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Abstract: Surfactants have found a wide range of industrial
and scientific applications. In particular, detergent micelles are
used as lipid membrane mimics to solubilize membrane
proteins for functional and structural characterization. However, an atomic-level understanding of surfactants remains
limited because many experiments provide only low-resolution
structural information on surfactant aggregates. In this work,
small-angle X-ray scattering is combined with molecular
dynamics simulations to derive fully atomic models of two
maltoside micelles at temperatures between 10 8C and 70 8C.
The micelles take the shape of general tri-axial ellipsoids and
decrease in size and aggregation number with increasing
temperature. Density profiles of hydrophobic groups and water
along the three principal axes reveal that the minor micelle axis
closely mimics lipid membranes. The results suggest that
coupling atomic simulations with low-resolution data allows
the structural characterization of surfactant aggregates.

As fundamental building blocks of soft-matter systems,

surfactants (surface-active agents) have found a wide range of
industrial, scientific, and consumer applications.[1, 2] For
instance, surfactants and their micellar aggregates may
accelerate or inhibit chemical reactions as compared to an
aqueous medium.[3, 4] Since surfactants may alter their structure in response to external stimuli,[5] they have been used as
a carrier for therapeutic molecules, to build confined reaction
platforms for sustainable chemistry, and for modifying the
characteristics of food products.[6–8] Surfactants are routinely
applied in cosmetics, personal care, and cleaning products,
and the world market of surfactants was valued at about
30 billion US dollars in 2015.[9] Beside such applications,
surfactants serve as model systems in soft matter research, as
their self-organization into structures such as micelles or
bilayers is still not fully understood.[2] A functional under-
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standing of such soft matter systems remains limited, which is
partly due to the lack of reliable atomic models.
Detergents are the most widely used type of surfactants.
Above the critical micelle concentration (CMC), detergent
monomers in solution self-assemble and form micelles of
various shapes such as spheres, ellipsoids or cylinders. The
formation of micelles involves a delicate balance of freeenergy contributions from enthalpy and both solute and
solvent entropy.[10, 11] Consequently, many fundamental properties of micelles, such as the CMC, the aggregation number
N, and their size and shape are temperature-dependent.[12]
Since the cross-section of certain detergent micelles
resembles lipid membranes, micelles are frequently used as
membrane mimics to solubilize membrane proteins for
biochemical and structural characterization.[13] In experiments, protein–detergent complexes are often exposed to
varying temperatures, for instance in NMR studies to accelerate diffusion and hence to improve the quality of spectra, or
to dissect thermodynamic equilibria involving conformational
changes or ligand binding.[14, 15] Choosing a suitable detergent
for membrane protein solubilization is often accomplished by
trial and error; however, recent work suggests that matching
of the hydrophobic thickness between the micelle and the
membrane protein of interest can provide a route towards
rational selection and design of detergent micelles.[16, 17]
Hence, accurate information on the shape and size of
detergent micelles, also as function of temperature, represents
a starting point to improve the stability of protein–detergent
complexes.
Detergent micelles have been studied using a range of
methods, including small-angle X-ray and neutron scattering
(SAXS/SANS),[18–21] NMR self-diffusion,[22] and several
others.[23–25] The information content of such data is often
insufficient to derive atomic models of micelles. Complementary, molecular dynamics (MD) simulations have been
used to gain atomic insight into micelles;[26–29] however, it
remains unclear to which extent force field imperfections bias
the structure and shape of the simulated micelle.[30] Hence,
methods that integrate experimental data into MD simulations are needed to obtain reliable atomic models of micelles.
Herein, we derived atomic models of two maltoside
micelles, n-dodecyl-b-d-maltoside (DDM) and n-decyl-b-dmaltoside (DM; Figure 1) at temperatures between 10 8C and
70 8C, by combining experimental SAXS data with all-atom
MD simulations. The data were collected at beam line 12ID of
the Advanced Photon Source[31] (Supporting Information,
Methods). We incorporated the SAXS data as an energetic
restraint into MD simulations, allowing us to refine micellar
models against scattering data. Because all SAXS predictions
were based on explicit-solvent models, the calculations
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