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The self-assembly of the two anomeric forms of n-hexadecyl-D-maltopyranoside (denoted o-
Ci6G, and B-Ci6Gy) has been studied in dilute aqueous solution by means of surface tension
measurements, scattering methods (dynamic light scattering, static light scattering, and small-
angle X-ray and neutron scattering) and cryo-transmission electron microscopy at different
surfactant concentrations and temperatures. Surface tension measurements demonstrates

differences in the surfactant adsorption at the air-water interface, where a-C;¢G, shows a lower



CMC than B-C;6G,. Similarly, micelle morphology was found to depend on anomerism,
concentration and temperature. B-C;¢G; preferentially form very elongated micelles with large
persistence lengths, whereas a-C;¢G, assembles into smaller micelles for which the structure
varies with concentration and temperature. The differences between the two surfactant anomers
in terms of self-assembly can be attributed to the interaction between neighboring headgroups.
Specifically, B-C;sG; allows for a closer packing in the palisade layer, hence reducing the
micelle curvature and promoting the formation of more elongated micelles. Strong

intermolecular headgroup interactions may also account for the observed rigidity of the micelles.

Introduction

Non-ionic surfactants are key ingredients in many types of consumer goods, for instance
formulated products in pharmaceutics, cosmetics and personal care. However, the majority of
these surfactants are currently produced from non-renewable resources, for example ethoxylated
surfactants which are synthesized from fossil based materials. The search for new sustainable
components, as well as the characterization of existing ones, is the subject of substantial research
efforts. Since the late 1990s, alkylglycosides are extensively used in formulated products, '™
since they are recognized as environmentally friendly and non-toxic materials, while still being
highly functional and cost-efficient. Furthermore, these surfactants have been implemented in
high-end niche applications, such as the solubilization and stabilization of membrane proteins.’
In spite of their extensive and varied commercial use, alkylglycosides are still not fully
understood in terms of their complex self-assembly and interfacial behavior, limiting the
exploitation of these in new applications. In contrast to alkylglycosides, ethoxylated surfactants

are understood in great detail in terms of the influence of surfactant structure (length of alkyl

chain and degree of headgroup polymerization) on general phase behavior (concentration and



9-10 and

temperature dependence)f'8 micelle formation (CMC and micelle morphology),
adsorption to various interfaces.'' This knowledge has been shown to be crucial for the design of
formulated products containing this type of surfactants. Our ultimate aim is to build the same
level of knowledge for alkylglycosides.

In line with this ambition, previous investigations have been focused on the study of the self-
assembly of sugar-based surfactants with different tail length and sugar units in the headgroup.
Some key results from previous studies are summarized in Table 1
Table 1. CMC and morphology of alkylglycoside micelles (glucoside — G;; maltoside — G;) in

aqueous solutions. All of the reported morphologies were determined at room temperature, with

the exception of B-C;4G,, which was measured at 50 °C.

Surfactant CMC / mM Micelle morphology

B-C+G 71.8" Short cylinder. 2

B-CsGy 23.6" Prolate ellipsoid,” ' cylinder.'*
o-CgGy 17.11 Prolate ellipsoid.14

B-CoG, 6.9'° Prolate ellipsoid, ' cylinder.'* '®
B-C10Gi 2.2 Network of thread-like micelles.'”
B-CsG» 19.1" Sphere.™

B-C10G> 22" Oblate ellipsoid,” prolate ellipsoid.”
o-C12Gy 0.157" Sphere.21

B-C12G, 0.20°"! Oblate ellipsoid," *'** prolate ellipsoid.””**
B-C14G, 0.014° Cylinder.”

When rationalizing micelle morphology based on molecular structure, the simple concept of
critical packing parameter (CPP) has proved to be a valuable qualitative tool. CPP is defined as

v/(apl.), where v is the volume of the hydrophobic moiety, /. is the critical length of the surfactant



tail, and ay is the area of the headgroup-tail interface of the monomer.”” For ethoxylated
surfactants the morphology of the micellar assemblies, as well as their dependence on
temperature, follow the expected trends, e.g. surfactants with long hydrophobic tail and/or short
head-groups form more elongated aggregates (1/3<CPP<1/2), whereas shorter tail and longer
headgroup promote spherical or quasi-spherical micelles (CPP=1/3). Similarly, micelle
formation of alkylglucoside surfactants (i.e. G; species) follow the trend expected from CPP
arguments, namely that increasing length of the alkyl chain leads to a shift from spherical
symmetry to ellipsoidal to cylindrical structures (Table 1). From the meagre information
available, o/B-anomerism does not seem to have a major influence on the micellar structures for
the glucosides.” For alkylmaltoside surfactants (G, species), increasing alkyl chain length from
Cs to Cy4 gives several morphology transitions, as the formation of spherical, prolate, oblate and
cylindrical aggregates has been reported.”” *° The micelle morphology seems also to be
temperature dependent for these surfactants. For example, smaller aggregates are formed in the
case of Ci,G, when temperature increases, whilst C14G, micelles increases in size at higher
temperatures. Furthermore, headgroup anomerism seems to have an influence in micelle
morphology, as judged from the data on the a- and B-anomers of dodecylmaltoside (C2G,).***!
From the existing data, it is clear that the self-assembly of alkylmaltoside surfactants is
complex and not readily rationalized from the behavior of other non-ionic surfactants. When
discussing differences in morphology and dynamics between ethoxylate and alkylglycoside
micelles, it is critical to consider the fundamental differences between the headgroups. The
headgroups in the first case consist of freely jointed chains, in which the intermolecular
interactions are dominated by hydrogen bonding with the solvent, where the ether units act as

hydrogen bond acceptors. This limits the opportunities for strong specific interactions between



headgroups.10 The alkylglycoside surfactant headgroups, on the other hand, consist of rigid
subunits that can be oriented in such a way that different types of (attractive) intermolecular
interactions become important. The most obvious type of interaction is hydrogen bonding, as
elsewhere reported for other sugar-based materials (e.g. cellulose). For micelles in aqueous
solution, the formation of hydrogen bonds between headgroups competes with hydrogen bonding
between glucose units and water molecules, as the glucose unit can act as both hydrogen bond
donor and acceptor. However, NMR T, relaxation experiments suggest that hydrogen bonding
between OH groups of glucose moieties is of critical importance when describing alkylglycoside
micelles.” Similarly, intermolecular hydrogen bonds in foam lamellae have been proposed as an
explanation for the unusually good foaming properties of alkylglycosides.*® Also, the importance
of hydrogen bonding with neighboring water molecules, combined with the rapid proton
exchange between glucose hydroxyl groups and water, is demonstrated by the sometimes
dramatic difference in behavior of alkylglycosides between H,0 and D,0.'% %!

In addition to their propensity to form hydrogen bonds, the glucose units in alkylglycosides are
also weakly amphiphilic. This property is often overlooked, but manifests itself in the
complexing ability of cyclodextrins, in which the hydrophobic cavity may act as a host to non-
polar guest molecules **** More recently, the amphiphilicity of glucose residues has also been
proposed as an explanation of the low solubility of cellulose in water (“The Lindman
Hypothesis”).>***> Tt would seem likely that the same amphiphilicity, and the resulting
hydrophobic interactions between adjacent head-groups, may influence the properties of
alkylglycoside surfactants in the micellar state.

In the present study, we investigate how the headgroup interaction affects the assembly of the

alkylglycoside in bulk solution and at interfaces by comparing the o- and B-anomer of n-



hexadecylmaltoside (a-C;6G; and B-C;6G;). The interfacial behavior of the surfactants has been
investigated by means of surface tension, and the bulk behavior has been explored using
dynamic light scattering (DLS), static light scattering (SLS), small-angle X-ray scattering
(SAXS), small-angle neutron scattering (SANS) and cryo-transmission electron microscopy
(cryo-TEM). Apart from the fundamental interest, a-C;6G, and B-C;¢G; are also interesting from
an applied point of view because of their long alkyl chain. Surfactants with long alkyl chains
tend to be good solubilizers, efficient emulsifiers and thickening agents. However, the self-
assembly of long-chain alkylglycosides are almost entirely unknown and in particular the effect
of headgroup orientation has not been studied before.

Experimental section

Materials and Sample Preparation. n-Hexadecyl-a-D-Maltopyranoside (a-C;¢G,; Figure 1)
was purchased from Ramidus (Lund, Sweden) and had a purity of >97%. The B-anomer of the
same compound (B-C;6G,; Figure 1), was purchased from Anatrace Inc. (Maumee, Ohio) and
was of Anagrade quality. According to the supplier, the purity of this product is >97%, out of
which >95% is the B-C,6G, anomer. As a part of the present study, the purity of the materials
claimed by the suppliers was verified by HPLC and mass spectroscopic analyses. The results
from the characterization are presented in the Supporting information. Samples were prepared by
mixing a- or B-C;6G; with the desired solvent under agitation with magnetic stirring in water
bath at 45 °C. H,0 used in this work was of MilliQ-quality, and D,O was purchased from Sigma

Aldrich (Darmstadt, Germany) and had an isotropic purity of 99.9%.
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Figure 1 Molecular structure of a-C16G2 (top) and B-C16G2 (bottom).

The Krafft temperature of both a-C,¢G; and B-C¢G, was estimated to be between 25 and 35 °C
through visual inspection, and therefore above room temperature. Thus, the solutions are
physically unstable and prone to precipitation at room temperature. The rate of precipitation was
found to depend on concentration. At concentrations above 10 mM, precipitate was observed
after about 1 h at 25°C, while at 1 uM, samples were found to be stable overnight. Thus, all
measurements for high surfactant concentration conducted at temperatures below the Krafft point
were performed within one hour after preparation, in order to avoid confounding effects
stemming from precipitation.

Methods

Tensiometry. A Du Noily ring tensiometer from Kriiss (Hamburg, Germany) was used to
determine the surface tension of a- and B-C;¢G; solutions at ambient temperature as a function of
surfactant concentration. The Du Noily ring was made of platinum. 100 ml surfactant samples
were prepared in a narrow beaker with a radius of 2.5 cm. As will be discussed in more detail in
the Results section, the ratio of surface area to volume of the vessel was found to be critical to
get reliable results, due to the low CMC of the surfactant.

The surface tension was measured as a function of time, until a stable value was reached. This
stable value was recorded as the equilibrium surface tension value. The time required to reach
stable readings for samples with concentrations around and below the CMC was found to be
90+15 minutes, but the time required for equilibration decreased significantly with
concentration. Thus, at concentrations more than two orders of magnitude higher than the CMC,
stable readings were achieved in less than a minute. Duplicate measurements were performed for

each concentration.



Dynamic Light Scattering (DLS). The effective hydrodynamic radius (Ry) of the micelles
were determined using a Zetasizer Nano-ZS (Malvern Instruments Ltd., Worshestershire, UK)
with non-invasive backscatter (NIBS) technology operating with a scattering angle of 173°. The
light source was a 4 mW He-Ne laser with a wave length of 632.8 nm. For each experiment, 0.5
ml of sample was transferred to PMMA semi-micro disposable cuvettes purchased from BRAND
GmbH (Wertheim, Germany). For measurements above 70 °C, quartz glass SUPRASIL cuvettes
from Hellma Analytics (Miillheim, Germany) were used.

The correlation function data did not reveal any bimodality under the applied experimental
conditions. Thus, DLS data were analyzed using the cumulant method implemented in the
Malvern software supplied with the instrument, were a single exponential function provided a
good fit to the experimental data. Results from these measurements were presented as
hydrodynamic radius.

Static Light Scattering (SLS). For the SLS experiments an ALV/DLS/SLS-5022F, CGF-8F-
based compact goniometer system from ALV GmbH (Langen, Germany) was used. The laser
source was a 22 mW He-Ne laser with a wavelength of 632.8 nm, and an automatic attenuator
was used to vary the intensity. The temperature was controlled by a F32 Julabo heating circulator
with an accuracy of £0.01 °C. Measurements were made at 24 angles with corresponding Q-
values between 5.72x10™* A to 2.52x107 A, where Q is the scattering momentum transfer
(Q=4msinb/A). For every angle, 3 measurements at 40 °C were performed and averaged. Data
were reduced, normalized and scaled to match the neutron scattering excess of the hydrogenated
surfactant in D,O. Output data were the angular-dependent scattered intensity versus momentum

transfer Q.



Small-Angle X-ray and Neutron Scattering. Small-angle X-ray scattering (SAXS)
experiments were performed on beam line BM29 at the European Synchrotron Radiation Facility
(Grenoble, France).”® The wavelength was 0.99 A and the distance from sample to the detector
was 2.867 m, resulting in a Q-range of 0.0040 — 0.49 A™'. Measurements were performed at 25,
40 and 50 °C using the temperature-controlled sample stage. The acquisition time was 10
seconds (1 second exposure, 10 frames) per sample and frames affected by radiation damage
were removed. The absolute scale for the scattered intensity was obtained using the standard
protocols of the beamline.”’

SANS measurements were performed on the KWS-1 instrument at the Heinz Maier-Leibnitz
Zentrum (Garching, Germany) and on SANS2D instrument at the ISIS Neutron and Muon
Source (Didcot, UK).*** On KWS-1, the wavelength of the neutrons was 7 A and 3 different
sample-to-detector distances were used (2 m, 8 m and 20 m), yielding to a combined Q-range of
0.0015-0.3 A™'. For the experiment on SANS2d, the front and rear detector were placed at 5 m
and 12 m from the sample position respectively. Neutrons with wavelengths between 1.75 and
12.5 A were used, providing a combined Q-range of 0.0016-0.5 A™'. In both experiments,
samples were loaded in quartz cuvettes with a path length of 2 mm for D,O and 1 mm for H,O
and measured at 50 °C. Data were corrected for detector efficiency, background noise, sample
transmission and scattering from an empty cell using the standard protocols of each beamline.
Solvent contribution was subtracted from the scattering of the samples. The output data were
absolute intensity (/(Q), cm™) versus momentum transfer (Q, A™).*®

Small-angle scattering data were analyzed using form factor models that appropriately describe
the scattering from the micelles in the particular system. These models were implemented in

SasView 4.2.2. and were fitted to the experimental data using a Levenberg—Marquardt



algorithm.*' The X-ray and neutron scattering length density (SLD) of each component of the
system was calculated from the scattering length of the unit (b) and the volume it occupies (V).
These values are presented in Table 2.

Table 2 Volume, scattering length and scattering length density for X-rays and neutrons of each

constituent of the system.

Unit Vi / A b X-ray / fm | SLD X-ray /| b neutron/ fm SLD neutron /
10° A 10° A

a-/B-G, | 368" 510 13.9 65.1 1.77

Ci6Hss 431° 363 8.44 -17.1 -0.40

H,0 29.9¢ 28.2 9.42 -1.68 -0.56

D0 29.9¢ - - 19.15 6.40

*The molecular volume of the maltoside unit was calculated from the physical density of
maltose.

®The molecular volume of the hydrophobic tail of the surfactant has been calculated using the
Tanford equation.*

“The molecular volume of H,O and D,O have been calculated from the physical density of
those at 25 °C.

The high-Q expansion of X-ray and neutron data (Q > 0.006 A" were fitted using core-shell
cylinder model that satisfactorily describes the cross-section of elongated micelles (elongation >
10 times the radius of the cross-section).*® For shorter micelles (elongation < 10 times the radius
of the cross-section), a core-shell ellipsoid model was found to be more appropriate to model the
experimental scattering data. The fitting approach was performed as follows: the micelle core
SLD and solvent SLD were fixed to the calculated values (Table 2). The structural parameters
(Lcore — core length, 7., — core radius, ;. — shell thickness; for the prolate ellipsoid model L.,
corresponds to twice the size of the core along the rotational axis and 7., corresponds to the

core size perpendicular to the rotational axis of the ellipsoid) and shell SLD (SLD;p.;;) were
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simultaneously fitted for all the contrasts available. The structural features of the micelle cross-
section were subsequently used to guide the fit of the X-ray data at different concentrations and
temperatures. In order to do this, 7.,. was fixed to the value obtained through the previous data
co-refinement, as it is assumed that the solvation of the hydrophobic domains will not be greatly
affected by changes in concentration or temperature. Therefore, the volume fraction of scatterers
(#1), Leores tshen and SLDge; were determined for these samples.

A polydispersity function (p) was also included for the length of the micelles, whereas the
cross-section of the micelle was assumed to be monodisperse. The length distribution is
represented using a Schulz function with p=o7/L, where L is the average length of the micelle and
o is the root-mean-square deviation from L. The width of the distribution is defined by a
parameter z such that z=(1-p°)/p>.** As shown in the description in the SasView manual, the
function is better behaved with a large N and N, where Ny 1s the number of points used to
compute the function and N defines how far into the tails the distribution is considered in the
calculation. For the purposes of the present work and considering the previous indications, the
distribution function was parametrized using N=160 and N,=15.

The formation of semiflexible cylinders have been previously reported for amphiphile-based
systems, where the morphology of elongated micelles can be described as a worm-like body
composed by a succession of rigid sections interconnected by flexible nods.**® Information on
the length and flexibility of micelles that fall within that description (elongation > 100 times the
radius of the cross-section) were obtained from the combined SANS and SLS data. It should be
noted that the Q-range covered by our individual scattering experiments was not sufficient to
cover the characteristic features of the scattering curve that contain this information. These data

were fitted to a flexible cylinder model, which neglects the internal density distribution of the
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micelle (uniform body), but enables the calculation of the contour length of the micelle (L) and
the length of the statistical segments or persistence length (/,, where 2/, is the Kuhn length of the
micelle).* The elongation of the micelles was subsequently used to refine the fits of the core-
shell cylinder model, providing a global model that satisfactorily describes the features of these
micelles.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). Small drops (about 4 puL) of
the sample were applied on TED PELLA INC F/C 300 mesh Cu grids (Redding, US). The grids
had been plasma cleaned in a Blazers SCD004 Sputter coater. The grids were gently blotted with
a filter paper and then rapidly frozen in an automatic plunge freezer into liquid ethane (=183 °C)
with a Leica EM GP. The vitrified samples were stored in liquid nitrogen (—196 °C) until they
were transferred into the microscope using a Fischione Model 2550 Cryo-transfer tomography
holder. The grids were examined using a JEOL JEM-2200FS electron microscope (Peabody,
US), operated at 200 kV. A TVIPS TemCam-F416 digital camera using Serial EM under low-
dose conditions with a 10eV slit was used to record zero-loss images while keeping the working
temperature below —175 °C.

Results and discussion

Surfactant adsorption at the air-water interface

For non-ionic surfactants with a given head-group, the CMC generally decreases by an order
of magnitude with every two CH2 groups added to the alkyl chain.?” Based on this relationship
and previous studies of shorter-chain congeners (Table 1), the expected CMC of C;¢G; is ca 1
uM. In order to determine CMC values, the method used should be sensitive enough to allow for
accurate measurements at surfactant concentrations of about an order of magnitude lower. This

means that in the present case, accurate measurements should be possible to conduct at sub-
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micromolar concentrations, which is experimentally very challenging. More specifically, the
main challenge for measuring the surface tension of the systems investigated here is to have a
sufficiently large bulk reservoir of surfactant molecules that can adsorb at the interface without
depleting the bulk solution. As previously reported, techniques that involve large volumes of
solution, such as the Du Noiiy ring method, are significantly less affected by bulk depletion.*®
Therefore we have selected such a method for our measurements.

The dependence of the surface tension on concentration is shown in Figure 2. As expected,
both a- and B-C;¢G, show a decrease in surface tension upon addition of surfactant down to a
minimum value, after which the surface tension remains constant even if the surfactant
concentration is increased. The intersection between these two regions marks the CMC, above
which micelles form in solution. For the surfactants studied here the transition is not sharply
defined. The more gradual change of surface tension may be attributed to the presence of small
amounts of surface-active contaminants and complicates the definition of the CMC.* As
presented in the Experimental Section, part of the impurities may be also surface-active
components, such as the glucoside surfactant or the other anomeric form of the surfactant, which
would cause the effect observed in these results. Taking this into account, we have decided to
label the CMC as the intersection between the premicellar region trend and the section where the
surface tension levels out to a constant value (See Figure 2). The CMC defined in this way was
found to be 1.4+0.1 uM and 2.3+0.2 uM for a- and B-C,;¢G; respectively, which is in good

agreement with the expected value presented above.
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Figure 2 Surface tension of a-C;6G, (X) and B-Ci6G, (O) in water (23 °C) against the
concentration of surfactant. The solid lines represent the pre- and post-micellar trends and help to
find the CMC. Inset — CMC trend displays the CMC for a homologous series of [-
alkylmaltosides with different carbon tail lengths.™

Self-assembly in solution

The self-assembly of a- and B-C;6G, bulk phase as a function of temperature, surfactant
concentration and solvent deuteration was studied by means of DLS, SLS, SAXS, SANS and
cryo-TEM.

A summary of the DLS results (Figure 3) reveal the presence of micellar aggregates, as
inferred by the surface tension data. A complete record of the DLS results for all the
concentrations and temperatures can be found in the Supporting Information. It should be noted
that the Ry values calculated from DLS using the Stoke-Einstein equation refer to the radius of a
sphere with the same diffusion coefficient as the scatterer. As will be discussed below, the self-
assembled structures studied here are not spherical. As such, the apparent diffusion coefficient

measured by DLS will present contributions from the diffusion of the particle, solvation layer

14



and trapped solvent, as well as the rotational diffusion of those. Hence, the hydrodynamic radius
(Ry) does not constitute an absolute measure of the physical size of the micelles but an apparent
dimension that relates to the size and conformation of the micelle. With this in mind, there is still
important information that can be extracted from the DLS results about these systems and we
have used such a technique to identify trends and morphology transitions that can be later

confirmed by means of small-angle scattering.
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Figure 3 Hydrodynamic radius obtained from Cumulant analysis of DLS data and assuming
spherical particles at (a) different surfactant concentrations at 50 °C (x — a-C;6Ga, # — B-C16G2)
and (b) temperature (+ — 1 mM a-C;6G2, 0 — 10 mM 0-C1¢G,, <& — 1 mM B-C16Gy, A — 10 mM

B-Ci6G2).

Based on the DLS data, the micelles of B-CisG, (Ry=342+1 A, 50 °C, 10 mM) are
considerably larger than those of a-C;6G; (Ry=118+1 A, 50 °C, 10 mM) at all of the conditions
measured here. This shows again that there is a major impact of the conformation at the
anomeric carbon on the surfactant behavior in solution. Surfactant concentration appears to also
affect the size of the micelles in the dilute regime, since the diffusion coefficients suggest a
transition from smaller aggregates at low concentrations to larger micelles at higher
concentrations (see Figure 3a). For a-C;¢G; the apparent Ry changes from 44.1+0.3 A at | mM

to 1181 A at 10 mM surfactant concentration (50 °C). However, this difference is less
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pronounced for B-C¢G; as it increases from 273+1 A at 1 mM to 341+1 A at 10 mM surfactant
concentration (50 °C).

The size of the micelles is also influenced by the temperature of the system, and significant
differences exist between the two isomeric forms of the surfactant. The a-C;6G; micelles appears
to be larger when increasing the temperature, where the largest increase appears when the
temperature passes above the Krafft temperature of the surfactant, which has been observed to be
between 25 and 35 °C. The apparent Ry increases from 39.1+0.1 A at 25 °C to 140+1 A at 60 °C
for a 10 mM surfactant solution. The B-C;sG, surfactant forms large structures at low
temperature and the variation in size with temperature is less pronounced than in the case of a-
Ci16G2. At low temperatures, close or below the Krafft temperature, micelles show a slightly
smaller hydrodynamic radius, 3161 A at 25 °C, increasing to 345+1 A at 60 °C for the 10 mM
sample (see Figure 3b).

As DLS only give an indication of the changes in aggregate size, further structural
characterization of the surfactant micelles was performed using SLS, SAXS, SANS, and cryo-
TEM. A detailed description of the approach used to fit the data is provided in the Experimental
Section. The data and best fits of the applied model to the experimental data are presented in
Figure 4. The fitting parameters from the simultaneous fits of SLS, SAXS and SANS are
presented in Table 3. A complete record of the fit parameters is included in the Supporting

Information.
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Figure 4 SAXS and SANS data and fits from a- and B-C;¢G; micelles in water. (a) SAXS (O)
and SANS (A - 0-Ci6G; in D0, V — a-Ci¢G; in H,0) of 10 mM of a-Ci¢G, at 50 °C; (b)
SAXS at different surfactant concentrations of a-C;6G; at 50 °C (LI — 1 mM, # — 2 mM, X —3
mM, + - 5mM, O — 10 mM, and A — 20 mM); (¢) SAXS at different temperatures of 10 mM
a-C16G; solutions (O — 25 °C, X —40 °C, and A — 50 °C); (d) SAXS (O), SANS (A - B-Ci6G2
in D,0, V — B-C6G; in H,0) and SLS (0J) of 18 mM of B-C¢G; at 50 °C; (e) SAXS at different
surfactant concentrations of B-C;¢G; at 50 °C (U — 1 mM, # -2 mM, X =3 mM, + -5 mM, O
— 10 mM, and A — 18 mM); (f) SAXS at different temperatures of 10 mM B-C¢G, solutions (O
—25°C, X =40 °C, and A — 50 °C). The black dashed lines represent the fits using the core-
shell ellipsoid or cylinder model, and the flexible cylinder fits are plotted as black solid lines.
The insets shown in (a) and (d) present the Holtzer plots (I(Q) Q vs Q) of the SANS data for
C16G, in D,0. Data and fits have been offset in the Y-axis for clarity. Where not seen, error bars

are within the markers.
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Table 3 Parameters from the combined fit of SAXS and SANS data presented in Figure 4a and d:

10 mM 0-C;6G; at 50 °C and 18 mM B-C;6G; at 50 °C. These results were obtained through the

co-refinement of the X-ray and neutron data using the core-shell cylinder and flexible cylinder

models.

System | teore / A | tohett /A | Leore /A |1,/ A | Qe / 107 | @solv Nage ag/ A°
o- 14.7+£0.3 | 14.4+0.2 | 57010 - 0.73£0.06 | 0.81+0.01 | 903*17

Ci6G2

B- 16.1£0.1 | 14.9+0.1 | 6700400 | 320+10 | 1.1£0.1 0.78+£0.01 | 12900+300 | 53.3+1.8
Ci6Go

The exchange of H,O for D,O has been previously shown to alter the hydrogen bonding

network of the solvent, which in turn affects the micellization of sugar-based surfactants.*® This

effect was further explored by means of DLS and SAXS in the two contrasts used here (see

Supporting Information for these results). The difference between H,O and D,O in terms of

apparent size of a-C;6G, and B-C;6G; micelles can be seen for the conditions investigated here,

with larger aggregates being formed in D,O. Whilst the difference in Ry is rather small for -

C16G, micelles, the apparent size of a-C,6G, micelles is more significant. This difference may be

due to shifts in the transition temperature when exchanging the solvent, which therefore result in

shifts in the temperature-induced morphology transition. The influence of the solvent substitution

in the headgroup solvation has been evaluated using SAXS. These results have shown that the

micelle shell is affected and shows a larger thickness in D,O, whilst the core of the micelle

remains practically unchanged. This implies that the structure of C;6G, micelles vary between

the two contrasts measured using the scattering methods presented here, and therefore this effect

must be accounted for when determining the structural characteristics of the aggregates. As the

solvation effect is predominantly observed at high Q, the results related to this Q-range will be

18




interpreted through the simultaneous fit of SAXS and SANS data. As the features of the SAXS
data at high Q are more pronounced and have a lower experimental error, the fitting will be
prone to fit such data, thus minimizing the impact of the isotopic effect from the neutron
contrasts. Similarly, information on the elongation of the worm-like micelles is contained in the
SLS data (low Q region, data scaled to match the scattering excess of B-C;¢G; in D,0), which is
not affected by isotopic substitution as it corresponds to a sample containing surfactant in H,O.
For shorter micelles, where the elongation can be resolved from the X-ray data, no isotope effect
is present. Finally, information on the flexibility of the micelle is contained in the intermediate q
range, which is covered by the neutron data. As two contrasts were investigated (hydrogenated
surfactant in either H,O or D,0) the results from the simultaneous fit will be an error-weighted
average of those two contrasts.

Therefore, the results obtained through the co-refinement provide an averaged result from both
solvents, where this may be more inclined to either the actual values in H;O or D,O depending
on which technique is mainly driving the fitting. More importantly, the trends observed in the
data are the same in H,O and D,0, where the beta anomer self-assembles into larger structures
than its alpha analogue, and this one undergoes through a sphere-to-rod transition with
temperature.

The model used in this study describes a core-shell structure, where the non-solvated
hydrophobic core of the micelle is surrounded by a hydrated shell that contains the surfactant
headgroups. In order to experimentally probe the different characteristics of worm-like micelles,
a wide Q-range is required for the scattering experiments. From the scattering model of a worm-
like micelle three regions can be defined: (1) low Q (Q < 0.004 A™), which is the Guinier region

that corresponds to the contour length of the aggregate; (2) intermediate Q (0.004 A< Q < 0.01
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A" where the oscillation in the data corresponds to the persistence length of the micelle; and (3)
high Q (Q > 0.01 A™") where a second Guinier region is observed, which corresponds to the
cross-section of the micelle and is followed by a decrease in the scattering intensity.'™ ** The
oscillation that corresponds to the persistence length of the micelle can be easily observed in a
Holtzer plot (I(Q) Q vs Q). In this plot, the change in scattering cross-section arising from the
persistence length is seen as a peak at low Q and, where absent, indicates the lack of significative
flexibility. SAXS data also show a strong oscillation at high Q (between ca. 0.07 and 0.2 A™),
which arises from the density correlation core-shell-solvent and can be used, in conjunction with
the neutron data, to determine the characteristics of the headgroup region of the micelle
(structure and solvation). Therefore, accessing the entire Q-range is of utter importance to build a
detailed model of the markedly elongated micelles and this was possible through the
combination of SANS, SAXS and SLS.

From the structural parameters obtained through the data analysis, other micelle properties
may be calculated. The changes in assembly morphology can, at least in part, be described
through the packing parameter.”’” As the hydrophobic moiety of both a- and B-C 4G is the same,
differences in the ay relate to changes of packing of the surfactants within the micelles. This
parameter can be calculated from the aggregation number of the micelle (N,g,) and structural

characteristics of the micelle core as follows:

N _ Vcore
agg — v
Qo = Score

0=——
Nagg

where v, 1s the volume of the core as calculated from the micelle structure, v is the volume of a

single tail (same as introduced above for the CPP), and S,,,. is the surface area of the micelle
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core. Similarly, the headgroup solvation (as solvent volume fraction at the headgroup shell, o)
can be calculated from the fitted SLD of the headgroup shell as:

SLDgspenr = SLDpg(1 — @so1v) + SDLgo1Ps01v
where SLDg; corresponds to the fitted SLD of the shell, SLD,, is the calculated SLD of the
“anhydrous” headgroup (Table 2), and SLDj,;, is the calculated SLD of the solvent (Table 2).
The variation of these parameters with surfacnat concentration and temperature as derived from
the analysis of SAXS data are presented in Figure 5.
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Figure 5 Results derived from the analysis of SAXS data at different surfactant concentration
and temperature for: (a, b) Area-per-monomer at the tail-headgroup interface (ay) and (c, d)

solvent volume fraction in the headgroup shell (@) for a-C;6G; (O) and B-C;6G, (X).

For each of the systems studied here, the core cross-section is assumed to remain unchanged
with temperature and concentration, as well as type of solvent (H,O and D,O), as no major
variations in the solvent penetration to the hydrophobic region are expected. This value was

obtained through the co-refinement of neutron and X-ray data, giving the values of 14.7£0.3 A
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and 16.2+0.1 A for a- and B-C16Ga, respectively. The differences in these values suggest that the
B configuration provides a stronger headgroup interaction, which is likely to be a combination of
hydrophobic interaction and hydrogen bonding. This type of interaction increases the degree of
the headgroup orientation, which in turn also affects the chain packing. We therefore see strong
effects of the position of the anomeric carbon, where the core appears to be larger for the f-
Ci6G, than for the o analog micelles with smaller effects on the thickness of the headgroup
region.

As previously shown by DLS, the overall size of the micelles is strongly affected by the
configuration of the anomeric carbon in the surfactant headgroup. B-C;¢G; micelles were found
to be significantly larger than those of a-C;sG,, where the difference in size mainly relies on the
differences in the length of the micelle as shown by initial analysis of the scattering data. The
contour length of the micelle was considered to be polydisperse in the model fitting and is
verified in the Cryo-TEM images (See Figure 6). Proper quantification of the polydispersity of
the micelle length becomes crucial for the correct evaluation of not only the contour length of the
micelle, but also of the micelle flexibility.'® Previous investigations have shown that for
spherical and spheroidal micelles the size distribution is rather narrow, thus the systems are
relatively monodisperse. However, Mukerjee predicted that the aggregation number distribution
index tends to a value of 2 for large, asymmetric micelles, and therefore the size distribution is

. 1-52
wide.’!?

In order to account for polydispersity effects, a Schulz distribution was used to
describe the length distribution of the self-assembled structures. For globular aggregates
(elongation < 10 times the radius of the cross-section), the p was fixed at a value of 0.1, as these

are more likely relatively monodisperse. The p value was fixed at 0.7 for the elongated micelles

(elongation > 10 times the radius of the cross-section), as this appropriately describes the broad
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length distribution of the micelles, as observed in our cryo-TEM images (Figure 6). Using this
approach, the contour length (and the persistence length, where present) of the micelles were
determined. a-C;¢G; forms significantly shorter micelles than B-C;¢G,, as seen in Table 3. As the
only difference between these two surfactants is the configuration of the headgroup, this
difference can be attributed to this structural difference. This, in turn, is correlated with the
different solvation of the sugar headgroups of two anomers, with the o anomer being more
extensively hydrated.

At intermediate Q (around 0.003 A™), a shoulder is observed in the scattering curves and a
peak appears in the Holtzer plots from B-C;¢G, micelles (Figure 4d). This arises from the
persistence length of the micelle and relates to the flexibility of the assembly (i.e. longer
persistence lengths are attributed to higher levels of micelle stiffness).”> From the simultaneous
analysis of SANS and SLS data the contour and persistence length of the micelles could be
determined: L=6700+400 A and 1,=320+10 A, at 18 mM B-C;¢G, concentration, 50 °C (L/1,~21).
This value can be directly compared with the reported values for other systems that were
determined using a similar approach. Appell et al. derived the factors that control the persistence
length in micelles and defined two contributions: a steric hindrance, due to geometric constraints,
and short-range electrostatic interactions, due to the repulsion between polar headgroups. This
investigation showed that a minimum of 90 A could be found for non-ionic micelles, and this
value was around 200 A for ionic micelles.” Using SANS, the anionic surfactant sodium
dodecylsulfate (SDS) in the presence of sodium chloride has been reported to form semiflexible
aggregates with variable contour and persistence length depending on surfactant and salt
concentration.”* Micelles of the non-ionic surfactant Ci2Es and Cj4E¢ have persistence lengths of

120 and 170 A respectively,'™ ** and B-C14G, also forms polymer-like micelles with variable
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length and flexibility.”® The persistence length of B-C1¢G aggregates is similar to that observed
for B-C;4Gy, although the aggregates of the former are larger in general, unlike C;,Es and C,¢Es
micelles which are reported to be more flexible. This is indicative of the dominant effect of the
surfactant headgroup on the flexibility of the aggregates, where the sugar-based surfactants show
similar persistence lengths despite the different tail lengths. Similarly, B-C;¢G, micelles show
increased stiffness compared to the SDS assemblies in the presence of salt, confirming the
remarkable rigidity of the sugar-based micelles. The degree of flexibility can also be
qualitatively compared to that of polymers or polymer-like systems, where the flexibility for
synthetic polymers is often higher (e.g. poly(acrylic) acid) and for biopolymers is lower (e.g.
DNA strands).46 Thus, the flexibility of B-C;sG, micelles is situated between those two non-
surfactant-based systems. Although o-C¢G, also forms elongated micelles under certain
conditions, the scattering curve did not show any evidence of statistical length. This means that
the persistence length of these micelles is on the order of or larger than their contour length.

The surfactant concentration has been found to affect the morphology of the micelles, as seen
for other maltoside and ethoxylated surfactants, where increasing the concentration of surfactant

26.52:56 The concentration-induced growth of the micelles is

promotes elongation of the micelles.
remarkably strong for a-C;sG, micelles, where these evolve from globular aggregates at low
concentrations (L=85+5 A, 50 °C, 1 mM), to elongated micelles at higher concentrations
(L=670+10 A, 50 °C, 20 mM). The B-CsG, aggregates were found to be more elongated
(L=6700+400 A, 50 °C, 18 mM) than the alpha analog in the whole range of concentrations
investigated here. Due to the limited experimental Q-range of our SAXS experiments, the

contour length of the B-C;¢G, micelles could not be resolved for all of the concentrations.

Nonetheless, we would expect the elongation of these micelles to be longer than 2000 A (as the
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maximum dimension that can be measured with the current SAXS set up) and of similar
dimensions as those of the one we could determine through the combination of all the scattering
methods. Therefore, it is seen that the B-C,;¢G, micelles do not go through a morphology
transition at the conditions explored in this work. This assumption is based on the trends
observed in the DLS results, were we have seen that changes in elongation of the micelles are not
as remarkable as those occurring for the a-C;¢G; system.

In a similar fashion to the concentration-induced growth, the elongation of a-C;¢G, micelles
was found to considerably vary with the temperature of the system, going from rod-like
aggregates at 50 °C (L=570+10 A, 10 mM) to shorter, ellipsoidal aggregates at 25 °C (L=80+4
A, 10 mM). On the other hand B-C;¢G, micelles appear to show similar elongation in the
temperature range explored here. The growth of a-C,4G, micelles with increasing temperature
can be explained through an increase in the conformational disorder of the tails and the
dehydration of the non-ionic headgroup. The system favors the formation of shorter, highly
hydrated micelles at low temperature that then evolve to more elongated micelles at high
temperature. This change in morphology, commonly reported as sphere-to-rod transition in
micellar systems has been previously reported for non-ionic surfactants from theoretical,”’
experimental,”> and computational approaches.”® The absence of this transition in the B-C 4G,
micelles with temperature appears to be more complicated to explain. From the results observed
here, this distinctive phenomenon must arise from the headgroup interactions, where the [
configuration may favor a stronger intermolecular bonding between headgroups. Thus, a change
of the spontaneous curvature of the aggregate would require a significant amount of energy to
disrupt the arrangement of the headgroups. This may not be compensated by the entropy gain of

more flexible tails and thus temperature will not greatly affect the morphology of the micelles.
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Interestingly, this behavior is the opposite of what was found for shorter maltoside surfactants.
Micelles of B-C;¢G; and B-C;,G; shrink to smaller assemblies with increasing temperature, as
seen through the combination of SAXS and molecular dynamics simulations.”” In contrast,
neutron and light scattering results showed that 3-C;4G; micelles increase monotonically in size
with temperature.?® The change in behavior for the longer surfactant tails may be due to a change
in the energy balance between headgroup-headgroup and tail-tail interactions, where the entropic
contribution of longer tails may become more significant above a threshold tail length.

As shown in Figure 5, the ay for B-C;6G; micelles are smaller than those of a-C;6G;. The
smaller area (thus larger packing parameter for a given surfactant chain) relates to the formation
of longer aggregates, as seen for B-C;¢G,. As the micelles grow in length, the change in a,
diminishes asymptotically as it approaches the value for an infinite rod. This means that for very
elongated cylinders, such as those of B-C,¢G,, variations in length result in small changes in ay
(e.g. ag(L=4000 A)=53.5 A% ao(L=6000 A)=53.4 A% ay(L=8000 A)=53.3 A% as calculated for
the cross-section of a B-C;sG, micelle). As the elongation of the micelles could not be resolved
for all the conditions measured here and this appears to be in the same order of magnitude as that
one we could determine, we have simplified the scenario by assuming that the micelle length will
remain constant with concentration and temperature for comparison. Therefore, no change is
observed in the trend for ay of B-C16Gz. The a-Ci6G; system, on the other hand, shows significant
variations with surfactant concentration and temperature. These changes correlate to the
morphology transitions of the assemblies, for which smaller aj relate to longer aggregates.

The results for the headgroup solvation show that ¢y, for B-CicG, micelles (~0.78) is
consistently lower than that for a-C;sG, micelles (>0.81). This shows that the headgroup

hydration is different for these surfactants, which confirms that differences in the morphology
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between a- and B-C;¢G, micelles arises from a distinct solvation mechanism. Micelles of a-
C6G; present a higher solvation that varies with temperature and surfactant concentration, where
larger values relate to higher curvature and thus the formation of shorter micelles. This feature is
remarked at temperature below the Krafft point, where o-C;¢G, aggregates adopt globular
morphologies in what seems to be a kinetically arrested state, where surfactant remains dissolved
for several hours before precipitation. A similar behavior in the headgroup solvation has been
previously reported for ethylene glycol-linked carbohydrate-based surfactants, where the
formation of wormlike micelles is reported to happen at temperatures above 50 °C.”° The
hydration of B-C;¢G, micelles on the other hand remains rather unchanged with temperature and
concentration. The higher solvation levels of 0-C;sG, may arise from the packing of the
surfactant headgroups, which favors the interaction of the headgroup with water molecules
instead of with neighboring headgroups due to the inherent headgroup tilt of the a anomer. The 3
monomer is characterized by a planar geometry, where the (hydrogen bond and hydrophobic)
interactions between headgroups may be more likely. This reduces the available interactions of
surfactant headgroups with solvent molecules and prompts the dehydration of the micelle shell,
thus reducing the curvature of the aggregate and leading to the formation of elongated micelles.
These interactions between headgroups, together with water-headgroup interactions, have been
reported for the solvation of glucoside and maltoside surfactants using relaxation NMR.?
Hydrophobic interactions between headgroups have been also hypothesized to play a role in the
solvation of sugar strands.***> In a similar scenario to the hydrogen bond interactions,
hydrophobic interactions may be also favored in the P configuration and contribute to the

observed dehydration of the headgroup.
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Cryo-TEM was used to verify the selection of scattering models to lend support to the results
from the scattering data analysis, as it provides direct visualization of the aggregates and can be
used to estimate the elongation of the micelles. In agreement with the scattering results, the
Cryo-TEM images (Figure 6) show that the B-C;6G, micelles are significantly more elongated
than those of a-C;¢G,, whereas the cross-section of the micelle is similar within the image
resolution. The images also reveal the polydisperse character of the micelles, where a
distribution of contour and persistence lengths are easily observable. Thus, these results are in

good agreement with the models elaborated from the results of the scattering methods.

Figure 6 Cryo-TEM images of (a) a-Ci¢G> 10 mM in H,O (50 °C prior blotting) and (b) B-Ci6G>

10 mM in H,O (25 °C prior blotting).

Conclusions

The behavior of sugar-based surfactants is of utter importance for fundamental and applied
science (e.g. solubilization of membrane proteins) and it is therefore surprising that some
fundamental concepts remain rather unexplored and unclear, in particular the effect of surfactant
chirality. Here we have explored the effect of the position of the anomeric carbon on the
behavior of two long-chain maltoside surfactants, namely a- and B-C;¢G,, in dilute aqueous
solutions. Surface tension measurements were used to determine the CMC of the surfactants,

where the two surfactants show different CMCs and a-C;¢G; presents a lower value for that.
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Structural investigations of micelle morphology by means of scattering techniques and cryo-
transmission electron microscopy showed that significant morphological differences are induced
when changing in the anomeric carbon. We provide evidence that B-C,¢G, forms semiflexible
worm-like micelles, which only undergo subtle morphological changes with concentration and
temperature. Unlike what was observed for the 3 isomer of the surfactant, a-C;¢G, micelles show
a variety of different morphologies. The self-assembly is strongly influenced by the temperature
of the system, where a sphere-to-rod transition is observed when increasing the temperature from
25 °C to 50 °C. A similar transition is observed with surfactant concentration, as the micelles
grow longer with increasing the concentration.

The structural changes presented here are therefore induced by the characteristics of the
surfactant headgroup, where the only difference between the two surfactants is the configuration
of the anomeric carbon. Interestingly, different anomers self-assemble in completely different
fashions. This in turn may be explained through the solvation and arrangement of headgroups in
the micelles, where the B configuration provides a more efficient packing than the a anomer.
This suggests that headgroup-headgroup interactions (hydrogen bond and/or hydrophobic) are
more dominant in B-C;sG, micelles than in a-C;¢G, micelles, where headgroup-solvent
interactions (hydrogen bond) are favored.

The increase of fundamental understanding of these systems, as presented in this study, will
assist in the development of sustainable technologies using sugar-based surfactants. As such, the
macroscopic response of the system and molecular interactions could be easily tuned through
variations in the microstructure of the aggregates and thus in the characteristics of the surfactant
molecules.
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