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We present a systematic analysis of the aggregation number and shape of micelles formed by nine detergents
commonly used in the study of membrane proteins. Small-angle X-ray scattering measurements are reported
for glucosides with 8 and 9 alkyl carbons (OG/NG), maltosides and phosphocholines with 10 and 12 alkyl
carbons (DM/DDM and FC-10/FC-12), 1,2-dihexanoyl-sn-glycero-phosphocholine (DHPC), 1-palmitoyl-2-
hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LPPG), and 3-[(3-cholamidopropyl)dimethylammonio]-1-
propane sulfonate (CHAPS). The SAXS intensities are well described by two-component ellipsoid models,
with a dense outer shell corresponding to the detergent head groups and a less electron dense hydrophobic
core. These models provide an intermediate resolution view of micelle size and shape. In addition, we show
that Guinier analysis of the forward scattering intensity can be used to obtain an independent and model-free
measurement of the micelle aggregation number and radius of gyration. This approach has the advantage of
being easily generalizable to protein-detergent complexes, where simple geometric models are inapplicable.
Furthermore, we have discovered that the position of the second maximum in the scattering intensity provides
a direct measurement of the characteristic head group-head group spacing across the micelle core. Our results
for the micellar aggregation numbers and dimensions agree favorably with literature values as far as they are
available. We de novo determine the shape of FC-10, FC-12, DM, LPPG, and CHAPS micelles and the
aggregation numbers of FC-10 and OG to be ca. 50 and 250, respectively. Combined, these data provide a
comprehensive view of the determinants of micelle formation and serve as a starting point to correlate detergent
properties with detergent-protein interactions.

Introduction

Micelle forming detergents are important in a range of
scientific and technological applications. In particular, they are
used frequently in biochemical studies as a mimetic of cell
membranes to solubilize integral membrane proteins.1-3 An
understanding of detergent properties is desired to determine
optimal detergent conditions for extraction, purification, and
structural and functional characterization of membrane proteins.3-6

Even though the presence of the protein component in a
protein-detergent complex (PDC) will in general alter detergent
packing with respect to the “detergent only” micelles,7-9

characterization of detergent micelles can reveal intrinsic
detergent packing preferences that have a direct influence on
protein-detergent interactions. More specifically, recent results
suggest that the packing preferences of different detergents have
an influence on the conformation of membrane spanning helices
buried in their respective micelles.10 The observation that

detergent micelle geometry can influence the conformation of
proteins buried in their hydrophobic core is reminiscient of the
fact that lipid packing preferences can impact membrane protein
function in lipid bilayers.11 While quantitative models of bilayer
deformation and packing have been obtained,11 such models
are lacking for detergent micelles at the present. Accurate
measurements of the properties of micelles formed by a single
detergent species can serve as a starting point to correlate
detergent packing preferences with trends in protein-detergent
interactions, to calibrate theories of micellization,12,13 and to
understand more complicated detergent mixtures and their
interactions with proteins.

Here, we use small-angle X-ray scattering (SAXS) as a
powerful probe of detergent micelles. Small-angle scattering can
provide insight into the size, shape, and interactions of biological
macromolecules, polymers, and detergent systems in solu-
tion.2,14-17 Both small-angle neutron scattering (SANS)18-24 and
SAXS25-27 have been used to study the solution structure and
interactions of detergent micelles.

We present SAXS measurements for nine detergents com-
monly used in membrane protein studies (see Table 1). The set
includes glucosides with 8 and 9 alkyl carbons (OG/NG), and
maltosides and phosphocholines with 10 and 12 alkyl carbons
(DM/DDM and FC-10/FC-12). Furthermore, the study com-
prises 1,2-dihexanoyl-sn-glycero-phosphocholine (DHPC), which
has two alkyl chains, the ionic detergent 1-palmitoyl-2-hydroxy-
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sn-glycero-3-[phospho-rac-(1-glycerol)] (LPPG), which features
a 15 carbon alkyl chain, and 3-[(3-cholamidopropyl)dimethy-
lammonio]-1-propane sulfonate (CHAPS), which does not have
an alkyl chain, but a steroid-like hydrophobic group.

In this study we present three complementary analyses of
the SAXS data. First, we show that the forward scattering
intensity obtained from Guinier analysis of the very low angle
scattering data can be used to determine the micelle aggregation
numberN (i.e., the number of detergent monomers in a micelle).
This measurement does not require fitting of geometrical
parameters to the scattering data and makes no assumptions
about the shape or geometry of the micelle. An advantage of
this approach is that it can be generalized in a straightforward
manner to protein-detergent complexes,2 where the fitting of
a form factor model is complicated by the fact that the structure
of the protein in the PDC is a priori unknown.

Second, we fit the full scattering profiles with a two-shell
ellipsoid form factor model. In this two-component model the
electron dense outer shell corresponds to the detergent head
groups and the less electron dense core corresponds to the
hydrophobic interior of the micelles. This approach is similar
to previous studies that model micelles using simple geometric
shapes, such as two-component spheres,18 ellipsoids,19,20,22,25or
cylinders26 whose parameters are fit against the experimental
data. While still a significant simplification, these models can
provide a comprehensive picture of the size and shape of
detergent micelles.24,28The hydrophobic core volume computed
from the ellipsoid model provides an independent estimate of
the aggregation number and we find good agreement with the
values obtained from the forward scattering intensity, and with
literature values as far as they are available.

Third, we observe that the position of the second maximum
of the SAXS intensity observed for detergents with alkyl tail
groups is a direct measurement of the head group-head group
spacing across the micelle. Determination of the characteristic
head group-head group distance from the position of the second
maximum in the scattering intensity is straightforward and robust
and the results are in good agreement with the parameters
derived from the two-component ellipsoid models. This char-
acteristic distance across the micelle likely constrains detergent-

protein interactions and appears to be a determinant of protein
conformational homogeneity inside of micelles.10

Taken together, our results provide a comprehensive data set
of micelle sizes and shapes for detergents commonly used in
membrane protein studies. The data highlight trends for micelle
size and shape across different detergents and provide insight
into the different contributions to the free energy of micelle
formation.

Materials and Methods

SAXS Data Collection.SAXS data were measured at the
XOR/BESSRC undulator beam line 12-ID of the Advanced
Photon Source, Argonne, IL, employing a sample-detector
distance of 2 m and a X-ray phosphor detector optically coupled
to a 3× 3 mosaic CCD. The data were collected with a custom-
made thermo-controlled sample holder29 at a temperature of
25 °C and an X-ray energy of 12 keV (corresponding to a
wavelength ofλ ) 1 Å). The usable range of momentum transfer
q was 0.022< q < 0.28 Å - 1 (q ) 4π sin(θ)/λ, where 2θ is
the total scattering angle andλ is the X-ray wavelength). Further
details of the measurement and beamline are as described.29-31

DM, DDM, FC-10, FC-12, OG, NG, DG, and CHAPS were
purchased from Anatrace. LPPG and DHPC were purchased
from Avanti Polar Lipids. Data were collected at detergent
concentrations of 5, 10, 25, 50, 75, 100, 150, and 200 mM
(except for OG, FC-10, and CHAPS, where a profile at 200
mM was not recorded) with 20 mM phosphate buffer, pH 6.2,
and 150 mM NaCl. Each detergent concentration series was
prepared from a 1 Mstock solution. For DG only a limited set
of data at detergent concentrations of 12.5, 25, and 50 mM was
obtained with the same buffer conditions.

We employed 8 mg/mL horse heart cytochromec (Sigma),
in 100 mM acetate buffer, pH 4.6, with 0.5 M guanidinium
hydrochloride and 1 mg/mL of a 24mer DNA duplex (prepared
as described in ref 32) suspended in 50 mM Na-MOPS, pH
7.0, with 150 mM NaCl as molecular weight standards. All
samples were centrifuged at 11000× g for 10 min prior to data
collection. For each condition, 5 exposures of 0.1 s each were
taken, image corrected, and circularly averaged. The 5 resulting
profiles for each condition were averaged to improve signal

TABLE 1: Detergent Properties

detergent (abbreviation) ionic property
FWa

(Da)
cmca

(mM)
Vmon

b

(Å3)
Fdet

c

(e/Å3)
Nd

(lit.)
NGuinier

d

(eq 4)
Ncore

d

(eq 10)
Rg

e

(Å)

n-decylphosphocholine (FC-10) zwitterionic 323 11h 494.3 0.360 NRg 45-50 50-53 25.5( 1.0
n-dodecylphosphocholine (FC-12) zwitterionic 351 1.5h 548.1 0.354 50-60,8 70-8040 60-70 75-80 34.0( 2.0
n-decyl-â-D-maltoside (DM) non-ionic 483 1.8h 644.0 0.407 69h 82-86 85-90 27.0( 0.5
n-dodecyl-â-D-maltoside (DDM) non-ionic 511 0.17h 697.8 0.398 78-149,h 14055 135-140 135-145 35.0( 1
n-octyl-â-D-glucoside (OG) (50 mM) non-ionic 292 1857-2358 418.6 0.382 27-100,57 8743 80-85 100 30.0( 3.0
n-nonyl-â-D-glucoside (NG) (10 mM) non-ionic 306 6.559 445.5 0.377 NRg 240-260 230-250 43.0( 5.0
n-decyl-â-D-glucoside (DG) non-ionic 320 2.260 472.4 0.373 200-40046 NDf NDf ND
1,2-dihexanoyl-sn-

glycerophosphocholine (DHPC)
zwitterionic 453 14-1542 677.2 0.363 27,41 3542 35-40 25-35 19.0( 1.0

1-palmitoyl-2-hydroxy-sn-glycero- ionic 507 0.01861 692.8 0.395 ≈12541 160-170 160-170 37.0( 2.0
3-[phospho-rac-(1-glycerol)] (LPPG)
3-[(3-cholamidopropyl)-

dimethylammonio]-1-propane
sulfonate (CHAPS) (25 mM)

zwitterionic 615 8.062 830.3 0.405 1062 11-12 16-17i 16.0( 1.0

aFormula weights of the detergent monomers (FW) and critial micelle concentrations (cmc) were taken from the literature.bMonomer volumes
(Vmon) were calculated from published specific densities,8 using the Tanford formula for alkyl chain volumes to adjust for different chain lengths.38

For LPPG, the molecular volume was computed by summing the partial chemical group volumes reported by Reynolds and McCaslin.39 cThe
detergent electron density values (Fdet) were computed by summing the number of electrons from the chemical composition and dividing by the
molecular volume.dMicellar aggregation numbers (N) were taken from the literature as far as available and determined from the forward scattering
intensity (NGuinier, eq 4) and from the hydrophobic core volumes (Ncore, eq 10) (see text).e Radii of gyration (Rg) were obtained from Guinier fits
to the SAXS data (see text).f ND, no data were obtained for this detergentg NR, no reference was available.h Anatrace, Inc.i For CHAPS, a
one-component ellipsoid model was fit to the scattering data (see text).
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quality. Appropriate buffer profiles were collected with identical
procedures and subtracted for background correction. We have
observed radiation damage for proteins and some detergents (in
particular with sugar-based head groups) using the SAXS setup
at beam line 12-ID at the APS with integration timesg1.0 s,
therefore, the total exposure time was limited to 0.5 s for all
measurements in this study. The absence of radiation damage
was confirmed by comparing subsequent exposures of the same
sample, and no significant changes were detected (data not
shown).

SAXS Theory.For monodisperse solutions of approximately
spherical particles (spherical on the length scale of the inter-
particle spacing), the measured scattering intensity as a function
of momentum transferq is given by15,24

c is the particle concentration,P(q) is the form factor (also
known as particle structure factor), andS(q,c) is the solution
structure factor.P(q) corresponds to the orientationally averaged
scattering profile of a single particle and can be computed from
a structural model.S(q,c) accounts for particle interactions in
solution and modifies the measured scattering profile at finite
concentrations.15,19,33,34 The solution structure factorS(q,c)
modifiesI(q) most strongly at small momentum transferq. S(q,c)
can in principle be computed, at least approximatively, from
solution theory.28,33,34For weakly interacting particles at low
enough concentrations,S(q,c) is equal to unity and the scattering
intensity is given by the particle form factor alone.

In the limit that interparticle correlations are negligible, the
scattering intensity for very low momentum transferq is given
by the Guinier approximation35,36

The forward scattering intensityI(0) and radius of gyrationRg

are obtained by fitting a straight line to a plot of ln(I) as a
function ofq2. The Guinier approximation is valid only for small
qRg. In practice, reliable fits can be obtained by using aq range
such thatqRg < 1.3.15 Guinier fits presented in this work use a
fitting range such thatqRg < 1.2, and errors are determined by
varying the fitting range in steps ofq ) 0.0025 Å- 1.

In the absence of interparticle interference effects, the forward
scattering intensity is proportional to the square of the total
scattering contrast15,36

For X-ray scattering, the total scattering contrast isV(F -
Fs), whereV is the molecular volume,F is the average electron
density of the particle (equal to the total number of electrons in
the particle divided byV), andFs is the electron density of the
solvent. The solvent in our experiments is 20 mM phosphate
buffer with 150 mM NaCl added andFs ) 0.34 e/Å3.37 K is a
proportionality constant that can be determined from the
measurement of a molecular weight standard of known con-
centration, molecular volume, and electron density.

It is a direct consequence of eq 3 that a micelle composed of
N detergent monomers scattersN-fold more strongly in the
forward direction thanN monomers (as the concentration of
the micelle is reduced by 1/N, but the molecular volumeN-fold
increased). Therefore, we can determine the micellar aggregation
number by comparing the measuredI(0)det (from Guinier
analysis) to that expected for a detergent monomer

Vmon is the molecular volume of a detergent monomer. Monomer
volumes were calculated from published specific densities,8

using the Tanford formula for alkyl chain volumes to adjust
for different chain lengths.38 For LPPG, the molecular volume
was computed by summing the partial chemical group volumes
reported by Reynolds and McCaslin.39 Detergent electron
densities Fdet were computed by summing the number of
electrons from the chemical composition and dividing by the
molecular volume.Vmon and Fdet values are reported in Table
1. The proportionality constantK was determined from mea-
surements of cytochromec and a 24 bp DNA duplex as
molecular weight standards (see “SAXS Data Collection”).K
values from both standards deviate by less than 3% (data not
shown) and in the following the cytochromec results are used.

Form Factor Models. The X-ray scattering amplitude of a
particle with electron densityF(r ) is given by

and the particle form factor is equal to the square of the
amplitude, averaged over all orientations,P(q) ) 〈|A(q)|2〉Ω. For
a sphere of uniform electron densityF and radiusR the scattering
amplitude is15,28,35

whereVsph ) 4πR3/3 is the volume of the sphere andj1 is the
first-order spherical Bessel function. The scattering amplitude
for a spheroid with one semi-axis of lengtha and two semi-
axes of lengthb is related to that of the sphere by replacingqR
in eq 6 withu ) q(x2a2 + (1 - x2)b2)1/2, wherex is the cosine
of the angle between the axisâ and the vectorq and the final
result has to be integrated over all values ofx. For a two-shell
sphere or ellipsoid, the scattering amplitude is computed by
adding the contributions for each shell. In particular, for a two-
shell ellipsoid with a core of densityF1 and one semi-axisa
and two core semi-axesb and an outer shell of densityF2 and
thicknessta andtb in thea andb dimensions (see Figure 1) the
particle form factor is given by

with u1 ) q(a2x2 + b2(1 - x2))1/2, u2 ) q((a + ta)2x2 + (b +
tb)2(1 - x2))1/2, the core volumeV1 ) 4πab2/3, and the total
volumeV1 + V2 ) 4π(a + ta)(b + tb)2/3. Fora < b the spheroid
is oblateand fora > b it is prolate. The ellipticityε is a useful
quantity for characterizing how spherical or elongated an
ellipsoid is, ε ) (1 - (a/b)2)1/2 for oblate andε ) (1 - (b/
a)2)1/2 for prolate shapes.

The radius of gyration for a particle with electron density
F(r ) is given by

I(q) ) cP(q)S(q,c) (1)

I(q) ≈ I(0) exp(-Rg
2q2/3) (2)

I(0) ) Kc[V(F - Fs)]
2 (3)

N )
I(0)det

I(0)mon

)
I(0)det

K(c - cmc)(Fdet - Fs)
2Vmon

2
(4)

A(q) ) ∫ (F(r ) - Fs) exp(iq‚r ) d3r (5)

Asph(q) ) 3Vsph(F - Fs)
sin(qR) - qRcos(qR)

(qR)3
)

3Vsph(F - Fs)
j1(qR)

qR
(6)

P(q) ) ∫0

1 (3V1(F1 - F2)
j1(u1)

u1
+

3(V1 + V2)(F2 - Fs)
j1(u2)

u2
)2

dx (7)

Rg
2 ) (∫ r2(F(r ) - Fs) d3r)/(∫ (F(r ) - Fs) d3r) (8)
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For the two-component spheroid model eq 8 can be evaluated
and the result is

Results and Discussion

SAXS profiles were measured at different detergent concen-
trations for all nine detergents included in this study as described
in Material in Methods. Below the critical micelle concentration
(cmc, Table 1), detergent molecules remain monomeric in
solution and do not form micelles.38 For a given total detergent
concentrationc, the concentration of detergent molecules
participating in micelles is approximately (c - cmc). No
significant scattering signal was detected for any of the
investigated detergents at concentrations below the cmc (data
not shown), indicating that the scattering from individual
solvated detergent monomers is very weak. Therefore, scattering
profiles below (or very close to) the cmc are excluded in the
following analysis. Scattering intensities are shown as a function
of momentum transferq for different detergent concentrations
in Figures 2A-10A.

For concentrations low enough so that interparticle interfer-
ence effects are negligible (typicallye50 mM, see below)
scattering profiles for all detergents except for the glucosides
are virtually superimposable after rescaling by (c - cmc) (data
not shown). This and the fact that the data show good linearity
in the Guinier region (see below) for low detergent concentra-
tions indicate that the micelle distributions are approximately
monodisperse, in good agreement with previous results for the
non-ionic detergents DHPC20 and DDM.25

Determination of Aggregation Numbers from Guinier
Analysis.Forward scattering intensitiesI(0) and radii of gyration
Rg for the nine detergents included in this study were obtained
from Guinier analysis (eq 2) of the lowq scattering data. Guinier
fits are shown in Figures 2B-10B. In general, the fittedRg and
I(0) are expected to be functions of detergent concentration, as
(1) the size of the detergent micelles is known to increase with
c and since (2) interparticle interference modifies the scattering
profiles for highc, which leads to changes in the apparentRg

and I(0). To probe the effects of increasing concentration and
to obtain reliable estimates of the micellarRg andI(0), Guinier
analysis of scattering profiles collected at different concentra-
tions was performed. The apparent aggregation numbers ob-
tained from eq 4 are shown as a function of (c - cmc) in Figures

2C-10C. Additionally, the measured scattering profiles were
linearly extrapolated to zero concentration (thus treating inter-
particle interference and effects of the detergent concentration
on micelle size to second order inc). The aggregation numbers
from Guinier analysis of the extrapolated profile are shown as
black symbols at zero concentration in Figures 2C-10C.

We find that for low detergent concentrations (typicallyc e
50 mM) the apparent values forN (and Rg, not shown) are
independent, within experimental errors, of detergent concentra-
tion, except for OG and CHAPS. Furthermore, the apparent
aggregation numbers at low detergent concentrations agree with
the values obtained from Guinier analysis of the extrapolated
scattering profile. These results indicate that for the lowest
detergent concentrations used in our measurements interparticle
interference effects are negligible and micelle aggregation
numbers are relatively independent of detergent concentration.
The radii of gyration and micelle aggregation numbers obtained
from eq 4 at these low detergent concentrations are reported in
Table 1.

The only exceptions are OG and to a lesser extent NG and
CHAPS, for which the micelles seem to grow significantly with
increasing detergent concentration. The alkyl-glucosides and
CHAPS results are discussed in more detail in the next section.

The changes in apparent aggregation number orI(0) (in
addition to the trivial linear dependence ofI(0) on c) for high
c can reveal the nature of intermicellar interactions. An observed
increase in forward scattering intensity with increasingc is

Figure 1. Schematic of the two-component ellipsoid model. The
rotation symmetry axis is shown as a dashed line.a and b are the
dimensions andF1 the electron density of the hydrophobic core.ta and
tb are the thickness andF2 the electron density of the head group region.
The figure shows the case of an oblate ellipsoid witha < b, for a >
b the ellipsoid is prolate.

Rg
2 )

1
5

(F2 - Fs)(a + ta)(b + tb)
2[(a + ta)

2 + 2(b + tb)
2] + (F1 - F2)ab2(a2 + 2b2)

(F2 - Fs)(a + ta)(b + tb)
2 + (F1 - F2)ab2

(9)

Figure 2. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for FC-10. (A) SAXS profiles (I(q)) of FC-10 at detergent concentra-
tions of 25 (blue), 50 (brown), 75 (green), 100 (purple), and 150 (red)
mM. Profiles at 5 and 10 mM were recorded, but at these detergent
concentrations below the cmc scattering was not detectable within
experimental error. (B) Guinier representation (ln(I) as a function of
q2) of the low angle data (same color code as part A) and Guinier fits
(black lines). The increase in scattering signal (decrease in scatter) with
increasing concentration is observed. (C) Apparent aggregation numbers
N obtained from the extrapolated forward scattering intensity and eq 4
(squares, same color code as in part A). The point at 0 mM (black
circle) corresponds to the estimate obtained by linearly extrapolating
the measured profiles to zero concentration. Errors are obtained from
repeat fits with different fitting ranges and by propagating the error
from repeat measurements of the molecular weight standard. (D) Two-
component ellipsoid fit (black solid line) and scattering intensity
recorded at 25 mM detergent concentration (blue circles). The residuals
of the fit are shown in the inset. Fitted parameters are presented in
Table 2.
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indicative of interparticle attraction and/or growing micelles,
as observed for the alkyl-glucosides and CHAPS. A decrease
of I(0) with increasingc is expected if interparticle repulsion15

is the dominant effect at higher concentrations. For all detergents
investigated, except for the alkyl-glucosides and CHAPS, the
apparentI(0) decreased with increasing concentrations at high
c, indicative of interparticle repulsion, presumably due to
excluded volume effects. For LPPG, the only charged detergent
in this study, the decrease in forward scattering intensity with
increasingc is particularly pronounced and can likely be
attributed to electrostatic repulsion.

Two-Component Ellipsoid Models. The results of the
Guinier analysis indicate that interparticle interference is
negligible for the lowest detergent concentrations used in our
experiments. Under these conditions, the solution structure factor
S(q,c) in eq 1 is equal to unity and the scattering data can be
described by using a model for the particle form factorP(q).

We employ a two-shell ellipsoid model for the form factor
(eq 7 in Materials in Methods) to fit the scattering intensity.
The model features an ellipsoidal core with one semi-axisa,
two semi-axesb, and electron densityF1, representing the
hydrophobic interior of the micelle, and an outer shell of
thicknessta andtb in thea andb dimensions and electron density
F2, corresponding to the detergent head groups (Figure 1).

It has been shown that the alkyl chains in the hydrophobic
core of detergent micelles are closely packed and that the core
contains no or very little water.24,38 F1 can, therefore, be
computed by dividing the number of electrons per alkyl chain
by the monomer alkyl chain volumeVtail. For a chain ofnc alkyl

carbons,Vtail is given by the Tanford formula38 Vtail ) (27.4+
26.9nc) Å 3. An estimate forF2 can be obtained by dividing the
number of electrons in the detergent head group by the head
group volume, which is computed as (Vmon - Vtail); however,
this approximation neglects the effects of hydration (see below).

We employ a nonlinear least-squares fitting routine imple-
mented in Matlab (Mathworks) to fit two-component spheres
and prolate and oblate ellipsoids to the scattering data. As the
information about the absolute scattering intensity is already
used in the Guinier analysis, the form factor model is fit to the
shape of the scattering profile up to an arbitrary scaling constant.
Fitting parameters area, b, and the head group thicknessta )
tb. Additionally, we investigate whether varyingta and tb
independently and whether treating the head group layer density
F2 as a free parameter alter the fit. Micelle aggregation numbers
can be computed from the form factor models by dividing the
total volume of the dry hydrophobic core by the volume per
monomer.20,25-27

FC-10, FC-12, and DHPC.The scattering profiles of the
phosphocholines FC-10, FC-12, and DHPC are well modeled
by two-component prolate ellipsoid form factors. The fitted
parameters are presented in Table 2, and scattering profiles and
fits are shown in Figures 2D, 3D, and 8D. VaryingF2 or ta and
tb independently did not significantly improve the fits, and gave
values fortb within 0.4 Å of tb. The small value for the thickness
of the head group layer,ta ≈ 3 Å for both FC-10 and FC-12,
suggests that the head group adopts a compact conformation,
likely with the negatively charged phosphate group in close

Figure 3. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for FC-12. (A) SAXS profiles (I(q)) of FC-12 at detergent concentra-
tions of 25 (blue), 50 (brown), 100 (green), 150 (purple), and 200 (red)
mM. Profiles at 5 and 10 mM were recorded and a weak scattering
signal was detected; however, the signal-to-noise ratio of the data did
not allow for a reliable Guinier fit and these profile were excluded
from the analysis. (B) Guinier representation (ln(I) as a function ofq2)
of the low angle data (same color code as part A) and Guinier fits
(black lines). The increase in scattering signal (decrease in scatter) with
increasing concentration is apparent. (C) Apparent aggregation numbers
N obtained from the extrapolated forward scattering intensity and eq 4
(squares, same color code as in part A). The point at 0 mM (black
circle) corresponds to the estimate obtained by linearly extrapolating
the measured profiles to zero concentration. (D) Two-component
ellipsoid fit (black solid line) and scattering intensity recorded at 25
mM detergent concentration (blue circles). The residuals of the fit are
shown in the inset. Fitted parameters are presented in Table 2.

Figure 4. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for DM. (A) SAXS profiles (I(q)) of DM at detergent concentrations
of 5 (magenta), 10 (yellow), 25 (blue), 50 (brown), 100 (green), 150
(purple), and 200 (red) mM. (B) Guinier representation (ln(I) as a
function ofq2) of the low angle data (same color code as part A) and
Guinier fits (black lines). (C) Apparent aggregation numbersN obtained
from the extrapolated forward scattering intensity and eq 4 (squares,
same color code as in part A). The point at 0 mM (black circle)
corresponds to the estimate obtained by linearly extrapolating the
measured profiles to zero concentration. Note the logarithmic scale.
(D) Two-component ellipsoid fit (black solid line) and scattering
intensity recorded at 5 mM detergent concentration (magenta circles).
The residuals of the fit are shown in the inset. Fitted parameters are
presented in Table 2.

Ncore) 4
3

πab2/Vtail (10)
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contact with the positively charged trimethylamine group. The
core dimensions for FC-12 are larger than those for FC-10, by
∼1.7 Å in the short dimensions and by about 5 Å along thea
axis. The short core dimensionb is smaller for DHPC than for
FC-10 and FC-12, as can be expected from the shorter alkyl
chains (see below). For FC-10,NGuinier andNcoreare in excellent
agreement, and smaller than the aggregation values obtained
for FC-12. This is consistent with the general observation that
N increases with alkyl chain length as discussed further below.
For FC-12,Ncore is slightly larger thanNGuinier, but the results
agree reasonably within error and with the values reported by
Arora and Tamm40 (see Table 1).

DHPC is different from the other detergents in this study as
it has two alkyl chains. Our model for DHPC is in qualitative
agreement with the results of Lin et al.,20 who found DHPC to
be a prolate ellipsoid withb ) 7.8 Å anda ) 24 Å using SANS.
Interestingly, in their model the head group layer thickness is
significantly different in thea andb dimensions (6 and 10 Å,
respectively). In contrast, we obtain similar values of∼3.5 Å
for both ta and tb, in good agreement with the models for FC-
10 and FC-12. These differences may be due to the different
scattering properties of neutrons and X-rays, which may bias
the fitted models. The values forNGuinier andNcore obtained for
DHPC (Table 1) exhibit some variation but agree reasonably
within experimental error and are in the same range as the values
reported by Chou et al.41 (N ) 27) and Tausk et al.42 (N ) 35).

DM and DDM. The SAXS intensities for the maltosides are
well fit by oblate ellipsoid models with parameters given in
Table 2. Experimental and fitted scattering profiles are shown
in Figures 4D and 5D. Varyingta andtb independently did not
significantly improve the fit and gave values fortb within 0.5
Å of ta. Similarly, treatingF2 as a fitting parameter did not result

in a significant change from the value computed from the head
group volume and did not significantly improve the fit. The
results for DDM are in excellent agreement with the findings
of Dupuy et al., who modeled dodecyl-â-D-maltoside as a two-
component oblate ellipsoid with a 14.1 Å semi-minor axis and
two 28.2 Å semi-major axes for the core and a 6.2 Å outer
shell of uniform thickness.25 For DM the core is smaller than
for DDM, the short dimensiona by about 1.8 Å and the long
dimensionb by about 5 Å, while the thickness of the head group
layer is unchanged. This is to be expected as the two detergents
have the same head group, but DM has a shorter alkyl chain
than DDM (see below). For DDM,NGuinier, Ncore, and the
available literature values are in excellent agreement (see Table
1). For DM, Ncore andNGuinier are in excellent agreement, but
slightly larger than the value measured by Anatrace, Inc. (http://
www.anatrace.com/). This discrepancy might be due to differ-
ences in solution conditions, which unfortunately are not
explicitly stated for the Anatrace measurement.

OG, NG, and DG.Then-alkyl-glucosides, in particular OG,
have been studied extensively with a range of methods.21,23,26,43-47

An initial SANS study modeled OG micelles as spheres,23 but
subsequent work found them to be nonspherical.43-45 Giordano
et al. modeled OG micelles as monodisperse elongated one-
component ellipsoids and found that the micelles grow signifi-
cantly in the long dimension with increasing detergent concen-
tration.21 Furthermore, they observed interparticle repulsion
effects for detergent concentrationsg0.6 M. Zhang et al.
obtained an extensive data set using both X-ray and neutron
scattering over a largeq range forn-heptyl-â-D-glucoside (HG),
OG, and NG.26 They tested a variety of models and found the
best fit using an elongated two-component cylinder form factor.
Their model accounts for polydispersity in cylinder height using
a Shultz distribution and for fluctuations in the monomer

Figure 5. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for DDM. (A) SAXS profiles (I(q)) of DDM at detergent concentrations
of 5 (magenta), 10 (yellow), 25 (blue), 50 (brown), 100 (green), 150
(purple), and 200 (red) mM. (B) Guinier representation (ln(I) as a
function ofq2) of the low angle data (same color code as part A) and
Guinier fits (black lines). (C) Apparent aggregation numbersN obtained
from the extrapolated forward scattering intensity and eq 4 (squares,
same color code as in part A). The point at 0 mM (black circle)
corresponds to the estimate obtained by linearly extrapolating the
measured profiles to zero concentration. Note the logarithmic scale.
(D) Two-component ellipsoid fit (black solid line) and scattering
intensity recorded at 5 mM detergent concentration (magenta circles).
The residuals of the fit are shown in the inset. Fitted parameters are
presented in Table 2.

Figure 6. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for OG. (A) SAXS profiles (I(q)) of OG at detergent concentrations of
50 (brown), 75 (green), 100 (purple), and 150 (red) mM. (B) Guinier
representation (ln(I) as a function ofq2) of the low angle data (same
color code as part A) and Guinier fits (black lines). (C) Apparent
aggregation numbersN obtained from the extrapolated forward scat-
tering intensity and eq 4 (squares, same color code as in part A). The
point at 0 mM (black circle) corresponds to the estimate obtained by
linearly extrapolating the measured profiles to zero concentration. (D)
Two-component ellipsoid fit (black solid line) and scattering intensity
recorded at 50 mM detergent concentration (brown circles). The
residuals of the fit are shown in the inset. Fitted parameters are presented
in Table 2.
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positions by introducing a Debye-Waller factor-like formalism.
The study found OG micelles to be significantly larger in D2O
than in H2O and, in agreement with previous results, to grow
along the long dimension with increasing detergent concentra-
tion.

HG, NG, and DG have been studied less extensively than
OG, but the existing data suggest that they, too, form micelles
with elongated, prolate, shapes. Zhang et al. modeled HG and
NG similar to OG as polydisperse two-component cylinders and
found HG to adopt much shorter (along the long dimension)
and NG to adopt much more elongated micelles, compared to
OG.26 Their models suggest aggregation numbers ofN ) 14
for HG and ofN ) 2700 for NG, but the latter number is subject
to considerable uncertainty. Nilsson et al. demonstrated that DG
exhibits a complex phase diagram, which features phase
separation into two liquid isotropic solutions for detergent
concentrations from 3 to 500 mM.46 For detergent concentration
below 3 mM DG forms discrete micelles with an aggregation
number in the range of 200-400.46

Instead of trying to replicate or improve on the comprehensive
model by Zhang et al., we will use the scattering data for OG
and NG micelles only to serve as a point of comparison with
the other detergents. The scattering profiles for both OG and
NG at different detergent concentrations are not superimposable
after rescaling by (c - cmc) even for low concentrations,
indicating a change in micelle size and shape with concentration
and/or polydispersity of the size distribution. For simplicity, and
to allow for direct comparison with the other detergents in this
study, we fit the OG and NG scattering data using the two-
component ellipsoid model outlined in the Material and Methods
section. While Zhang et al. obtained better fits at highq using
their two-component cylinder model, which includes polydis-
persity and a Debye-Waller factor, they found adequate fits

with a two-component ellipsoid model for scattering data up to
q ≈ 0.3 Å - 1, which suggests that this simpler model is adequate
for the range ofq values considered here.

Our OG scattering data are reasonably fit by a prolate two-
component ellipsoid model with parameters presented in Table
2 (see Figure 6D). Similar to Zhang et al., we find that the fitted
thickness of the electron dense head group layer is dependent
on the value used for the electron density of this regionF2. We
find the best fit forF2 ≈ 0.45 e/Å3 and ta ) tb ≈ 4.5-5.0 Å,
which indicates that hydration effects are important for OG
micelles. The short axes of the micelle are constant with
increasing detergent concentration; however, the apparent length
increases froma ≈ 40 Å at 50 mM to 50-55 Å at 150 mM in
reasonable agreement with the dimension determined in previous
studies.21,26,44

The apparent aggregation number computed from the forward
scattering intensityNGuinier increases with increasing OG con-
centration, consistent with micelle growth as a function of
increasingc. For c ) 50 mM NGuinier ≈ 85, in good agreement
with the value of 87 obtained by Kameyama and Takagi43 and
slightly smaller than the value computed from the dimension
of the fitted modelNcore ≈ 100.

Similar to OG, the NG scattering data can be reasonably
modeled as a prolate two-component ellipsoid (see Figure 7D).
Fitting parameter are presented in Table 2. Similar to the case
of OG, the shortb dimension is approximately constant and
the micelles grow along the longa axis with increasing detergent
concentration, froma ≈ 55 Å at c ) 10 mM to a ≈ 105 Å at
50 mM. For even higher detergent concentration, the apparent
micelle size decreases, which is likely a result of interparticle
repulsion effects. The aggregation number determined from the

Figure 7. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for NG. (A) SAXS profiles (I(q)) of NG at detergent concentrations of
10 (blue), 25 (brown), 50 (green), 100 (purple), and 200 (red) mM.
(B) Guinier representation (ln(I) as a function ofq2) of the low angle
data (same color code as part A) and Guinier fits (black lines). (C)
Apparent aggregation numbersN obtained from the extrapolated
forward scattering intensity and eq 4 (squares, same color code as in
part A). The point at 0 mM (black circle) corresponds to the estimate
obtained by linearly extrapolating the measured profiles to zero
concentration. (D) Two-component ellipsoid fit (black solid line) and
scattering intensity recorded at 10 mM detergent concentration (blue
circles). The residuals of the fit are shown in the inset. Fitted parameters
are presented in Table 2.

Figure 8. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for DHPC. (A) SAXS profiles (I(q)) of DHPC at detergent concentra-
tions of 25 (blue), 50 (brown), 100 (green), 150 (purple), and 200 (red)
mM. Profiles at 5 and 10 mM were recorded, but at these detergent
concentrations below the cmc no scattering was detectable within
experimental error. (B) Guinier representation (ln(I) as a function of
q2) of the low angle data (same color code as part A) and Guinier fits
(black lines). (C) Apparent aggregation numbersN obtained from the
extrapolated forward scattering intensity and eq 4 (squares, same color
code as in part A). The point at 0 mM (black circle) corresponds to
the estimate obtained by linearly extrapolating the measured profiles
to zero concentration. (D) Two-component ellipsoid fit (black solid
line) and scattering intensity recorded at 25 mM detergent concentration
(blue circles). The residuals of the fit are shown in the inset. Fitted
parameters are presented in Table 2.
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forward scattering intensityNcoreshows a similar trend; however,
the experimental error for the Guinier fits is considerable (see
Figure 7C). VaryingF2 as an independent parameter improves
the fit slightly and yieldsF2 values lower than those computed
from the head group volume alone, which might indicate that
hydration effects are important. Similar to OG, the fitted
thickness of the head group layer depends on the value forF2,
with lower values ofF2 giving rise to larger values forta ) tb.
Varying ta and tb independently did not significantly improve
the fit.

We also attempted measurements of DG; however, the
viscosity and limited solubility of the detergent made handling
and accurate adjustment of the detergent concentration difficult.
Furthermore, interpretation of the data is complicated by the
complex DG phase diagram as discussed above. Therefore, we
limit the analysis of the DG scattering data to the determination
of position of the second maximum in the scattering intensity,
as discussed in the Second Peak’ subsection.

LPPG. LPPG is the only ionic detergent in this study. For
high detergent concentrations strong interparticle interference
is observed (see the Guinier Analysis’ subsection and Figure
9), which is likely attributable to electrostatic repulsion between
micelles. However, for low detergent concentrations (e25 mM)
the scattering profiles are superimposable after scaling by (c -
cmc) and are well described by an oblate form factor model
(see Figure 9). Fitting parameters are presented in Table 2.
Interestingly, variation ofF2 as an independent parameter did
significantly improve the fit and yielded values ofF2 lower than
those computed from the volume and chemical composition of
the head group. This behavior suggests that hydration effects
and interactions with the counterion cloud are more significant

for this ionic detergent than for the non-ionic detergents
considered in this study. Analysis of both the hydrophobic core
volume and the forward scattering intensity gives aggregation
numbers of 160-170 (Table 1). This value is larger than the
aggregation number of∼125 reported by Chou et al.41 This
difference can be at least qualitatively attributed to the fact that
our measurements are done in the presence of 150 mM NaCl,
whereas the study of Chou et al. used 20 mM phosphate buffer
only, since addition of monovalent salt is known to increase
the aggregation number for ionic detergents.48

CHAPS. CHAPS is the only amphiphile in this study that
has a steroidal group instead of an alkyl chain as its hydrophobic
moiety. The previous arguments about the hydrophobic core
volume are, therefore, not directly applicable. Furthermore, there
is no second maximum in the scattering intensity in the
measuredq range (see Figure 10A), suggesting that for CHAPS
the contrast difference between hydrophobic core and hydro-
philic head groups is much less pronounced than that for the
other detergents. Therefore, we attempt to fit the SAXS pattern
for CHAPS using one-component sphere and one-component
ellipsoid models, i.e., formally using eq 7 withF2 ) Fs. While
it is possible to fit a two-component model to the data, we find
that the CHAPS scattering profile is well fit by a one-component
prolate ellipsoid model (see Figure 10D), suggesting that this
is the minimal model that can account for the data.

The apparent aggregation number derived from the forward
scattering intensity increases for CHAPS with increasing
detergent concentration (see the Guinier Analysis’ subsection
and Figure 10C) is similar to the behavior observed for OG
micelles. In addition, the fitted dimensions of the micelle from
the one-component ellipsoid model increase with increasing
detergent concentration. The fitted value for the short dimension

Figure 9. Scattering data, Guinier analysis, and two-shell ellipsoid fit
for LPPG. (A) SAXS profiles (I(q)) of LPPG at detergent concentrations
of 5 (magenta), 10 (yellow), 25 (blue), 50 (brown), 100 (green), 150
(purple), and 200 (red) mM. The effects of interparticle interference
are clearly visible as a decrease in scattering intensity at lowq in the
200 mM profile. (B) Guinier representation (ln(I) as a function ofq2)
of the low angle data (same color code as part A) and Guinier fits
(black lines). (C) Apparent aggregation numbersN obtained from the
extrapolated forward scattering intensity and eq 4 (squares, same color
code as in part A). The point at 0 mM (black circle) corresponds to
the estimate obtained by linearly extrapolating the measured profiles
to zero concentration. Note the logarithmic scale. (D) Two-component
ellipsoid fit (black solid line) and scattering intensity recorded at 5
mM detergent concentration (magenta circles). The residuals of the fit
are shown in the inset. Fitted parameters are presented in Table 2.

Figure 10. Scattering data, Guinier analysis, and one-component
ellipsoid fit for CHAPS. (A) SAXS profiles (I(q)) of CHAPS at
detergent concentrations of 10 (yellow), 25 (blue), 50 (brown), 75
(green), 100 (purple), and 150 (red) mM. (B) Guinier representation
(ln(I) as a function ofq2) of the low angle data (same color code as
part A) and Guinier fits (black lines). (C) Apparent aggregation numbers
N obtained from the extrapolated forward scattering intensity and eq 4
(squares, same color code as in part A). The point at 0 mM (black
circle) corresponds to the estimate obtained by linearly extrapolating
the measured profiles to zero concentration. Note the logarithmic scale.
(D) One-component ellipsoid fit (black solid line) and scattering
intensity recorded at 25 mM detergent concentration (blue circles). The
residuals of the fit are shown in the inset. Fitted parameters are presented
in Table 2.
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b increases from 10.5 Å at 50 mM CHAPS to 13.5 Å at 150
mM CHAPS, and the long dimension increases from∼30 to
∼40 Å in the same concentration range. An increase in apparent
micelle size could in principle be the result of attractive
interparticle interactions or of true micelle growth with increas-
ing detergent concentration. The fact that we find an increase
in apparent micelle size at relatively low detergent concentra-
tions (e50 mM) suggests that CHAPS micelles indeed grow
with increasing detergent, but we cannot rule out a convolution
of the two effects.

The aggregation number determined from forward scattering
Ncore≈ 11-12 at a detergent concentration of 25 mM is in good
agreement with the value determined by Hjelmeland et al. (N
) 10), but slightly lower than the value computed from the
volume of the prolate ellipsoid model divided by the volume
of the monomer (Table 1). However, modeling the CHAPS
micelle as a one-component ellipsoid neglects the effects of
hydration as well as differences in scattering density in the
micelle, both of which would increase the apparent aggregation
number of the model.

Second Peak.The detergents investigated in this study (with
the only exception of CHAPS) have a characteristic second peak
in the scattering intensity, which stems from the large difference
in scattering contrast between the detergent head groups and
the aliphatic micelle core. A second maximum in the scattering
intensity, in addition to the (first) maximum atq ) 0 for forward
scattering, is generally characteristic of core-shell structures.49,50

The position of the maximum at intermediateq is independent
of detergent concentration (see Figures 2A-10A) and will be
denoted withqmax. The peak positionqmax corresponds to a
length scale that is given by 2π/qmax. Figure 11A shows the
length scale 2π/qmaxas a function of the number of alkyl carbons
nc for all detergents investigated in this study, except CHAPS.
The maximum extension of an alkyl chain of lengthnc is
approximately38 lc ) (1.5 + 1.265nc) Å and the maximal
thickness across the alkyl core along the short dimension is 2lc.
2lc (Figure 11A, solid black line) correlates well with the
position of the second peak and the characterstic spacing 2π/
qmax (Figure 11A, symbols) is consistently slightly larger than
2lc. This observation can be rationalized as follows: The second
peak position is determined by the scattering interference
between the electron dense head groups across the low electron
density hydrophobic core. For an elongated micelle, there are
in principle a range of head group-head group distances across
the hydrophobic core. However, the dominant head group-head
group distance is the short micelle dimension, as there are more
monomers separated approximately by the short dimension than
by other distances, for both prolate and oblate ellipsoids. The

spacing from center to center of the head group layers across
the short dimension of the micelle is approximatelyd ) 2a +
ta for oblate andd ) 2b + tb for prolate ellipsoids. The distance
d correlates well with the characteristic length scale 2π/qmax (r
) 0.95) as shown in Figure 11 B.

Trends in Micelle Size and Shape.The observed trends in
aggregation numberN and micellar shape can be qualitatively
understood from theories of micelle formation.12,38,51,52Micelle
formation is governed by two contributions to the free energy.
The burial of the hydrophobic moieties in the lipid-like
hydrophobic micelle core has a favorable (and mostly entropic38)
contribution to the free energy that can be estimated from the
free energy of transfer of the hydrophobic group from a lipid
to the aqueous phase. This effect alone would favor very large
aggregates and phase separation. However, since the hydrophilic
head groups are covalently attached to the hydrophobic tails,
micelle formation brings head groups into close proximity,
which is energetically unfavorable and balances the hydrophobic
effect. This balance of “opposing forces”38 causes many
amphiphiles (including the detergents in this study) to form
micelles of a finite size. Several approaches have been proposed
to quantitatively model head group-head group intercations.
For ionic detergents electrostatic repulsion is important, but a
theoretical treatment is complicated by the effect of screening
counterions.38,51For non-ionic detergents entropic contributions

TABLE 2: Geometrical Parameters of Detergent Micelles Obtained from the Two-Component Ellipsoid Fits

parameters

detergenta shape F1 (e/Å3) F2 (e/Å 3) a (Å) b (Å) ta (Å) tb (Å) ε a/b Rg (Å)

FC-10 prolate 0.273 0.490 20.7-21.2 13.4-13.6 2.7-3.0 ≈ta 0.76 1.55 25
FC-12 prolate 0.277 0.490 25.5-27.5 16.0-16.5 2.6-3.0 ≈ta 0.80 1.63 34

DM oblate 0.273 0.520 12.0-12.5 23.0-24.0 6.0-6.3 ≈ta 0.85 0.52 26
DDM oblate 0.277 0.520 13.8-14.3 28.0-29.5 6.0-6.3 ≈ta 0.88 0.48 33

OG (50 mM) prolate 0.268 0.45-0.54 39.0-42.0 12.0-13.2 3.2-5.0 ≈ta 0.95 3.21 29
NG (10 mM) prolate 0.271 0.50-0.53 55.0-60.0 13.5-15.0 4.0-5.2 ≈ta 0.97 4.00 40

DHPC prolate 0.253 0.464 20.5-22.5 9.5-10.0 3.0-4.0 ≈ta 0.89 2.20 20

LPPG oblate 0.281 0.46-0.48 19.0-20.0 29.5-30.5 5.5-6.0 ≈ta 0.76 0.65 38

CHAPSb (25 mM) prolate n.a. n.a. 31.0 10.5 n.a. n.a. 0.94 2.95 15.4

a For all detergents, except for OG and DG, similar parameters were obtained from fits to the two or three lowest concentration profiles.b For
CHAPS, a one-component ellipsoid model was fit to the scattering data (see text).

Figure 11. Characteristic head group-head group spacing determined
from the position of the second maximum (qmax) of the scattering
intensity. (A) Measured values for 2π/qmax are shown as a function of
the number of alkyl carbonsnc for FC-10/12 (redO), DM/DDM (blue
0), n-heptyl-â-D-glucoside (HG)/OG/NG/DG (green3), DHPC (red
)), and LPPG (brown4). The black line indicates the maximum
extension of the alkyl chains38 given by 2× (1.5+ 1.265nc). The value
for HG was taken from Figure 7 of Zhang et al.26 (B) Measured values
for 2π/qmax as a function of the head group-head group spacingd
determined from the two-component ellipsoid fits (see text) for FC-
10/12 (redO), DM/DDM (blue 0), OG/NG (green3), DHPC (red)),
and LPPG (brown4). A linear regression withd as the independent
variable gives ay-intercept of-3.5 Å and a slope of 1.1 (dashed line).
The correlation coefficient isr ) 0.95. CHAPS does not have an alkyl
chain and does not exhibit a second peak in the scattering intensity
and is, therefore, not included in the graph.
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are suggested to be dominant and have been modeled in analogy
to electrostatics.12 More recently, even more sophisticated
models have been developed,52 which in part rely on extensive
computer simulations to calibrate parameters.13,53

For a given head group, increasing the alkyl chain length
favors larger aggregation numbers,12,38as the hydrophobic effect
from packing the tail groups in the micelle interior become
stronger (by∼0.8 kcal/mol per CH2 group38). In agreement
with this prediction, the observed aggregation numbers increase
with increasing chain length for the maltoside sequence octyl-
â-D-maltoside (N ) 21-2527), DM (N ≈ 85, Table 1), DDM
(N ≈ 140, Table 1), and tetradecyl-â-D-maltoside (N g1000
54), and from DHPC (∼35, Table 1) to 1,2-diheptanoyl-sn-
glycero-phosphocholine (N ) 428). This prediction is also borne
out by the newly determined aggregation numbers: FC-10 has
a smallerN than FC-12 (∼50 vs∼70, Table 1) and FC-14 (N
) 12455). Similarly, the aggregation number for NG (∼250) is
larger than that of OG (100) and HG (∼1426). The elegant
treatment by Chandler and co-workers based on the assumption
of spherical micelle geometry12 predicts an increase in aggrega-
tion number with alkyl chains length proportional tonc

2. The
phosphocholines follow this prediction approximately; however,
the other micelles investigated in this study exhibit a more rapid
increase of their aggregation number with alkyl chain length,
which can likely be attributed to their pronouncedly nonspherical
geometry (see below and Table 2).

An important constraint on the micelle shape is the maximum
possible extension of the hydrocarbon chain,lc ) (1.5 +
1.265nc) Å for a nc alkyl carbon38 (see the Second Peak
subsection). Since there cannot be a “hole’’ in the middle of
the micelle, one dimension of the micelle is always limited by
this extension. Furthermore, this constraint sets an upper limit,
Nmax,sph, to the aggregation number consistent with spherical
geometry for micelles with a certain alkyl chain length,Nmax,sph

) (4π/3)lc3/Vtail, as emphasized by Israelachvili et al.51 For all
detergents included in this studyN > Nmax,sph, in agreement
with the observation that spherical models are unable to account
for the scattering data. Indeed, the data are well described by
two-component ellipsoid models, with short dimensions for the
micelle core (a for oblate andb for prolate ellipsoids) that are
consistently close to, but smaller than the maximum extension
lc (see the Second Peak subsection).

Since the short dimension of the micelle is constrained bylc,
increasing the number of alkyl carbons for a fixed head group
has two effects on the micelle shape: The micelle grows in the
short dimension by about 1.0 to 1.5 Å per additional alkyl group,
due to the longer alkyl chain. The additional growth related to
an increase inN (dicussed above) occurs primarily along the
long dimension, which leads to more elongated micelle shapes,
reflected in smaller (larger) values fora/b for oblate (prolate)
ellipsoids and larger values of the ellipticityε with increasing
nc. Both trends are borne out by the data for the maltosides,
glucosides, and phosphocholines (see Table 2).

Israelachvili et al. show that, under fairly general assumptions
about the form of the chemical potential, long cylindrical, “rod-
like” micelles are predicted to exhibit larger polydispersity in
their size distribution and a stronger dependence of the ag-
gregation number on detergent concentration than more spherical
or oblate micelles. In agreement with this prediction, the
detergents with the most prolate or “rod-like” micelles in the
study, the glucosides and CHAPS, exhibit signs of polydispersity
and show a stronger dependence of their aggregation numbers
on detergent concentration than the other detergents in this work.

Comparison of micelles formed by detergents with the same

hydrophobic tail and different head groups requires consideration
of the head group-head group repulsion. A comparison of the
non-ionic maltosides (DM and DDM) to the zwitterionic
phosphocholines of the same chain length (FC-10 and FC-12)
shows that the phosphocholines have smaller aggregation
numbers, which can be rationalized by the stronger repulsive
forces between the more polar head groups of the zwitterions.
Comparing non-ionic detergents, the glucosides exhibit larger
aggregation numbers and less spherical micelles compared to
the maltosides for the same chain length. A likely explanation
is that the larger head group of the maltosides as compared to
the glucosides leads to stronger steric repulsion and, therefore,
to smaller micelles (which, as a result, are more spherical).

Of all detergents in this study, LPPG has the longest alkyl
chain (nc ) 15) and is the only detergent with a charged head
group. The long alkyl chain alone would predict the formation
of very large micelles; however, the strong electrostatic repulsion
between the ionic head groups alone would lead to the
expectation of much smaller micelles compared to non-ionic
detergents with a similar length alkyl chain. Apparently, the
two effects balance such that the observed aggregation number
for LPPG is comparable to the other detergents in this study.

Another interesting case is DHPC, the only detergent in this
study with two alkyl chains. DHPC has a shorter alkyl chain
than the other detergents in this study (nc ) 6), which would
suggest a very small aggregation number (and a very high cmc).
However, the fact that there are two alkyl chains per head group
partially compensates for the short alkyl chains, and DHPC
forms micelles with a size and cmc comparable to other
detergents in this study. The shortest distance across the micelle
core is still limited by the maximum extent of the individual
chains, though, and consequently DHPC forms the micelles with
the shortest distanced (see above) of the detergents in this study.

The behavior of CHAPS is more difficult to predict, as
CHAPS has a rigid polycyclic ring structure as the hydrophobic
region of the amphiphile. Experimentally, we find that CHAPS
forms relatively small micelles, which is likely a consequence
of its specific steric constraints.

In summary, simple theories of micelle formation are suf-
ficient to rationalize the observed trends in micelle sizes and
shapes qualitatively. However, there is currently no general
theory that achieves accurate quantitative predictions of micelle
shape and aggregation numberN from first principles. The lack
of a truly predictive theory highlights the need for accurate
experimental determination of micelle parameters.

Conclusions

The present study of nine detergents commmonly used to
solubilize membrane proteins is similar in spirit to previous
works employing small-angle scattering techniques to provide
insights into the structure and interactions of detergent micelles.
The general approach in these studies has been to use simple
geometric form factor models, such as two-component spheres,18

ellipsoids,19,20,22,25or cylinders,26 for the micelle structure. Some
of the studies have included finite concentration interparticle
interference effects explicitly using simple models for interpar-
ticle interactions.19,33,34,56In this study, we use a two-component
ellipsoid model for the micelle structure and, in addition, present
two novel and complementary analyses of the scattering data.
As the focus of this work is on micelle structure, we only discuss
the effect of micelle interactions qualitatively and limit the form
factor modeling to conditions where interparticle interference
is negligible.

The two-component ellipsoid model for the scattering intensi-
ties is clearly still a crude approximation to real detergent
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micelles. It neglects molecular detail, fluctuations, and possible
polydispersity. However, it provides a reasonable intermediate
scale model and appears to be the minimal model that can
account for the observed scattering profiles. In particular, none
of the detergents measured in this study could be plausibly fit
by using strictly spherical models. Furthermore, we find that
one-component ellipsoid models fail to reproduce the charac-
teristic second maximum in the scattering intensity, which is
observed for all detergents but CHAPS.

Using Guinier analysis of the lowq scattering data, we obtain
an independent measurement of the forward scattering intensity
and radius of gyration. The Guinier approach requires no
assumptions about the micelle geometry. The radii of gyration
obtained directly from Guinier analysis agree well with the
values computed from the ellipsoidal form factor models (see
Tables 1 and 2). The extrapolated forward scattering intensity
can be used to obtain an independent measurement of the
micellar aggregation numberNGuinier. The values forNGuinier

agree favorably with the aggregation numbers computed from
the ellipsoidal models (see Table 1) and provide a consistency
check on the form factor models. Furthermore, the Guinier
approach in combination with the values forFdet tabulated in
Table 1 can be applied to protein-detergent complexes, to
obtain the oligomerization state of proteins inside of a detergent
micelle.2,9

The position of the second peakqmax provides a straightfor-
ward and robust measure of the characteristic detergent spacing
across the short micelle dimension. Recent results indicate that
this spacing is a critical determinant of protein structure and
dynamics in PDCs and that the position of the second peak
provides a convenient way to evaluate the detergent packing in
mixed micelles.10

This study provides a compilation of data that we anticipate
to be useful both for experimentalists interested in studies of
membrane proteins as well as for theoreticians trying to improve
on existing models of micellation.12,13 Finally, the analyses
presented here are easily generalizable to other micelle forming
detergents and to mixed micelles.
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