a holey polymer film. (3) Excess solution is blotted away,

and the grid is then immediately dropped into liquid ethane

at � 165 jC. (4) The grid is mounted into the microscopy

specimen holder and then transferred in a liquid nitrogen

cooled transfer unit to the microscope.

2.3. Dynamic laser-light scattering

Light from an Ar-ion laser (Coherent, Palo Alto, CA)

emitting at 488 or 496 nm was passed through vertical

polarizers and then directed into a sample emerged in a large

thermostated decaline bath. The scattered light was again

passed through vertical polarizers, to detect the polarized

scattered light. The detector system included a ITT FW 130

photomultiplier (Fort Wayne, IN), an ALV-PM-PD amplifi-

er-discriminator (Langen, Germany), and an ALV-5000

autocorrelator built into a computer. The intensity–intensity

autocorrelation function was measured (collection time 3

min) and the (logarithmic) electric field autocorrelation

relaxation time distribution w(s) extracted through inverse

Laplace transformation and nonlinear least-square fitting,

using the constrained regularization routine REPES [28,29].

The autocorrelation relaxation rate C = s� 1 is related to the

diffusion coefficient D of the particles via:

D ¼ C
Q2

ð1Þ

with Q the scattering vector Q = 4pnssin(h/2)/k, where ns is

the solvent refractive index (ns = 1.33 for water), h is the

scattering angle (h = 90j in our measurements) and k is the

wavelength of the incoming light (k = 488 or 496 nm in our

case). When varying h from 50j to 130j (in steps of 20j,
i.e., five points in total), we found a linear relation between

C and Q2 (R2 = 0.9967), with a negligible intercept. This

proves that Eq. (1) was valid for the sample, which was

prepared at cL= 2% and q = 0.5, and measured at 30 jC. We

assume that Eq. (1) holds also for our other samples, and

henceforth measure at only one scattering angle, h= 90j.
At high dilution, the diffusion coefficient of small

particles may be approximated by [30]:

D ¼ D0ð1þ kDcLÞ ð2Þ

with kD the hydrodynamic virial coefficient characterizing

the thermodynamic and hydrodynamic interactions between

the particles. D0 is the diffusion coefficient at infinite

dilution, i.e., in the absence of any interparticle interaction,

and is related to the particle hydrodynamic radius via the

Stokes–Einstein relation:

Rh ¼
kBT

6pgD0

ð3Þ

with Rh the hydrodynamic radius of the ‘‘corresponding

sphere’’ in the case of nonspherical particles, kB the Boltz-
mann constant, and g the viscosity of the solvent. We have

used the viscosity of water at the specified temperature in all

our calculations.

For a disc-shaped object, the relation between the disc

radius rV and the hydrodynamic radius (of the corresponding

sphere) is [3]:

Rh ¼
3

2
r V

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t

2r V

� �2r(

þ 2r V

t
ln

t

2r V
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t

2r V

� �2r" #
� t

2r V

)�1

ð4Þ

Here t is the thickness of the phospholipid bilayer (see Fig.

1), which for DMPC is 3.7–4.4 nm, the latter value

including hydrational water [31]. In the absence of accurate

knowledge on the hydrodynamic properties of the hydration

shell, we choose to use an intermediate value of t = 4.0 nm

for the DMPC bilayer thickness. Using t = 5.0 nm (as in Ref.

[20]) gives a 0.3 nm smaller value for rV at the same Rh (for

Rh>3 nm).

2.4. Fluorescence spectroscopy

The fluorescent probe all-trans-1,6-diphenyl-1,3,5-hexa-

triene (DPH) was used to detect the formation of DHPC

micelles [32,33]. Twenty microliters of a 0.4 mM DPH

solution in methanol was added to vials, which were left

open for 1 h at room temperature to allow for the methanol

to evaporate. Buffer solution and subsequently a 100 mM

DHPC solution (in buffer) were added in appropriate

amounts to yield 1.50-ml solutions of DHPC in buffer at

varying concentrations. A SPEX fluorolog 1650 0.22-m

double-spectrometer (SPEX Industries, Edison, NJ) was

used with all slits set to 1.0 mm, the excitation wavelength

at 352 nm and the emission wavelength scanned from 413 to

443 nm. The fluorescence intensity was taken at 428 nm,

which is where DPH showed maximum emission. Samples

were kept in a water bath at the temperature at which

measurements were done for at least half an hour prior to

measurements. The sample under investigation was swiftly

transferred from the water bath to a preheated/precooled

kyvette (1.0� 1.0-cm quarts) and put into the thermostated

fluorolog, where it was kept to stabilize for 1–3 min, or

longer time for temperatures far from room temperature,

before measuring.



Fig. 2. Fluorescent intensity (cps) of DPH as function of DHPC

concentration at 15 jC (circles), 24 jC (squares), 35 jC (triangles) and

45 jC (diamonds).
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2.5. Ideal disc models

In interpreting our results, we shall make use of the

‘‘ideal disc’’ model that has been presented by Vold and

Prosser [4] as a basis. The model assumes that the long-

chain phospholipid (DMPC) is exclusively situated in a

bilayered fashion making up the center of the disc. The

short-chain phospholipid (DHPC), then, exclusively makes

up the rim of the disc. A model of the ideal disc is

presented in Fig. 1. From purely geometric considerations,

the relative areas of the center and the rim parts of the

disc, Acenter and Arim, respectively, may be connected to

the relative concentrations of the two phospholipids

through [4]:

q ¼ ½DMPC�
½DHPC� ¼

Acenter

Arim

¼ R2

ðpRþ 2rÞr ð5Þ

Here r is the radius of the rim, and R is the radius of the

center (bilayer) part of the disc (see Fig. 1). A value of

r = 2.0 nm has been suggested for DMPC/DHPC discs [4],

which should be a reasonable estimate considering the

thickness of the DMPC bilayer (f 4 nm [31]) and the

DHPC micellar size [35].

Eq. (5), however, assumes that the phospholipids in the

bilayer and in the rim occupy the same head group areas.

Furthermore, the concentration of free (monomeric) DHPC,

[DHPC]free, has not been considered in this model. A

refined ideal disc model, where these two effects are

invoked, reads [20]:

qeff ¼
½DMPC�

½DHPC�tot � ½DHPC�free
¼ ½DMPC�

½DHPC�bound

¼ k�1 Acenter

Arim

¼ R2

kðpRþ 2rÞr ð6Þ

with [DHPC]tot the total DHPC concentration, and

[DHPC]bound the concentration of DHPC forming the

rims of the discs. k is a measure of the relative head

group areas, ahead, of the bilayer and rim-forming

constituents:

k ¼ aheadðDMPCÞ
aheadðDHPCÞ

ð7Þ

Values of the head group areas may be found in the

literature. For DMPC in a bilayer arrangement, a head

group area of 0.60 nm2 has been found [31]. Head group

areas of 0.66 nm2 [34] and 1.02 nm2 [35] have been

derived for pure micellar DHPC. The former value for the

DHPC head group area (0.66 nm2) is very similar to the

head group area of DMPC, thus rendering kc 1. The

latter value for the head group of DHPC (1.02 nm2), leads

to k = 0.6, which is the value used by Glover et al. [20].

We will use both these values (k = 1 and k = 0.6) in our

calculations to follow.
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For the purpose of calculating the disc size, Eq. (6) may

be more conveniently recast as:

R ¼ kqeff r

2
p þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 8

kqeff

s !
ð8Þ
3. Results

3.1. Temperature dependence of the cmc of DHPC

It has been suggested in recent studies that the temper-

ature-dependent phase-behavior of DMPC/DHPC mixtures

is in part explained by the temperature dependence of the

solubility of DHPC [19,20]. In order to elucidate this, we

performed measurements of the critical micelle concentra-

tion (cmc) of DHPC as a function of temperature. The cmc

was detected using the fluorescent probe DPH (all-trans-

1,6-diphenyl-1,3,5-hexatriene), which shows a large in-

crease in fluorescence when incorporated into a micellar

structure (see Materials and methods). The results displayed

in Fig. 2 show that the cmc of DHPC is not affected by

temperature within the accuracy of the experiment ( < 1

mM), but stays at 14–15 mM throughout the temperature

interval 15–45 jC. (The overall increase in fluorescence as

the temperature is elevated is due to the properties of DPH

itself [33].) The determined cmc is in good agreement with

values from the literature at 25–30 jC [34,36]. This

strongly indicates that the DHPC monomer solubility is

insensitive to temperature changes in the interval from 15 to

45 jC. It should be pointed out that this only means that the

DHPC molecules do not change in terms of their hydro-

philicity with temperature. The actual [DHPC]free in a given

DMPC/DHPC system may still depend on temperature in an

indirect fashion via changes in the alternative DHPC envi-

ronments (i.e., in the DMPC/DHPC aggregate structure).
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3.2. Ocular observations of DMPC/DHPC phase

transitions

Samples of compositions cL= 1.0%, 2.0%, 3.0% and

5.0% with q = 1.0, 2.0, 3.0, and 4.0 were prepared as

described in Materials and methods and put in a thermo-

stated water bath. The temperature of the bath was increased

slowly from 14 to 80 jC in steps of 1–2 jC, and the 16

samples were characterized by their macroscopic turbidity

and viscosity. The general sample behavior included a clear

and fluid solution at low temperature, an increased viscosity

at higher temperature, and finally, as temperature was

further elevated, an onset and subsequent increase in sample

turbidity accompanied by a decrease in viscosity. All

macroscopic transitions were reversible and occurred at

approximately the same temperature in both directions.

The transition temperatures for the samples are collected

in Table 1. The transition from a water-like to a viscous

sample fluidity was abrupt, i.e., occurred over a narrow (1–

2 jC) temperature interval, while the transition from a clear

to a turbid appearance was gradual over a larger temperature

span (typically 2–5 jC). Therefore, the temperature of the

first transition, Tfv, is better determined than that of the

second, Tct, which should be taken as approximate. The drop

L. van Dam et al. / Biochimica et
Table 1

Transition temperatures for DMPC/DHPC mixtures heated from 14 to 80 jC

cL (%) q Tfv (jC) Tct (jC) DTv (jC)

1.0 1.0 naa 40 na

1.0 2.0 naa 25 na

1.0 3.0 nab ns na

1.0 4.0 nab ns na

2.0 1.0 nac 80 0

2.0 2.0 28 32 4

2.0 3.0 24 24 1

2.0 4.0 nac 24 0

3.0 1.0 nad nad na

3.0 2.0 29 40 10

3.0 3.0 23 25 4

3.0 4.0 nac 23 0

5.0 1.0 nad nad na

5.0 2.0 34 46 16

5.0 3.0 24 28 5

5.0 4.0 23 25 4

Tfv is the temperature where the initially fluid sample (all samples are fluid

as water below 24 jC) becomes viscous. Tct is the temperature where

sample turbidity sets on (turbidity is accompanied by a decrease in viscosity

for the viscous samples). DTv is the temperature span over which the

sample is viscous. ‘‘na’’= not applicable (the viscous or turbid phase does

not exist within the temperature range); ‘‘ns’’= nonsoluble (turbid at all

temperatures).
a At low cL a viscosity increase is expected to be small and could

therefore escape our detection.
b The sample composition is not soluble, so no viscous phase can

appear.
c The sample goes directly to a fluid and turbid state, so a viscous phase

never appears. This is denoted DTv = 0, i.e., the viscous phase has zero

temperature span.
d The sample stays in the clear and fluid state up to T= 80 jC. The

transition temperatures may be higher than this.
in viscosity accompanying the onset of turbidity was also

gradual, and the two effects appeared to be coupled. This

behavior of the viscosity (abrupt increased and gradual

decrease as temperature is elevated) is in line with the

observations of Struppe and Vold [37]. Table 1 also reports

the temperature interval over which the sample was viscous.

From the data presented in Table 1, several trends can be

observed:

(i) At a given cL, Tct shifts downwards with increasing

values of q. (A similar trend may be inferred for Tfv,

although the data points are too few to be definite about

this.)

(ii) At a given q, Tct shifts upwards with increasing values

of cL for qV 3. (A similar trend may be seen for Tfv at

q = 2.)

(iii) The temperature span over which the viscous phase

exists increases with increasing cL and with decreasing q

(for samples where the viscous phase is at all observed).

Below cLc 2% the viscous phase was not observed at all,

which could be an effect of the crudeness of the method

used to detect it. The viscosity was far greater for high cL
samples than that for low cL samples, in line with previous

observations [37], and it is plausible that a small viscosity

increase at low cL was simply not detected. At the higher

values of q and cL, e.g., the samples cL= 5.0%, 2.0V qV 4.0,

the viscosity was so high that the fluidity tended to zero, and

the solution may thus better be termed a gel (the solution did

not flow when the sample was turned upside down).

There are limiting values towards the lower and higher

ends of q, beyond which the viscous phase never exists. At

the higher end of q, it is seen from Table 1 that the

temperature of viscosity onset and the turbidity onset close

up and eventually coincide with the main transition tem-

perature of DMPC (Tm= 24 jC). These samples immedi-

ately turned very turbid when heated to 24 jC, and retained

the viscosity of water. Towards the lower end of q,

transition temperatures become dramatically higher. It is

possible that, at qV 1.0, they are higher than 80 jC, the
maximum temperature investigated by us, and therefore

escape detection. Moreover, as our aforementioned (see

Section 3.1) cmc measurements of pure DHPC indicate, no

temperature dependence on aggregate structure is expected

as q! 0.

3.3. Cryo-TEM investigations

Cryo-TEM pictures were taken in order to investigate in

detail the sample morphology at various points in the three

dimensions cL, q and T.

3.3.1. q dependence

Fig. 3 shows a series of cryo-TEM pictures at cL= 3.0%

and T= 25 jC, where q is gradually increased from 2.0

to 4.0.



Fig. 3. Cryo-TEM images of aggregates formed by DMPC/DHPC mixtures at 25 jC and cL= 3% for q= 2.0 (A), q= 2.2 (B), q= 2.5 (C), q= 3.0 (D) and q= 4.0

(E). Arrows in B and C point to discs face-on (arrows a) and edge-on (arrows b). Arrow c in B points to elongated distorted discs, and arrow c in C points to a

(quasi-)cylindrical micelle where variations in cylinder width are evident. Arrows in D point to large and dense aggregates of branched and entangled (quasi-)

cylindrical micelles. Arrows in E point to isolated bilayers which are perforated. Bar = 100 nm in all images (note the different scales).
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At q= 2.0, Fig. 3A, the sample is dominated by roughly

spherical particles that closely resemble globular micelles.

At this temperature the sample is clear and has the fluidity

of water (see Table 1). Measurements of the aggregate size

in the image reveal an aggregate diameter of 7.6 nm

(standard deviation 1.7 nm, 100 aggregates measured),

suggesting the aggregates to be small discoidal or cylindri-

cal micelles (a mixed globular micelle is expected to have a

diameter of roughly 4 nm). However, measurements of these

small aggregates are subject to large error due to the

influence of the slight under-focus used (which is needed

to increase the contrast) as well as the limited digital

resolution (the pixel size is 1.6� 1.6 nm at the magnifica-

tion used). A reasonable estimate on the error limit is two

pixels, i.e., f 3 nm in this case. Therefore, Fig. 3A could

depict either globular mixed micelles, small discoidal

micelles or short cylindrical micelles, or a mixture of these

aggregate types.

As q is increased to 2.2, the sample morphology changes

markedly; see Fig. 3B. Roughly disc-shaped aggregates are

abundant, though most of them appear to have a somewhat

distorted shape (i.e. deviate from a perfectly discoidal

shape). The arrows in Fig. 3B point to discs that lie with

their normal parallel (‘‘face-on’’, arrow a) and perpendicular

(‘‘edge-on’’, arrow b) to the plane normal. Due to the larger

amount of phospholipid material in the way of the electron

beam, edge-on discs give a higher contrast against the

background (arrow b) as compared to face-on discs (arrow

a). Measurements of the size of the more well-shaped discs

give a diameter of 23F 3 nm (30 aggregates measured).

Apart from discoidal structures, many elongated aggregates

are also observed (arrow c). They seem to be stretched-out

or fused discs, or short flattened cylindrical micelles.
A very dramatic change in sample morphology takes

place as q reaches 2.5; see Fig. 3C. At this composition,

the sample is viscous but optically clear. Cryo-TEM

reveals that the dominant aggregates are very long (several

Am) cylindrical micelles. The cylinders appear to be

somewhat flattened (arrow c), as observed by the correlat-

ed variations in contrast and width along the micelle long

axis. This observation, on which we shall elaborate more

when discussing the temperature-dependent observations

below, means that the cylindrical micelles have a cross-

section that deviates somewhat from perfectly circular.

Similar flattened cylindrical micelles have been seen in

other systems [38]. Noteworthy, these (quasi-)cylindrical

micelles coexist with a small population of discs (arrows a

(face-on) and b (edge-on)).

As q is further increased the sample starts to become

turbid whereupon the viscosity begins to drop. A cryo-TEM

picture of a q = 3.0 sample is shown in Fig. 3D, where the

(quasi-)cylindrical micelles are seen to aggregate into large

(>Am) clusters. The outer edges of two such clusters are

indicated by the arrows in the figure. These clusters most

likely constitute the origin of the sample turbidity. The

aggregation also explains the decrease in sample viscosity,

since material is effectively being forced out of the solution

and into the aggregates. Although not clearly visible in Fig.

3D, we suggest that the clustering occurs due to the

formation of branched cylindrical micelles (compare also

Fig. 4E). Extensive branching would create a dense

interconnected network that loses some of its swelling

abilities as compared to the individual cylindrical micelles

at q = 2.5 (above).

At the highest value of q investigated, q = 4.0, the sample

viscosity has dropped back to that of water, but the sample



Fig. 4. Cryo-TEM images of aggregates formed by DMPC/DHPC mixtures at cL= 3% for q= 2.0 at T= 28 jC (A), 34 jC (B), 46 jC (C), and for q= 3.0 at

T= 24 jC (D), 34 jC (E) and 40 jC (F). The sample depicted in F was extruded five times through / = 200-nm filters at 45 jC (see text). Arrows in B and D

show discoidal micelles edge-on. Arrows in C and E show ice crystals. Arrows in F show a perforated bilayer that has closed up into a unilamellar vesicle

(arrow a), as well as ice crystals of different appearance (arrows b and c). Bar = 100 nm in all images (note the different scales).
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is substantially turbid. Fig. 3E shows the aggregate structure

in this sample. The aggregates seen in the micrograph are up

to micrometers across, and seem to be made up of bilayers,

the structure of which appears to be perforated (as indicated

by the varying contrast of the bilayer surface seen in the

cryo-TEM picture). Similar perforated bilayers have previ-

ously been observed in systems containing phosphatidyl-

cholines and conventional surfactants such as SDS and

CTAC [39,40]. The arrows in the figure show two individ-

ual bilayers of this kind, while the larger aggregate to the

lower left in the figure presumably displays a super-struc-

ture of several such bilayers stacked on top of each other,

where some bilayer fragments at the edge of the super-

structure appear edge-on.

3.3.2. Temperature dependence

In Fig. 4, cryo-TEM pictures of two samples, q = 2.0 (top

row, figures A–C) and q = 3.0 (bottom row, figures D–F),

both at cL= 3%, are displayed as a function of temperature.

The transitions with increasing temperature are similar to

those observed with increasing q-ratio (Fig. 3).

At 28 jC, see Fig. 4A, the q = 2.0 sample shows small

discoidal aggregates, many of them distorted in shape. The

aggregates are obviously different from those observed at 25

jC (shown in Fig. 3A). At a temperature of 34 jC, the
q = 2.0 sample consists of mainly of cylindrical micelles,

although some discs also appear, most of them distorted in

shape (see Fig. 4B). The cylindrical micelles are fairly short

and appear somewhat flattened, as observed also in the q-

dependent study above (Fig. 3C). At this temperature (34

jC) the q = 2.0 sample is macroscopically somewhat vis-

cous, although less so than the q = 2.5–3.0 samples at 25 jC
(where the very long cylinders are observed). The well-
shaped discs that remain at 34 jC have a diameter of 20F 5

nm (50 aggregates measured). At T= 46 jC, the q = 2.0

sample is slightly turbid, and has regained the viscosity of

water. A cryo-TEM picture of this sample is shown in Fig.

4C, and reveals that the sample contains interconnected

thread-like micelles, a similar structure to that observed for

the q= 3.0 sample at 25 jC (Fig. 3D).

The temperature behavior of the q = 3.0 sample, dis-

played in the bottom row of Fig. 4, shows the domination

of very long (quasi-)cylindrical micelles at 24 jC, see Fig.

4D. At this temperature, the sample is highly viscous,

almost gel-like. Some aggregation of the quasi-cylinders

was observed, although not to the same extent as at the only

slightly higher temperature of 25 jC (displayed in Fig. 3D).

A few smaller aggregates that may well be discs are also

seen (indicated by the arrow). At 34 jC, the sample has

become turbid and less viscous, and Fig. 4E shows that at

this temperature the flattened cylinders have become highly

interconnected. Many cross junctions are seen, leading to a

dense aggregate structure. At a higher temperature of 40 jC,
the sample turbidity is very high, and the viscosity approx-

imately that of water. The high turbidity indicates that very

large aggregates are formed. Due to the technique used for

sample preparation [27], aggregates with dimensions larger

than about 1 Am (in all dimensions) are excluded from the

micrographs. In order to get a representative image of the

sample morphology, the sample was therefore extruded five

times through 200-nm filters at 40–45 jC. Fig. 4F shows a

cryo-TEM image of this extruded sample at 40 jC. The
large (z 500 nm) aggregates are clearly lamellar, and

appear to be perforated (similar to the aggregates depicted

in Fig. 3E). In the aggregate pointed at by arrow a, it is

evident that the outer edges occasionally appear darker in
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the image. It is therefore reasonable to believe that the

aggregate is in fact close to a perforated unilamellar vesicle.

The same darkened edges are seen also in the two larger

aggregates to the right in the figure, and the concentric

appearance of the darkened edges of these multi-layered

structures indicates that they may be better described as

multi-lamellar liposomes. It should be pointed out that the

extrusion process itself is likely to contribute to, if not even

cause, the closing up of lamellar sheets into vesicles.

However, the non-extruded sample at q= 4.0 displayed in

Fig. 3E shows a very similar aggregate structure, indicating

that the formation of self-enclosed lamellar structures may

also occur spontaneously.

3.3.3. Discs below the DMPC main transition temperature

The results presented above indicate that for q>2.5 no

pure dispersion of discoidal aggregates exists above the

DMPC main transition temperature (Tm= 24 jC). Most of

the samples presented in Table 1 are, however, optically

clear and fluid as water below the DMPC main transition

temperature. We may thus suspect that also for q>2.5

compositions discoidal aggregates can be formed, provided

the DMPC bilayer is in a gel phase.

Fig. 5 shows a cryo-TEM micrograph of a cL= 3% q = 6

sample at f 20 jC, where the sample is optically clear.

Discs are clearly seen throughout the sample, but their

average diameter is only 20 nm (F 3 nm, 50 discs mea-

sured). This is the same size as that of the discs above the

DMPC main transition temperature when the disc phase is

about to collapse (see Fig. 3B). Apart from discs, bilayer

fragments, or sheets, are seen to be abundant in Fig. 5. The

sheets have a fairly small area and do not appear to be

stacked to a high degree. It seems likely that the sheets are

composed of mainly DMPC, which explains the possibility

of small discs despite the high sample content of DMPC.

Interestingly, the DMPC sheets appear striped in the cryo-
Fig. 5. Cryo-TEM image of a cL= 3% q= 6.0 sample at 20 jC displaying

discoidal micelles as well as lamellar sheets appearing to be in the ripple

phase (see text). Bar = 100 nm.
TEM image, possibly indicating that DMPC is in the ripple-

phase (commonly denoted PhV; see, e.g., Ref. [31]) rather

than in the gel-phase (Lh).

3.4. Salt dependence

In the literature on DMPC/DHPC bicelles, salt effects

have occasionally been observed [19], and low (1:1) salt is

often prescribed in the preparative schemes for bicelles.

Since the phosphatidylcholine head group is zwitterionic,

there should be no sensitivity towards salt concentration on

a direct polyelectrolyte level. However, dissolved salts may

have the effect of altering the activity of the solute, giving

rise to the salting-out phenomenon [41,42]. This has been

observed for DHPC micelles with a variety of inorganic

salts, amongst them NaCl, where a decrease of the critical

micelle concentration was found with increasing [NaCl]

[34]. Within the biological range of 0–200 mM NaCl, the

effect on DHPC cmc is < 2 mM based on the data of Tausk

et al. [34], and it is hard to understand the reasons for

DMPC/DHPC salt sensitivity on basis of this rather small

effect.

In order to investigate the matter of a possible salt

dependence, we prepared some samples identical to those

in our original (150 mM NaCl) sample-grid above, but

without added NaCl (9 mM Na+ came from adjusting the

HEPES buffer to pH 7.4, and another 1.5 mM Na+ from the

added NaN3). We found no differences in the macroscopi-

cally observable phase transitions (viscosity and turbidity)

of these salt-free samples as compared to the samples

prepared with 150 mM NaCl. There seems, thus, to be no

salt dependence in the range studied, at least not detectable

by this (admittedly crude) method.

3.5. Disc size by DLS

DLS constitutes a convenient method for analyzing

particle size through the dependence of the diffusion coef-

ficient on the particle hydrodynamic radius. A prerequisite

for the correct extraction of the hydrodynamic radius is that

the diffusion coefficient is measured in the absence of any

interparticle interactions. The most straightforward way of

ascertaining this is by measuring the diffusion coefficient as

function of particle concentration, to make sure there is no

concentration dependence (see Eq. (2)). In the present case,

however, we may expect a concentration dependence of the

particle size, since the population of monomeric DHPC,

[DHPC]free, presumably does not change upon dilution, and

therefore the ratio qeff=[DMPC]/[DHPC]bound will change

(see Eq. (6)). Thus it becomes hard to interpret the results

from DLS data at low concentration. At [DHPC]boundJ
[DHPC]free, it may be possible to find a region of non

concentration dependence, but as the total phospholipid

concentration cL increases so will the frequency of interpar-

ticle interaction (Eq. (2) is only valid in the limit of low

concentration).
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We must thus be cautious when interpreting the results

from our measurements, and in order to make a distinction

between the true hydrodynamic radius, as given by Eq. (3),

and the measured quantity through DLS, we introduce the

pseudo-hydrodynamic radius RhV:

RhV ¼ kBT

6pgD
ð9Þ

Fig. 6 shows RhV as a function of total phospholipid

concentration, cL, when a sample at a given q is diluted at

25, 30 and 37 jC. The values of q were limited to qV 1.5, in

order to avoid complications from the increased viscosity as

the transition to the cylindrical micellar phase is ap-

proached. In the absence of interparticle interactions, i.e.,

at infinite dilution where D =D0, RhV is identified as the

particle hydrodynamic radius Rh (see Eq. (3)). This condi-

tion is plausibly valid for the q = 0.5 samples at f 1.5V
cLV 3% at the three temperatures investigated, since the

concentration dependence becomes negligible in this region

(see Fig. 6). The hydrodynamic radius of these aggregates at

cL= 3.0% reads 3.1–3.2 nm, and is virtually insensitive to

temperature in the region examined. For the q = 1.0 samples,

there is no region of non-concentration dependence, but as

cL approaches 5%, the concentration dependence becomes

increasingly less pronounced. At cL= 5%, the concentration

dependence is small, and we believe therefore that the

values of RhV at cL= 5.0% are close to the true hydrodynamic

radii of the q = 1.0 aggregates at all three temperatures

investigated (keeping in mind that they may be slightly

overstated). The numbers read 3.9, 4.7 and 5.9 nm at T= 25,

30 and 37 jC, respectively, and a temperature dependence is

thus evident. Also at q = 1.5 a temperature dependence of

the aggregate diffusion coefficient is clearly borne out, and

it seems that it is more pronounced than at q = 1.0. There is
Fig. 6. Pseudo-hydrodynamic radius RhV(nm) (see text) as function of total

phospholipid concentration cL at T= 25 jC (circles), T= 30 jC (squares)

and T= 37 jC (triangles) for q= 0.5 (unbroken lines), q= 1.0 (broken lines)

and q= 1.5 (dotted lines). Lines connecting experimental points are to guide

the eye.
no region where there is no concentration dependence of the

diffusion coefficient, but for q = 1.5 at 25 jC we may use the

value at cL= 5%, which reads 6.9 nm, as an upper estimate

of the actual hydrodynamic radius. By virtue of Eq. (9), it is

seen that a possible small increase in sample viscosity could

only decrease the extracted RhV.
All curves in Fig. 6 show the same general trend of

decreased diffusion coefficient, i.e., increased RhV, with

decreasing cL. Although it is hard, due to the aforemen-

tioned reasons, to quantify this behavior, we may safely say

that this behavior is due to an increase in aggregate size as

the total concentration cL is lowered, in accordance with

Eqs. (6) and (8). For the q = 0.5 sample at the two lower

temperatures, T= 25 and 30 jC, the increase in aggregate

size is abrupt, while it is more smooth at T= 37 jC. In
general, the behavior seems to be smoothened by increased

q and elevated temperature. As the size of the aggregates

increases, also the polydispersity increases, rendering the

interpretation of the DLS measurements increasingly diffi-

cult. At RhVc 20–25 nm, all the samples start to show

turbidity, and it is very interesting that this happens at

roughly the same value of RhV regardless of q, cL or

temperature. We shall elaborate more on this in the dis-

cussion to follow.

The increase in particle size as cL is lowered is likely to

be due to the gradual depletion of DHPC from the aggre-

gates, as predicted by the refined ideal disc model (see Eqs.

(6) and (8)). Our results, displayed in Fig. 6, show that, for

q = 0.5 and q = 1.0, the increase in aggregate size is fairly

independent of temperature. This shows that [DHPC]free is

not very temperature-dependent in this temperature range

(25–37 jC), in line with the temperature-independent cmc

of DHPC reported above. Extrapolation of the curves at

q = 0.5 and q = 1.0 points to [DHPC]freec 5 mM, indepen-

dent of q. This result on [DHPC]free is in fair agreement with

that found by other investigators [19,37,43].

Our DLS results regarding the aggregate size at cL=

3.0% (for q = 0.5) and cL= 5.0% (for q = 1.0 and 1.5) at 25

jC agree well with those of Glover et al. [20], which were

measured at cL= 10% and 10 jC. At cL= 2.5%, however,

our results deviate significantly from those of Glover et al.

[20]. This is likely due to the different temperatures used,

and it is noteworthy that these authors have performed

their measurements far below the DMPC main transition

temperature.
4. Discussion

The findings presented in Results show that small alter-

ations of temperature or sample composition may induce

considerable changes in the macroscopic properties of the

DMPC/DHPC dispersions. Especially noteworthy are the

distinct variations in viscosity and turbidity observed as a

function of temperature and/or DMPC/DHPC molar ratio q

(Table 1). The results of the cryo-TEM investigations



Fig. 7. Phase diagram for the DMPC/DHPC mixtures. Reference lines for

q=[DMPC]/[DHPC] = 5.0, 4.0, 3.0, 2.0, 1.0, and 0.5 (dotted), as well as for

cL={m(DHPC) +m(DMPC)}/m(buffer) = 5%, 3%, 2% and 1% (broken)

have been drawn. Broken bold lines represent transition ‘‘isotherms’’ for

24, 30, 40 and 50 jC for a macroscopic phase transition from fluid to

viscous samples (Tfv isotherms). Unbroken bold lines represent transition

‘‘isotherms’’ for 24, 30, 40 and 50 jC where the sample composition is

such that a transition occurs from a clear to a turbid sample appearance (Tct
isotherms). The lines are least-square fits to data points (open circles for the

fluid to viscous transition; filled circles for the clear to turbid transition)

extracted from the data presented in Table 1 (Tfv and Tct, respectively; see

text for details). Shaded areas tie the isotherms together at 24, 30, 40 and 50

jC, respectively, and thus represent the sample compositions that are clear

and viscous.
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provide an explanation on the aggregate level for these

changes. From the micrographs presented in Figs. 3 and 4, it

is clear that the abrupt increase in viscosity is caused by the

formation of long (quasi-)cylindrical micelles. Strictly, these

extended micelles belong, like the discoidal and globular

micelles, to the one-phase region normally termed L1 (see,

e.g., Ref. [44]). However, in order to simplify the terminol-

ogy, we will refer to the viscous phase when discussing the

region of the L1-phase where cylindrical micelles dominate

the aggregate structure. Our cryo-TEM results reveal, fur-

thermore, that the macroscopic change from a clear to a

turbid dispersion is associated with the formation of dense

networks of interconnected (quasi-)cylindrical micelles. Due

to the limited swelling ability of these three-dimensional

networks, the dispersion develops a tendency to phase-

separate. The branched and highly interconnected cylindri-

cal micelles may also be viewed as a transition structure

existing just prior to the emergence of the lamellar phase.

Based on the available experimental methods, i.e., cryo-

TEM and ocular inspections, it is not possible to accurately

determine at what composition the lamellar phase actually

begins to form. For this reason, we will in the following

include both the micellar networks and the aggregates of

lamellar structure in what we call the turbid phase.

4.1. Phase diagram

From the observations reported above and in Table 1, a

three-dimensional ‘‘phase’’-diagram may be constructed.

This phase-diagram, which to our knowledge is the first

one published on the DMPC/DHPC system as a function of

cL, q and temperature simultaneously, is shown in Fig. 7. In

this plot, which has DHPC and DMPC concentrations on

the axes, constant q-values become straight lines of positive

slope, and constant cL-values become straight lines of

negative slope. Constant q-lines for q = 5, 4, 3, 2, 1 and

0.5 as well as constant cL-lines for cL= 1%, 2%, 3% and 5%

have been drawn into the phase-diagram for guidance.

The other lines in the phase diagram of Fig. 7 represent

phase transition ‘‘isotherms’’ for T= 24, 30, 40 and 50 jC,
i.e., the sample compositions that produce a phase transition

at these temperatures (see figure legend for details). The

lines are least-square fits to the data points shown in the

figure (see figure legend), which in turn have been extracted

from the Tfv and Tct data in Table 1, assuming a smooth

behavior of the transition temperatures as function of q.

Broken lines represent the transition from a clear and fluid

to a clear and viscous sample appearance (‘‘Tfv isotherms’’),

indicative of the formation of long (quasi-)cylindrical

micelles. Unbroken lines represent the transition from a

clear to a turbid phase (‘‘Tct isotherms’’), indicating forma-

tion of large aggregates. The area between the two isotherms

at a given temperature has been shaded, and thus represents

DMPC/DHPC compositions that give an optically clear and

viscous sample appearance at 24, 30, 40 and 50 jC,
respectively.
T= 24 jC is the DMPC main transition temperature, and

below this temperature DMPC is in a gel phase. A lowering

of the main transition temperature of DMPC may be

expected upon incorporation of DHPC into the bilayer.

However, in the discoidal micelles as well as in the

perforated lamellar sheets, large domains of virtually pure

DMPC are believed to occur, and thus the properties of

DMPC should be retained locally. The behavior is therefore

expected to be different for DMPC/DHPC mixtures above

and below the DMPC main transition temperature. Exper-

imentally it was found that many of our samples went

through dramatic changes in terms of turbidity and/or

viscosity just at 24 jC (see Table 1). For use as mem-

brane-mimics in the pursuit of biologically relevant biomo-

lecular structures, it is a necessity that the phospholipids are

in a liquid crystalline state.

Extrapolation of the two isothermal lines, Tfv and Tct, to

[DMPC] = 0 gives an estimate of [DHPC]free at the transi-

tion from region B to C and region C to D, respectively. At

the three temperatures, 30, 40 and 50 jC, the two lines

coincide at the x-axis and indicate [DHPC]free values of 4, 5

and 6 mM, respectively. These DHPC concentrations are

similar to the concentration extracted from our DLS meas-

urements (see Section 3.5), [DHPC]freec 5 mM, and to
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those found by others [19,37,43]. The fact that the Tfv and

Tct isotherms cross at [DMPC]c 0 suggests that the con-

centration of monomeric DHPC remains constant in region

C. The slight increase in [DHPC]free with increasing tem-

perature indicates, moreover, that the intrinsic properties of

the aggregates change somewhat with temperature. The

crudeness of the experimental methods used to determine

the data points prevents us, however, from drawing any firm

conclusions concerning this possibility and its implications.

The isotherms at 24 jC do not coincide at [DMPC]c 0,

suggesting different [DHPC]free for the fluid-viscous and the

clear-turbid transitions. The gel to liquid crystalline transi-

tion of DMPC, which occurs at this temperature, is likely,

however, to affect the behavior, rendering the interpretation

difficult.

It is clearly seen in the phase-diagram of Fig. 7 that the

transition temperatures for both the fluid–viscous and the

clear–turbid transitions increase dramatically with decreas-

ing value of q. As long as [DHPC]totJ [DHPC]free, they

appear, however, only to be slightly affected by the value of

cL. This behavior is in agreement with dilution experiments

at q = 2.5 made by Sanders and Schwonek [11], and with the

general trend as function of q found by Raffard et al. [22].

Furthermore, it is interesting that the isotherms at 30, 40 and

50 jC for the transition from discoidal to cylindrical

micelles (the transition to the viscous phase, i.e., the Tfv
isotherms) run roughly parallel to each other, at a slope,

d[DMPC]/d[DHPC], of 2.0–2.6. If interpreted within the

ideal bicelle model, where qeff = [DMPC]/[DHPC]bound
directly controls the disc size (see Eq. (8)), this behavior

indicates that the discs collapse into cylinders when they

have reached a certain size. qeff is given by the slope of the

isotherms, and according to Eq. (8) the maximum diameter

is thus 21–26 nm (using k = 0.6) or 31–39 nm (using

k = 1.0). We note that the former theoretical values are fairly

well in line with the disc sizes we measure in our cryo-TEM

micrographs as the discoidal phase is on the edge of

collapsing into the quasi-cylindrical phase (see Figs. 3B

and 4B). However, the agreement with theory found at

qz 2.0 may well be coincidal, since we cannot be sure on

the DMPC/DHPC composition in the discs in the presence

of other aggregates. Whatever the case, it seems that no

matter how cL, q or temperature are manipulated, discs with

a larger diameter than f 20 nm cannot be produced by the

DMPC/DHPC system under present conditions.

It is reassuring that also the DLS data indicate a maxi-

mum possible disc size (see Fig. 6). It seems reasonable to

argue, although the RhV measured is not the true hydrody-

namic radius, that the disc phase collapses into other (larger)

structures when the discs have reached a certain size. The

derivation of this result rests on assuming that the sample

morphologies of the samples are the same, which is not

implausible considering the fairly small variation in q and

cL. Thus, although we are not able to measure the actual size

of the aggregates at low cL using DLS, we believe that our

DLS results support the idea of a maximum possible size for
the discoidal micelles. Also at temperatures below the

DMPC main transition temperature, at the high q-value of

6, a disc diameter of f 20 nm is found (see Fig. 5),

indicating that the behavior is not restricted to DMPC being

in the liquid crystalline phase.

We may, for the purpose of convenient reference in the

discussion to come, divide the phase-diagram of Fig. 7 into

the five regions, A–E. In region A, as q! 0, the dominat-

ing structure is expected to be the mixed globular, or slightly

ellipsoidal [35,45], micelle at all temperatures. In region B,

at roughly equal amounts of DHPC and DMPC ( qc 1),

discoidal micelles may be formed at biological temperature,

and this is the interesting region for NMR work on mem-

brane proteins. Region C (shaded areas in the phase dia-

gram) represents the optically clear and viscous phase where

long (quasi-)cylindrical micelles are the dominating aggre-

gate structure. At a certain, temperature-dependent, value of

q, the samples finally enter region D, the turbid phase. In

this region interconnected cylindrical micelles and eventu-

ally (at higher q or T) fragments of a holey lamellar phase

are found. The onset of turbidity is accompanied by a

decrease in viscosity, and this is the region where the

magnetically alignable aggregates may form [37]. Region

E, finally, represents the part of the phase diagram where the

amount of DHPC is too low to disrupt the lamellar phase

that DMPC adapts when being the only component.

It should be clear from our results and from the phase

diagram in Fig. 7 that manipulation of both temperature and

the ratio q leads to the same sequence of aggregate struc-

tures, i.e., increasing the temperature is equivalent to de-

creasing the relative amount of DHPC (or increasing the

relative amount of DMPC). This effect could, in principle,

be explained by a temperature-dependent concentration of

monomeric DHPC. The results reported in Fig. 2 show,

however, that the cmc, and thus the aqueous monomer

solubility of DHPC, is virtually insensitive to temperature

(at least in the temperature range of relevance for the present

study). The temperature-induced morphological changes in

the DMPC/DHPC system are thus not triggered by an

increase in the [DHPC]free per se. Instead the structural

transformations appear to be induced by temperature-depen-

dent alterations on the molecular level that lead to a

preference for aggregates with decreasing average curva-

ture. One important factor may be the decrease in effective

length of the lipid hydrocarbon chains obtained as the

degree of trans-gauche isomerization increases with tem-

perature [46]. These temperature-dependent alterations may,

in turn, give rise to changes in [DHPC]free with temperature,

as indicated by extrapolation of the isotherms in the phase-

diagram of Fig. 7 (as discussed above).

4.1.1. Region A and B—small aggregates

At q = 0, DHPC is the only phospholipid present in the

solution, and the aggregates formed by pure DHPC are

micelles that are believed to be slightly ellipsoidal [35,45].

DLS measurements on a 50 mM DHPC solution (20 mM
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HEPES, pH 7.4, 150 mM NaCl, T = 25 jC) show the

hydrodynamic radius of the DHPC micelles to be 1.9 nm

(data not shown). Using the relation lmax = 0.1265�
(nc� 1) + 0.15 for the maximum length of the fatty acid

chain [47] (lmax in nm), with nc the number of carbons

(nc = 6 for DHPC), and a phosphatidylcholine head group

thickness of 0.9 nm [31], an estimate of the (all-trans)

DHPC molecular length reads f 1.7 nm. Our DLS meas-

urements thus point to a DHPC micellar shape that is close

to, but not quite, globular. A more accurate determination of

the micellar shape is beyond the scope of the present

investigation.

At q = 0.5, DLS shows the hydrodynamic radius of the

existing DMPC/DHPC aggregates to be about 3.1 nm (see

Fig. 6). If interpreted as a globular micelle, this hydrody-

namic radius corresponds to a sphere of radius 3.1 nm. The

DMPC hydrocarbon chain is 1.0 nm longer (the projected

length in the all-trans carbon chain direction, see the

relation above) than that of DHPC if both are maximally

extended, and so the differences in radii between the q = 0.5

and the q = 0 aggregates may almost be accounted for by

differences in hydrocarbon chain length. It seems reasonable

that at sufficiently low values of q, the small amount of

DMPC is simply incorporated into the DHPC-dominated

micelle. However, as q increases, also the hydrodynamic

radius of the DMPC/DHPC aggregates is substantially

increased, as clearly seen in Fig. 6. This is not consistent

with what is expected for globular micelles, which cannot

have a radius larger than the length of the molecules that

form them. Some other aggregate must be formed already

at, or just above, q values of 0.5. Glover et al. [20] report

similar results on the DMPC/DHPC aggregate radius from

DLS measurements at low q-values and 10 jC, and show

that aggregates with RhV>4 nm are well described as having

a discoidal shape.

If our DLS results from the q = 0.5 sample are inter-

preted as a disc, Eq. (4) yields a disc radius of rV= 3.1 nm

(see Fig. 1 for notation). Subtracting the rim radius, rc 2

nm [4], leaves a disc center radius of merely R = 1.1 nm,

corresponding to a bilayer area of 3.7 nm2 on every side of

the disc. With a head group area of 0.60 nm2 for DMPC in

a bilayer environment [31], this area corresponds to about

six DMPC molecules on each side of the bilayer. It is

doubtful if one can speak of a disc at all in this case. In

fact, it appears questionable whether it is meaningful to try

to distinguish between different shapes of aggregates barely

larger than the size of a globular micelle. The rather small

size of the discs at q = 0.5 constitutes an important obser-

vation, since q = 0.5 is commonly used in membrane–

protein (peptide) structural elucidation by NMR spectro-

scopists [5,7,48].

The ideal disc model gives a disc radius of 6.1 nm for

q = 0.5, i.e., roughly double that found experimentally.

Invoking the refined ideal disc model, see Eqs. (6) and

(8), the expected radius becomes 6.6 nm when using

[DHPC]free = 5 mM, cL= 3% and k = 1. Using the same
values for [DHPC]free and cL, but k = 0.6 instead, the

theoretical radius becomes 5.1 nm, which is still larger by

far than the radius found experimentally. The predictions of

the models at q = 1.0 give the same sort of deviations.

Experimentally a hydrated radius of 3.9 nm is found for

the q = 1.0 sample at 25 jC (at cL= 5%), which may be

slightly overstated (see Results). This translates to a disc

radius of 4.15 nm through Eq. (4). The ideal disc model

gives 9.4 nm, and the refined ideal disc model 7.3 nm (using

[DHPC]free = 5 mM, cL= 5% and k = 0.6). Also at q = 1.5,

the predictions are overestimating the experimentally found

hydrodynamic radii (RhV = 6.9 nm at 25 jC, translating to

rV= 8.2 nm).

Cryo-TEM micrographs at q = 2.0 (cL= 3%, T= 25 jC),
as displayed in Fig. 3A, show the existence of small

apparently homogeneous and symmetric aggregates with a

diameter of 6–9 nm, i.e., a disc radius of around 4 nm.

Under these conditions, the refined ideal disc model predicts

a disc radius of 11.9 nm (using k = 0.6 and [DHPC]free = 5

mM), thus again widely overestimating the experimentally

found disc size. Cryo-TEM micrographs were also taken of

samples at q = 0.5, 1.0 and 1.5 at 25 jC (data not shown).

These show aggregates similar to those depicted in Fig. 3A,

with a radius of approximately 3 nm. As remarked upon

before, measurements of these small aggregates are very

uncertain due to the influence of the under-focus used as

well as the limited digital resolution. The results that are in

line with those from DLS show, nonetheless, the disc size at

qV 2.0 to be much smaller compared to that predicted by

any of the disc models at 25 jC.
There are two immediate ways to adjust the theoretical

model to obtain better agreement with experimentally found

disc sizes. One is to decrease the k-factor substantially,

forcing the conclusion that the head group area of DHPC is

substantially larger than that of DMPC. If the value 0.60

nm2 for the head group area of DMPC in a bilayer

arrangement is correct, this would lead to a DHPC head

group area of 2–3 nm2. This seems physically unrealistic as

well as contrary to available experimental indications on the

head group size in DHPC micelles, i.e., 0.66 nm2 [34] and

1.02 nm2 [35]. The other way to adjust the theory is to

allow for DMPC to take part in the rim of the disc, in this

way making some DMPC behave as if it were DHPC, and

thus effectively decreasing the ratio q (or qeff). Although we

are not in a position to put forward any rigorous theoretical

model, our experimental results can be fairly accurately

predicted by assuming that f 60% of the available DMPC

goes into the rim of the disc. This result assumes k = 0.6 for

the relative head group areas of the bilayer- and rim-

forming constituents, and it should be noted that it is the

product of k and qeff that enters into the theoretical

expressions (see Eq. (8)). Many combinations of these

two factors will thus yield similar results and, furthermore,

it is obvious that the DMPC participation in the disc rim

could be formulated in more than one way. We suggest,

however, that this approach is likely to point in the right
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direction, i.e., that vast DMPC participation in the rim

occurs, resulting in smaller discs than predicted by the

ideal disc models.

4.1.2. Region C—cylindrical micelles

Dramatic morphological changes take place as we move

from region B to region C in the phase diagram. Very long

(>Am) cylindrical micelles are formed, as is evident in Figs.

3C and 4D. At the same time, the sample viscosity dramat-

ically increases, an effect that has been quantified in Ref.

[37] to 2–3 orders of magnitude for cL= 3–5%. This

dramatic increase in viscosity has been noted by several

investigators, and recently a gradual disc–lamellar transi-

tion [14] and a transitional cubic phase [15] have been put

forward as explanations. Cylindrical micelles have, to our

knowledge, not been proved or suggested in this system

before, however. The presence of these very extended

cylindrical micelles gives a straightforward explanation for

the high sample viscosity. As seen in the phase-diagram in

Fig. 7, the temperature for the onset of the cylindrical

micellar phase (as evidenced by a dramatic increase in

sample viscosity) is highly q-dependent (broken lines). At

qc 3 and higher, cylindrical micelles form already at the

DMPC main transition temperature.

Our cryo-TEM micrographs suggest that the cylindrical

aggregates are not perfectly symmetric around their long

axis. This is most clearly seen in Fig. 3C, indicated by arrow

c, where contrast variations correlated with differences in

cylinder width are evident. This is suggestive of a non-

circular micellar cross section, and hence we use the term

‘‘quasi-cylindrical’’ to describe the shape of these aggre-

gates. The deviation from perfect cylindrical symmetry is,

however, modest.

4.1.3. Region D—micellar networks and a holey lamellar

phase

As the ratio q or the temperature is further increased in

region C in the phase diagram, the long (quasi-)cylindrical

micelles start to merge into branched micelles. This is most

evident upon comparing Fig. 4D and E, but also evident

when comparing Fig. 3C and D. Upon this branching, large

networks with limiting swelling ability are formed. Macro-

scopically this is observed as the onset and subsequent

increase of sample turbidity, and a simultaneous decrease

in sample viscosity. The temperature-dependent macroscop-

ic phase-separation observed through the turbidity change

signifies the entrance into region D of the phase diagram of

Fig. 7.

Eventually, as q or temperature is further increased, the

network of branched cylindrical micelles transforms into

large lamellar aggregates, see Figs. 3E and 4F. At this point,

the sample turbidity is substantial, whereas the viscosity has

dropped back approximately to that of pure solvent. The

drop in viscosity is indicative of entering the region where

magnetically alignable DMPC/DHPC aggregates may ap-

pear [37]. The sample compositions and temperatures that
give rise to a stable liquid crystalline phase in the NMR

magnet, according to the extensive study by Ottiger and Bax

[19], occur in this region of the phase diagram. Large

aggregates like lamellar sheets may well have a magnetic

susceptibility anisotropy large enough to orient in magnetic

fields [49–51], a property that is questionable for the

relatively small discs [37]. It is evident, especially from

Fig. 3E, but also from Fig. 4F, that the lamellar sheets are

disrupted, as seen by the varying intensity along the plane of

the sheet. We suggest therefore that the aggregate structure

depicted in Fig. 3E is a lamellar sheet perforated by holes,

much like a slice of Swiss cheese.

Considerations of curvature (we return to this below)

suggest that DHPC should preferably cover the edges of the

holes in the DMPC dominated lamellar sheet. The appear-

ance of two distinct peaks in the 31P-NMR spectrum, with

relative intensities (roughly) equal to the DMPC/DHPC

ratio q [11,19,22,26,52], supports DHPC and DMPC being

separated into different domains under these conditions.

Further evidence to this end comes from the absence of
1H NOESY DMPC-DHPC cross-peaks under similar con-

ditions [23]. Therefore, a Swiss-cheese model where DHPC

covers the edges of the holes in a DMPC dominated lamellar

sheet seems to fit available data well. Such a model has

recently been suggested also by others, on basis of NMR

probe diffusion experiments [13], fluorescent probe experi-

ments [15] and SANS data [24]. We further suggest the

DHPC edged holes to be rather large, since the negative

curvature associated with small holes is not in line with the

preference of DHPC (since pure DHPC forms close to

globular micelles).

4.1.4. Region E—lamellar phase

Fig. 4F, corresponding to a sample with composition

cL= 3% q = 3.0 at T= 40 jC, shows large lamellar aggre-

gates that seem to be under way of closing up on them-

selves, i.e., to form vesicular structures. It should be

remembered that this sample has been extruded through

200 nm filters, in order to decrease the particle size. It is

likely that this manipulation has the effect of inducing the

formation of self-closed structures. The lamellar structures

appear to be perforated in a similar fashion as evident in the

cL= 3% sample at q = 4.0 and 25 jC (see Fig. 3E). DMPC

forms a lamellar La phase in the absence of DHPC, i.e., at

q =l, and it seems logical that DHPC is simply incorpo-

rated into the bilayer when present in sufficiently low

amounts. Transient pores form spontaneously in the bilayer,

and it is plausible that the micellar-forming DHPC mole-

cules have a propensity to adsorb at the edges of these pores

[53]. The accumulation of DHPC has a stabilizing effect on

the pores, and with increasing DHPC concentration their

lifetime increases. The formation of long-lived pores leads

from region E (the nonperforated lamellar phase) into region

D (the perforated lamellar, or ‘‘Swiss cheese’’, phase) of the

phase diagram depicted in Fig. 7. The methods at our

disposal cannot determine at precisely which compositions



Fig. 8. Cartoon showing the aggregate structures encountered in DMPC/

DHPC mixtures as a function of either q or T. From bottom to top: a mixed

globular micelle; a discoidal micelle with DMPC in the center and both

DMCP and DHPC in the rim; a mixed cylindrical micelle that is slightly

flattened (a quasi-cylinder); branched mixed quasi-cylindrical micelles; and

a holey DMPC lamellar sheet where DHPC covers the edges of the holes.

Black head groups represent DMPC, light-grey head groups represent

DHPC.
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to draw the line between regions D and E, if such a marked

line can be defined at all.

4.2. Summary of encountered structures and transitions

Several aggregate structures are seen in the DMPC/

DHPC system, and the phase-diagram is quite complex

(see Fig. 7). The ratio of the two phospholipid components,

q ( q=[DMPC]/[DHPC]), and the temperature, T, appear to

be the variables that directly affect the sample morphology,

while cL only has a slight effect when [DHPC]totJ
[DHPC]free. Increasing the temperature has the same effect

as increasing the ratio q. It is expected that the aggregate

curvature decreases with increasing q, since pure DMPC

forms an extended lamellar phase of close to zero curvature

(see, e.g., Ref. [44]).

Fig. 8 shows the sequence of aggregates observed as

function of q and T in cartoon form. At low values of q,

roughly globular micelles are formed (the structure of these

aggregates may be somewhat ellipsoidal [35,45]). As q

increases, or at elevated temperatures, small nonspherical

structures, presumably with a discoidal shape [20], are

formed. The center is most likely largely made up by

DMPC, while the rim is made up of both DMPC and

DHPC. The discoidal aggregates grow in size as q or

temperature is further increased, but only to a diameter of

about 20 nm, whereafter cylindrical micelles start to form.

The cylindrical micelles are slightly flattened (‘‘quasi-cyl-

inders’’) and presumably made up of intimately mixed

DMPC and DHPC. It seems likely that the rim of the

discoidal micelles has roughly the same DMPC/DHPC

composition as the first cylindrical micelles formed, render-

ing the transition smooth. As q or the temperature is further

elevated, the cylindrical micelles start to interconnect.

Formation of an interconnected network lowers the average

curvature of the aggregates due to the decreasing number of

ends (which are highly curved) as well as due to the

negative curvature at the branching points. Since the curva-

ture is low in the junctions, there may be a gradual

enrichment of DMPC at these points. It is straightforward

to see how a further increase in q or temperature transforms

this structure into a perforated lamellar phase reminiscent of

a slice of Swiss cheese. The holes in the lamellar phase,

which are presumably edged by DHPC, must be rather large

in order to overcome the negative curvature imposed on this

‘‘inverted rim’’.

The intermediate structure of a partly segregated discoi-

dal micelle ‘‘sandwiched’’ between the mixed globular and

the mixed cylindrical micelles is somewhat mysterious. A

transition directly from mixed globular to mixed cylindrical

micelles seems more natural, and such transitions are

commonly observed in other surfactant/phospholipid sys-

tems (Ref. [39] and references therein). However, small

discoidal micelles may be able to better match the preferred

curvature of DMPC and DHPC separately, by partly segre-

gating the molecules into the non-curved center and the
curved rim of the disc, respectively. This constitutes a

situation of relatively low entropy, however, and as the disc

grows larger (with increasing q or temperature), the entropic

cost of this aggregate structure increases. Furthermore, as

the rim of the discs grows larger, their decreasing curvature

becomes less attractive for DHPC. In response to this, more

DMPC may be directed into the rim, and eventually the

formation of only rims, i.e., elongated (quasi-)cylinders, is

favoured over discoidal structures. This would explain why

the discoidal micelles are limited in size, as observed

experimentally.
5. Conclusions

We have investigated DMPC/DHPC aggregate structures

and their transitions by means of ocular inspection and cryo-
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TEM, and constructed a three-dimensional phase-diagram in

the region 1%V cLV 5% and qV 4 (depicted in Fig. 7). We

find that both increasing temperature and increasing the

DMPC/DHPC molar ratio q lead to the same sequence of

aggregate formation. The total phospholipid concentration

cL has a less pronounced effect on the aggregate structure.

The general transformation is from mixed globular micelles,

via small discs on to (quasi-)cylindrical micelles which

branch and finally turn into a perforated lamellar sheet

(see Fig. 8).

By means of DLS, we find that the discs at low q

( q < 1.5) are significantly smaller than what is predicted

by the refined ideal disc model. This could be explained by

vast DMPC participation in formation of the rim. q = 0.5

discs at T= 25–37 jC, the composition typically used as

‘‘bicelles’’ in NMR, have a bilayer area corresponding to

approximately six DMPC molecules (on either side). Fur-

thermore, the discs seem to have a maximum diameter of

f 20 nm. Elevation of the temperature or the DMPC/DHPC

ratio q to attain larger discs leads to distorted discs that

become lengthened and eventually turn into cylindrical

micelles.

The dramatic increase in viscosity at intermediate

DMPC/DHPC ratios (2.0V qV 3.5) is due to the formation

of very long cylindrical micelles, which are somewhat

flattened (i.e. ‘‘quasi-cylindrical’’). The structure of this

phase may have important implications for the development

of bicelle membrane protein crystallization methods, by

aiding an understanding of the mechanism. Upon increasing

q or temperature, the quasi-cylindrical micelles become

branched, and eventually extended perforated lamellar

sheets, reminiscent of slices of Swiss cheese, are formed.

This is accompanied by a decrease in viscosity, and these

aggregates most likely constitute the magnetically alignable

DMPC/DHPC mixtures used in solution NMR.
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