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ARTICLE INFO ABSTRACT
Keywords: The structure of micelles of sodium dodecyl sulfate (SDS) is probed via analysis of small-angle x-ray scattering
Micelles (SAXS) data with the aim to fit the data over an extended wavenumber g range. This provides detailed infor-
Sulrffactantil mation on the micelle shape, which can be described as a polydisperse triaxial ellipsoidal core-shell structure
:zx:ssem y according to model form factor fitting. This model was necessary to fit the data over a wide q range, which is not
Molecular Dynamics accurately represented by simpler models such as biaxial ellipsoidal core-shell structures. Data for SDS (at fixed
; : concentration) in a NaCl concentration series revealed increasing structure factor effects with decreasing salt

Computer Simulations

concentration. This reflects decreased charge screening on the headgroups. The structure factor could be
modelled using a simple hard sphere structure factor. The analysis of form factor was complemented by atomistic
molecular dynamics (MD) simulations, starting from an unbiased initial configuration of a defined number of
molecules in a box. The MD configurations were used to calculate the form factor using the software CRYSOL (for
small-angle scattering analysis of solution scattering, traditionally for proteins, here for micelles) and accounting
for the boundary layer hydration effects. Good agreement with experimental data was found for systems with
association numbers close to p = 60. This association number is consistent with that obtained from analysis of the
form factor (in the case where structure factor effects could be neglected) and from model-free analysis of the
forward scattering intensity. It is also in agreement with prior literature and our findings in regard to form factor
parameters are also compared to previous reports.
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1. Introduction

Sodium dodecyl sulfate (SDS), also known as sodium lauryl sulfate
(SLS), is a canonical anionic surfactant, widely used in commercial
cleaning products such as washing-up liquid and in science and tech-
nology for applications such as cell membrane solubilization. As such, its
basic physico-chemical properties have been extensively studied
including micellization, which occurs above a critical micelle concen-
tration (CMC) that is dependent on temperature and on the presence of
salt or other additives. The CMC can be obtained from concentration-
dependent measurements of surface tension, conductivity and other
colligative properties [1-3].

The structure of SDS micelles has been investigated through small-
angle scattering, both small-angle X-ray scattering (SAXS) and small-
angle neutron scattering (SANS) with a wide variety of different ana-
lyses [4-13]. These methods [14] are suitable to probe micelle structure
on the appropriate length scales from tens of [o\ngstréms to atomic
packing features, provided that the measurements extend over a suffi-
ciently wide range of wavenumbers g = 4nsin6/A. The data at low
concentration can be fitted to a suitable form factor to represent the
shape of the micelles, i.e. at sufficiently low concentration, structure
factor effects due to inter-micellar correlations can be neglected. A
common feature revealed by much modelling is that the micelles (in
water or solutions with low salt concentration) are not spherical and can
be modelled as ellipsoids, either oblate or prolate. At high NaCl con-
centration (1 M and above), SAXS indicates the formation of wormlike
micelles [10]. The transition from globular to worm-like micelles was
studied by time-resolved (stroboscopic) SAXS using stopped flow mixing
of SDS and concentrated salt solutions [10].

SDS micellization has also been studied via molecular dynamics
(MD) computer simulations. In an early study, Shelley et al. reported MD
on SDS micelles (with association number p = 42) which remained
approximately spherical. The alkyl chain conformation and counterion
distribution were computed, among other micellar properties [15].
Mackerell reported that SDS micelles remain spherical based on simu-
lations using the CHARMM?22 force field starting from a model of a
spherical micelle with p = 62 [16]. Significant mobility of the head-
groups was observed, although with limited conformational flexibility of
the core lipid chains. Bruce et al. performed MD (Amber parm98 force
field) on SDS micelles with p = 60, initially examining the micelle
structure and counterion distribution, which revealed slightly aniso-
metric micelles, the molecules not all being arranged radially [17]. A
companion paper focused on water structuring (hydrogen bonding
network) near the headgroups [18].

Okazaki and coworkers used MD simulations (CHARMM force field)
to compute the potential energy (changes upon addition of monomers)
of SDS of different association numbers along with a free energy model
to find the optimal association number p = 57 [19]. These MD simula-
tions also provided the free energy of water permeation into the micelle
core [20], and micelle structural properties such as evidence for a pro-
late shape and a preferred coordination number of sulfur atoms (from
headgroups) [21]. An ellipsoidal shape of SDS micelles was also noted in
MD simulations (using an Amber force field) with p = 60, along with
other structural properties of SDS micelles compared to those of SDBS
(sodium dodecylbenzene sulfonate) [22]. An association number p = 60
was used in MD simulations (GROMOS 45a3 force field) of the in-
teractions of poly(ethylene oxide) with SDS micelles [23]. Coarse
grained MD was employed by Gao et al. in their study of SDS micelles
[24], while coarse graining using MARTINI was performed for SDS also
with p = 60, which revealed a significantly prolate ellipsoidal shape for
the micelles, and reasonable agreement for other micelle structural
properties was obtained compared to atomistic simulations [25]. Chun
et al. performed MD on SDS micelles with p = 60 using a full atomistic
model with Dreiding potential [26]. Structural parameters of the micelle
were obtained, and it was noted that a significant fraction of the micelle
surface apparently contains hydrophobic alkyl chains and that the SDS
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molecules are not straight nor aligned radially from the micelle centre.
The potential of mean force to extract SDS molecules from micelles was
also calculated.

Storm et al. used the CHARMMS36 force field in MD simulations along
with an analytical model for intermolecular interactions between mo-
lecular surfaces based on polarization densities to calculate the distri-
bution of association numbers of SDS (and cationic surfactant CTAB)
and radial density profiles for the micelles were calculated based on
different aggregation number over ranges spanning p = 54-74 [27].In a
companion work, micelle/water partition coefficients were also evalu-
ated [28]. The effect of the force field in MD simulations of SDS has been
carefully examined using CHARMM36, OPLS-AA, and OPLS-UA force-
fields for different association numbers [29]. Little difference in the
overall micelle structure (with ellipsoidal shape) was observed using the
different force fields for p = 60 or 100, although significant differences
were observed for larger micelles (for example, differences in the final
morphology).

Here, we aim to improve the modelling of SAXS data from the model
surfactant system SDS. Synchrotron SAXS data for SDS in water and in
(relatively dilute) aqueous NaCl solution is analysed over a wider q
range than the truncated range presented in many papers, to provide a
more accurate and detailed analysis of the micellar structure through
detailed form factor fitting as well as complementary MD simulations.
We present the first study using unbiased MD simulations to compute the
SAXS form factor which proves to be in good agreement with mea-
surements, for a suitable association number and when boundary layer
effects are considered. The MD micelle shape envelope is in good
agreement with that obtained from fitting the data with a polydisperse
triaxial ellipsoidal core-shell form factor. Interesting structure factor
effects are also noted from a salt concentration series of measurements
and corresponding fits to the data. The SAXS profile is computed from
unbiased MD simulations which start from a box of SDS molecules of
defined association number. The association number is consistently
obtained from SAXS data modelling (in salt-free or low NaCl concen-
tration solutions) as well as the MD modelling of the form factor, and is
in agreement with prior literature from small-angle scattering and other
experiments and MD simulations.

In a pioneering study, Edler and coworkers presented an atomistic
model for the structure of micelles of the cationic surfactant decyl-
trimethylammonimum bromide (DTAB) based on wide-angle neutron
scattering data [30]. The data extend to ¢ = 20 A and several data sets
were obtained using solvent and surfactant contrast variation to maxi-
mise the information content. The atomistic empirical potential struc-
ture refinement (EPSR) modelling employed is a variant of the reverse
Monte Carlo (RMC) method. The model started from a random assembly
of 64 molecules. In contrast to molecular dynamics (MD) simulations,
EPSR allows the molecules to have intramolecular disorder, since each
molecule independently samples a harmonic potential. The disadvan-
tage of this method is the complexity of the work flow [31] and the
specification of the force field parameters [32], whereas MD can be
performed using widely used packages such as GROMACS, NAMD,
Amber etc, with established force fields. A recent study on a different
micellar system, n-dodecyl-p-d-maltoside (DDM), highlights the need to
measure and model small-angle scattering (SAS) data over a sufficient q
range (including relatively wide angles, up to ¢ = 0.6 A to fit the form
factor [33]. The authors showed that complementary atomistic MD
(constrained by the experimental SAXS data) was required to fully fit the
data, even if micelle asymmetry, interfacial density distribution, and
fluctuations were considered in form factor models (using a triaxial
ellipsoid model) [33]. MD can be used to provide additional information
on the radial density distribution and effects such as surface hydration
(e.g. solvent-accessible surface area, SASA) and the association number
(from the micelle volume enclosed by the SASA).

Our study indicates that the form factor of SDS micelles over an
extended g-range is better represented by a triaxial core-shell ellipsoid
than biaxial ellipsoidal models used in the majority of prior studies
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[6-13]. This is complemented by the MD simulations which were
developed to be consistent with the constraint of the measured SAS data,
allowing for the boundary layer hydration. The MD simulations were
performed unbiased, starting from a random box of SDS molecules (of
different association numbers) as well as initial spherical micelle model
states. The unbiased MD simulations show the rapid development of
stable micelles over a range of association numbers, the best value being
obtained by comparison to the measured SAXS data. These models (and
those starting from initial spherical micelle model structures) showed
the development of anisotropic micelle structures, consistent with the
SAXS form factor fitting.

2. Experimental
2.1. Materials and methods

2.1.1. Materials and sample preparation

Sodium dodecyl sulfate was obtained from BDH (Poole, UK) with
99% purity. Solutions of NaCl in MilliQ water or pure MilliQ water were
used as a solvent to dissolve weighted amounts of SDS. The mixture was
then stirred to produce a homogeneous solution.

2.1.2. Small-angle X-ray scattering experiments (SAXS)

Synchrotron SAXS experiments on solutions were performed using a
BioSAXS setup on BM29 at the ESRF (Grenoble, France) [34]. A few
microlitres of samples were injected via an automated sample exchanger
at a slow and very reproducible rate into a quartz capillary (1.8 mm
internal diameter), in the X-ray beam. The quartz capillary was enclosed
in a vacuum chamber, to avoid parasitic scattering. After the sample was
injected in the capillary and reached the X-ray beam, the flow was
stopped during the SAXS data acquisition. The q range was
0.005-0.48 ;\'1, with A = 1.03 A and a sample-detector distance of
2867 mm. The images were obtained using a Pilatus3-2 M detector.
Data processing (background subtraction, radial averaging) was per-
formed using dedicated beamline software ISPyB.

Form factor fitting was performed with SASfit [35,36] using a
polydisperse core-shell triaxial ellipsoid model, and a hard sphere
structure factor, as required.

2.2. Molecular dynamics simulations

Molecular dynamics simulations were performed using Gromacs
[37] (version 2020.1-Ubuntu-2020.1-1). SDS molecules (number p =
55, 58, 60, 62, 65, 100 and 140) were randomly packed in a (40 nm)°®
box using Packmol [38], and in the case of p = 60, spherical micelles
were generated in Packmol as an additional comparative initial state.
The SDS molecular structure (pdb file) was obtained from the
CHARMM-GUI server [39] and simulations were performed using the
CHARMMZ27 force field [40,41] using the included force field parame-
ters for SDS. The system was solvated using spc216 water. Each system
was neutralized using a matching number of Na® counterions. After
energy minimization and 100 ps relaxation stages in the NVT and NPT
ensembles, the final simulations were carried out in the NPT ensemble
using a leap-frog integrator with 1,000,000 steps of 2 fs up to 1000 ps.
The temperature was maintained at 300 K using the velocity-rescale
(modified Berendsen) thermostat [42] with a coupling constant of 10
steps. The pressure was maintained at 1 bar using the Parinello-Rahman
barostat [43] and periodic boundary conditions were applied in all three
dimensions. The Particle Mesh Ewald scheme [44,45] was used for
long-range electrostatics. Bonds were constrained using the LINCS al-
gorithm [46] and the Verlet cutoff scheme [47] was used. Coulomb and
van der Waals cutoffs were 1.0 nm.

3. Results

SAXS data was measured for SDS under several conditions of
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surfactant and salt concentration. Taking a data set for SDS at high salt
concentration (2 wt% SDS in 0.4 M NaCl) provided a test data set with
minimal structure factor effects apparent, i.e. providing a dataset to fit
the form factor. Various models for the form factor fitting were
attempted. A biaxial ellipsoidal core-shell form factor was found to
either not accurately describe the depth of the form factor minimum
(Fig. 1) or to not properly describe the scattering at high q and/or to
have unphysical fit parameters (SI Fig. S1, fit parameters listed in SI
Table S1). However, a triaxial core-shell structure (with polydispersity
in the core short axis as well as shell thickness) was found to provide a
good fit to the data across the whole measured wavenumber range q =
0.007 — 0.52 Al (Fig. 1) with only a slight underestimation of the
scattering at high g which may be due to a scattering contribution from
unaggregated molecules or the effect of local structure. The y? and other
statistical parameters from the fitting are listed in SI Table S2 (and were
significantly lower for the core-shell triaxial ellipsoid than the biaxial
ellipsoid models), while residuals are plotted in SI Fig. S2. The triaxial
ellipsoidal core-shell form factor was then used in subsequent fitting of
data measured for a series of NaCl concentrations with the SDS con-
centration fixed at 2 wt%. This data along with the form factor fits is
shown in Fig. 2. The form factor fit parameters are listed in Table 1. The
micelles are characterized by one axis (c) being notably shorter than the
other two and can thus be classified as “pseudo-oblate”.

There are significant structure factor effects in all data except the
highest salt concentration (0.4 M NaCl) studied where only small
structure factor effects were noted. This was satisfactorily accounted for
the fitting using a hard sphere structure factor [11,14,48,49]. This has
fewer parameters than other models such as the Hayter-Penfold model
used to described charged colloids. The structure factor influences the
form factor parameters, in particular the ellipsoid dimensions a and b
(especially for the data in the absence of salt which has large structure
factor effects). The hard sphere radius and volume fraction grow
monotonically as salt concentration decreases (Table 1).

The ellipsoid dimensions from the form factor analysis were used to
calculate the micelle volume, from which the apparent association
number p,,, was obtained. The volume of the hydrophobic moiety can
be estimated using the equation due to Tanford for the volume per lipid
chain [50], v; = 27.4 + 26.9 n (where n is the number of carbons in the
lipid chain excluding the terminal CHs group, i.e. n =11 and v; is in units
of AB), which yields v; = 323.3 A3. The volume of a triaxial ellipsoid with
semi-axes a, b, ¢ (the micelle core volume from the SAXS form factor
fitting) is given by veore = %nabc, and the corresponding values are

102 |

Intensity / cm™

o0 measured
(biaxial) ellipsoidal shell fit
triaxial ellipsoidal shell fit

103

0.01 0.1 1
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Fig. 1. SAXS data measured for 2 wt% SDS in 0.4 M NaCl (open symbols) along
with fitted form factors (red and blue lines, described in text). For ease of
visualization a reduced data set is shown (binning of groups of 10 data points).
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Fig. 2. SAXS data measured for 2 wt% SDS in the absence or presence of NaCl
at the concentrations indicated (open symbols) along with fitted form factors
(solid lines). For ease of visualization a reduced data set is shown (binning of
groups of 10 data points) and with respect to the top dataset (0.4 M NaCl) the
lower ones are offset by division by successive factors of 5 (i.e. 5, 25, 125
and 625).
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Table 1
Results from form factor fitting using a triaxial core-shell ellipsoid form factor
and calculated micelle volume and apparent association number p,pp.

Conditions 2 wt% 2wt%SDS  2wt%SDS  2wt%SDS 2 wt% SDS
porameters | SDSn in0.03M  in0.1M in0.2M in 0.4 M
H,0 NaCl NaCl NaCl NaCl
(20 °C) (20 °C) (20 °C) (20 °C) (20 °C)
c/A 13.2 13.1 12.9 13.1 12.8
b/A 15.8 16.6 16.3 18.9 19.4
a/A 23.3 24.2 23.7 25.9 27.6
tonent / A 8.0 8.0 8.8 8.1 8.1
c/A 0.0939 0.0939 0.1000 0.0095 0.0254
Neore/ M -1.3x10°  -1.3x107° -1.3x10° -1.2x10° -1.3x10°
Nshen/ cm™ 1.0x10° 1.0x10° 9.6x10° 1.1x10° 1.1x10°
BG/ cm’? 9.6x10° 6.3x10™* 1.0x10°3 1.1x10°3 1.6x10°3
Rus / A 52.5 48.1 46.3 43.3 44.5
@ 0.213 0.137 0.114 0.053 0.033
Veore/ A® 20,355 22,044 20,874 26,861 28,708
Papp 63.0 68.1 64.6 83.0 88.8

Key: Form factor: a,b,c: ellipsoid semi-axis lengths, tshen: shell thickness, o: log-
normal distribution width for polydispersity in ¢ and tgheli, Hcore: COTe scattering
contrast (electron density), #shen: shell scattering contrast (electron density), BG:
constant background. Structure factor: Rys, hard sphere radius, ¢ effective
volume fraction.

listed in Table 1. This can be used to calculate the apparent association
number as papp = Veore/Vi. The values listed in Table 1 show that SAXS
data provides values of p,p, in reasonable agreement with the associa-
tion number p = 60 obtained from other analyses of the data (discussed
below) and MD simulations. The value obtained from the form factor
parameters is higher at high salt concentration (0.2 M and 0.4 M NacCl,
Table 1), which may be a real effect resulting from enhanced association
possible due to screening of the headgroup charge at high salt
concentration.

The form factor fitting was able to fit the data over an extneded g
range, with some deviation at high q, but does not provide an atomistic
picture of the micelle structure. MD simulations were then performed
which provide atomistic detail of the micelle configuration, and the form
factor was computed for comparison with the analytical model fits. MD
simulations were performed using the CHARMMZ27 force field, starting
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from initial random configurations with defined association numbers p
=55, 58, 60, 62, 65, 100 and 140. In all cases, very rapid assembly into
anisotropic micelles was observed, even during the initial “equilibra-
tion” constant NVT part of the simulation. Frames from this run for p =
60 are shown in SI Fig. S3. A structure after a full 1000 ps MD run is
shown in Fig. 3 and a movie showing the trajectory during this run is
provided as SI Movie S1. Convergence of the simulations is confirmed
from the convergence of the calculated SDS atom root-mean-square
deviation (RMSD) and solvent-associated surface area (SASA) and
SASA-enclosed volume (SI Fig. S4). Since the SAXS data indicates that
the association number is around p = 60, the two higher p values (p =
100 and p = 140) are not considered further, although anisotropic
micelle-like structures were observed to be stable for these systems.

Using the atomic coordinates from the MD simulations (in pdb file
format), the SAXS profile was computed using CRYSOL which is part of
the ATSAS software (mainly designed for protein SAS data modelling)
that performs calculations using the Debye equation, allowing for the
scattering effects due to displaced solvent and surface hydration
[51-53]. Good agreement with experimental data was observed
(exemplified in Fig. 4, which shows data measured for a very dilute and
salt-free SDS solution where structure factor effects are minimal) noting
that there is some variation in the computed profiles from one MD run to
another and allowing for variation in association number (likely to be
the case in practice) as shown in SI Fig. S5. These calculations particu-
larly highlighted the need to account for the boundary layer, as evident
from SI Fig. S5 comparing profiles calculated with and without head
group sulfate oxygen atoms. An overlay of the micelle structure from MD
for p = 60 along with the form factor core-shell ellipsoid structure (using
the parameters from the fit for the 0.4 M NaCl solution from Table 1) is
shown in Fig. 5a. Different projections of the ellipsoidal core-shell
structure are also illustrated (Fig. 5b). From Fig. 5a, it is clear that
there is good overlap between the core ellipsoid and the p = 60 SDS
micelle structure from MD simulations. The outer shell in the form factor
model must be present to account for fluctuations in the micelle
configuration, shape and association number as well as the presence of
the Na™ counterion shell and bound water.

As a check on self-consistency, the association number was obtained
from the micelle volume enclosed by the SASA (SI Fig. S6). This was
computed from MD data for SDS micelles with p = 60 giving a volume
Vsasa = 20.23x10° A3 (from UCSF Chimera), divided by the tail volume
obtained from the Tanford equation (discussed above) v; = 323.3 A3
leads to p = vsasa/v) = 62. This also provides an indirect check of the
accuracy of the Tanford approximation (the volume of the sulfate
headgroup appears not to significantly influence this).

As a further independent check, the association number can be ob-
tained in a model-independent way from the forward scattering in-
tensity [14,54]. The measured SAXS data presented here is in absolute
units (cm™) and the forward scattering (at ¢ = 0) can be written as [12]:

1(0) = cmicMumic[roVp (Psps — Po)]z/NA 1)

Here cpjc is the concentration of micelles, Mp;. is the micelle molar
mass, ry is the classical electron radius (0.28179 x10 2 cm e 1), Vp is
the SDS partial specific volume, pgpg and pg represent the SDS and sol-
vent (water) electron density and Np is Avogadro’s number. Here we
wish to obtain the micelle molar mass and hence p. Rearranging Eq. (1)
gives:

My = &2 )

Cmic[FoVp (Psps — Po)]

SDS contains 145 electrons in a molecular volume v, = 390.3 A3
[12], i.e. the electron density is psps= 0.372 e A 3. The electron density
of water is taken as pg = 0.333 e As. Taking a concentration cpj. = 2 wt
% (0.02 g cm™) and with v, = 0.815 em® g [12], and using I(0) =
0.07 em’! (Guinier extrapolation of the data in Fig. 1) leads to Mpj. =
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Fig. 3. Different projections of a simulated SDS micelle with p = 60. Note the presence of an unassociated molecule (visible in the back in part c).
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Fig. 4. Comparison of measured data for 0.01 wt% SDS (30 °C) with CRYSOL-
calculated SAXS profile from an MD simulation with p = 62. A flat background
scattering BG = 10" was included to improve the high g fit of the calculated
profile from MD coordinates.

2.63 x 10 g mol’, i.e. p = 91. This is clearly an overestimate based on
comparison to the form factor fitting, and compared to MD and may
reflect the presence of residual structure factor effects in the data.

4. Discussion

The micelle structure parameters obtained here are compared with
previous data obtained from SANS and SAXS studies on SDS. Micelle
structural parameters from form factor fitting from selected studies with
detailed form factor analysis are listed in Table 2.

Detailed SANS measurements were performed for SDS in NaBr so-
lutions and different form factor models were applied depending on SDS
and NaBr concentrations [5]. At low NaBr concentration, the data could
be fitted with an ellipsoidal form factor, at 0.2-0.4 M NaBr, a triaxial
ellipsoidal model was used and at higher [NaBr], a wormlike chain
model was used. Fit parameters for the 0.2 M NaBr solution are included
in Table 2. The SANS data does not show form factor maxima/minima
due to the contrast in D0, and the lower resolution of the SANS mea-
surements. Another SANS study of SDS in aqueous solutions with and
without the salt p-toluidine hydrochloride included form factor fitting
using a prolate ellipsoid model [7]. The data shows strong structure
factor effects in the 50 mM (1.4 wt%) SDS samples studied in D20 in the
absence of salt (as in the prior SANS study [5]) or at low salt concen-
tration, this being accounted for by inclusion of a rescaled mean
spherical approximation structure factor. Micelle growth upon increase
of the salt concentration was accounted for by extension along the long
axis of the ellipsoid in the form factor fits [7].

Fig. 5. (a) Overlay of MD configuration of SDS micelle for p = 60 with form factor ellipsoids (core: blue, outside including shell: green) using the parameters for 2 wt

% SDS 0.4 M NaCl (Table 1), (b,c) Two projections of the core-shell ellipsoids.
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Table 2

Colloids and Surfaces A: Physicochemical and Engineering Aspects 696 (2024) 134394

Comparison of current form factor fit with selected previous analyses. Unless specified, “ellipsoid” refers to a biaxial ellipsoid.

Conditions and 1 wt% SDS in 0.2 M NaBr (D,0) 2.3 wt% SDS in D,O

1.4 wt% SDS in D0 1 wt% SDS in D,0O 2.3 wt% SDS in DO

model (40 °C) (40 °C) (25 °C) (25 °C) (40 °C)
Monodisperse triaxial ellipsoid [5] Monodisperse ellipsoid [6] Monodisperse ellipsoid [7] Core-shell ellipsoid [8] Monodisperse ellipsoid [13]
Parameters “Oblate-like” ellipsoid Prolate ellipsoid Prolate ellipsoid Prolate ellipsoid Oblate ellipsoid
a/A 13.8 24.0 25.0£21 16.7 13.6
b/A 23.0 15.7 16.7% 20.9 20.6
c/A 25.3 - - -
€ N/A 1.53 1.50 1.25 0.661
tohen / A - - 3.2 -
Conditions and 1% SDS in D,0 (21 °C) 0.5% SDS in 0.5 M 0.63% SDS in 50 mM HEPES buffer, pH 7.8, 0.15 M NaCl 1 wt% SDS (20 °C)
model NaCl (20 °C)
Monodisperse ellipsoid Ellipsoidal core-shell Core-shell ellipsoid with polydispersity [12] Core-shell ellipsoid (with smearing)
[9] [10] [11]
Parameters Oblate ellipsoid Prolate ellipsoid Prolate ellipsoid Oblate ellipsoid
a/A 15.0 31.2 31.2+ 2.0 16.5
b/A 21.8 16.0 £ 0.2 17.8 £ 0.02 22.8
c/A - - -
e 0.688 1.95 + 0.07 1.75+0.11 0.76
tohen / A 7.3+ 0.2 4.85 + 0.17 5.5

Key: a,b,c: ellipsoid semi-axis lengths (in the case of a biaxial ellipsoid b = ¢), ¢: aspect ratio (ellipticity, for biaxial only), tsen: shell thickness

@ Constrained based on hydrophobic chain length

The ambiguity in fitting SAXS data for SDS (and cesium dodecyl
sulfate) to either prolate or oblate ellipsoid form factor models was
addressed by Vass et al. [13] who in fact showed that in a certain q range,
oblate and prolate ellipsoid form factors cannot be distinguished. They
argue that the prolate conformation is likely to be favoured, based on the
physical meaning of form factor fit parameters as well as the observed
phenomenon of micelle elongation at high salt content. However, pa-
rameters from a fit to an oblate ellipsoid form factor are included in
Table 2 (the measured SANS data also required allowance for structure
factor) [6,13] since our analysis is consistent with this shape. Ham-
mouda analysed SANS data for SDS in D50 using a model of oblate el-
lipsoids for the form factor and a mean spherical approximation (in the
Ornstein-Zernike  equation) for the structure factor [9].
Temperature-dependent measurements were performed which reveal a
nearly linear decrease in ellipsoid semi-axis lengths with temperature
(in the range 11 — 87 °C). Jensen et al. fitted SAXS data (up to ¢ =
0.2 10\‘1) for SDS in NaCl solutions (with strong form factor max-
ima/minima) using a model of prolate core-shell ellipsoidal micelles (it
is not clear whether or how polydispersity was included in the model but
uncertainty values are provided, as listed in Table 2) [10]. Recent SAXS
data for SDS micelles has been fitted with an (oblate) ellipsoidal
core-shell model as part of a study on the interaction of common sur-
factants with lipid membranes [11]. Structure factor effects had to be
accounted for, and this was done using a hard sphere model.

In summary, Table 2 shows a reasonable consistency between the
parameters for the more recent SAS form factor fitting using various
models for prolate ellipsoids. Our fitting using a triaxial core-shell
ellipsoid form factor provides accurate fits over an extended q range,
in contrast to some previous SAS data analysis which uses a less
extended q range. The ellipsoid parameters from our fits are in the same
general range as those previously reported, although they do differ in
detail (comparing data in Table 1 and Table 2).

Based on their analysis of SAXS data for micelles of a series of
nonionic glucosides, mannosides and zwitterionic phosphocholines,
Lipfert et al. propose that the position of the secondary maximum in the
form factor of micelles (prolate or oblate ellipsoids in their case) can be
associated with the shortest center-center separation of surfactant head
groups [54]. For the data here (2 wt% SDS, no salt) the maximum is at q
=0.161 + 0.002 A (Fig. 1) corresponding to d = 39.0 & 0.5 A. This is

reasonably close to 2<c +%> = 34.0 + 3.4 A from our model (Table 1),

so this estimation appears to be an acceptable first approximation for
SDS.

The calculated association numbers in Table 1 are in good agreement
with the literature for 0.5 — 1 wt% SDS in aqueous or dilute salt solution
at around 20 °C for which values in the range p = 59 — 70 are generally
reported [5,6,8,9], although higher values have been reported, for
example p = 79 by Hassan et al. (salt- free DO solution) [7], p = 84
(0.03 M solution 25 °C) from SANS measurements in D20 [4]. or p = 90
from SAXS data in HEPES buffer [12]. The value p = 60 is also consistent
with values used in MD simulations as discussed above.

5. Conclusions

In summary we have shown that SDS micelle form factor can be
accurately fitted over an extended g range using a triaxial ellipsoidal
core-shell model. This fits the the data significantly better than a
(biaxial) ellipsoidal core-shell model with a notably improved overall fit
quality. The association number deduced from this data is in good
agreement with prior literature and MD simulations. Data at low salt
concentrations requires allowance for structure factor. The apparent
association number obtained from the form factor structure parameters
in this case is significantly higher. MD simulations with p = 60 (and
allowing for polydispersity around this value) show rapid development
of micelle structure starting from a random box of SDS molecules and the
equilibrated micelle structures provide computed form factors in good
agreement with the measured data (at high salt concentration where
structure factor can be neglected) when the boundary layer structure
and hydration is accounted for. In future, MD analysis of small-angle
scattering data should be combined with machine learning methods or
Al to avoid a priori inputs such as the association number, as in the
current work.
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