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Abstract:

Periodic network morphologies such as the double gyroid (DG) are promising for a wide range of
applications, from optical materials and organic semiconductors to separation membranes and drug
delivery vehicles. While natural glycolipids are a constituent of cell membranes, synthetic
glycolipids have emerged as candidates for producing thermotropic DG phases with sub-5 nm
domains. Despite this potential, difficulties in producing stereochemically-pure glycolipids and a
lack of known design rules governing DG self-assembly limit their broad use. Our recent work
identified two key factors stabilizing DG in ten anomerically pure Guerbet cellobiosides: a bent
molecular topology and moderate hydrogen bonding between sugar headgroups. However, the
influence of glycolipid shape vs. hydrogen bonding could not be decoupled, as these factors
depend on both headgroup and anomeric stereochemistry. To disentangle these effects, we
synthesized 20 anomerically-pure Guerbet glycolipids with different disaccharide headgroups
(lactose, maltose) and Guerbet tails (Cg-C,4) and compared them with ten similar cellobiosides.
Analysis of the thermotropic phase behavior using differential scanning calorimetry, polarized
optical microscopy, small-angle X-ray scattering, and complementary molecular simulations
identified numerous cases of DG phase formations, with phase stability dependent on headgroup
type and anomeric stereochemistry. With respect to molecular shape, high stability DG phases
were promoted by molecules with kinks in topology at similar positions; the most stable DG phases
also shared similar inter-molecular hydrogen bonding motifs between specific headgroup
hydroxyls. Beyond revealing design guidelines for producing DG phases, this comprehensive
understanding of glycolipid self-assembly may accelerate development of biomimetic materials,

as the liquid crystalline behavior of natural glycolipids plays a pivotal role in biological functions.
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Introduction:

Network morphologies resulting from the spontaneous organization of biomolecular building
blocks are ubiquitous in nature.!? The intriguing network structure, with its remarkable properties
such as the formation of photonic crystals!* and impact-resistant materials,” has inspired the
design of novel materials for optical materials,® organic semiconductors,’ separation membranes,®
energy storage,’ tissue engineering, '? therapeutics delivery,!! and many other areas.'> Among these
morphologies, three-dimensional periodic network morphologies (NET) like the cubic double
gyroid (DG) and double diamond are particularly interesting due to their bicontinuous and
interpenetrating network structures, which are highly advantageous for diverse applications. To
achieve the bottom-up synthesis of materials with such intricate structures, self-assembly of

amphiphiles has emerged as a promising route for the next generation of materials processing.

Various liquid crystal (LC) mesogens, including block copolymers,'® rod-like polyphiles,!'4-13

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

wedge-shaped molecules,!® disc-like molecules,!” bolamphiphiles,!8-1° and glycolipids?*-?! are

recognized for their ability to form thermotropic DGs in the absence solvent. The amphiphile size
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and design play a crucial role in determining DG length scales. To address challenges associated
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with miniaturizing developed technologies, there is a growing demand for reducing the DG feature
sizes. Furthermore, specific applications of DG materials, such as nanofiltration, nanopatterning,
microelectronics, drug delivery, and others, mandate a feature size below 5 nm.??-2> While a few
designs have been developed to achieve sub-10 nm feature sizes from polymeric amphiphiles,>4-28
employing glycolipids or small molecular amphiphiles offers a readily attainable solution.
Glycolipids, abundant in nature and found in the cell membranes of all living systems,??-3? are not

only a sustainable source but also contribute to material biodegradability.
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A primary hurdle in developing DG materials is ensuring stability of the self-assembled structure.
This challenge stems from the intricate geometric arrangement of DG phases, featuring saddle-
shaped interfaces in which the negative Gaussian curvature undergoes periodic changes from the
NET connectors to the struts. Numerous amphiphile designs have been proposed for forming or
stabilizing thermotropic DGs. In polymeric amphiphiles, these approaches include shape-filling
ABC triblock polymers,3'-32 coil-brush/bottlebrush polymers,*3-3> and modulation of various
molecular parameters.3%37 For small molecular amphiphiles, achieving thermotropic DGs involves

T- and X-shaped,38-3? polycatenar,* or t-conjugated rod-like molecules.!

While prior work has reported thermotropic DGs in glycolipids,*' a comprehensive assessment of
glycolipid phase behavior is lacking, limiting the establishment of robust design principles and
constraining potential applications. Conversely, several strategies have been used to stabilize
glycolipid-based DGs in lyotropic conditions.*>** While exploration of glycolipid structures
responsible for thermotropic DG formation has mainly focused on monosaccharide-based lipids,
their DG thermal stability window is narrow (~12-35 °C, Table S1). In contrast, disaccharide-
based lipids can form thermotropic cubic phases over moderate temperature ranges.*-*¢ Vill et al.
identified cubic phases for a variety of straight-chain disaccharide-based lipids,* and Hashim et
al. reported DG in a maltose-based glycolipid with a -C;4C;y Guerbet branched tail (Table S1).4¢
These irregularly-shaped, branched Guerbet tails have also been used to induce DG with

monosaccharide headgroups.*’

Beyond headgroup and tail identity, glycolipid headgroup and anomeric stereochemistry alter self-
assembly, particularly in monosaccharide lipids.*¥->! However, exploration of the stereochemistry-
dependent self-assembly in disaccharide-based lipids is scarce. While Hashim et al.>>->3 examined

the role of headgroup stereochemistry on the thermotropic phase behavior of lipids including
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maltose, lactose, and cellobiose, the specific cubic packings and associated domain spacings were
not identified for most compounds.>3 Similarly, Vill et al. highlighted differences in phase behavior
for a few pairs of disaccharide lipid anomers, but the specific cubic phases and associated length
scales were not characterized.* The impact of anomeric stereochemistry on the self-assembly of
disaccharide lipids has likely been overlooked due to limited reports on a-anomers. Accordingly,

most current literature only delves into the synthesis and phase behaviors of f-anomers.>>

Recently, Das and co-workers identified a profound impact of anomeric stereochemistry on the
thermotropic self-assembly of a cellobiose-based glycolipid series with Guerbet tails.>* For a- and
S-anomers of certain tail lengths, the shape irregularity imparted by the tails was sufficient to
destabilize constant mean curvature packings such as lamellae (LAM) and hexagonally-packed
cylinders (HEX), in favor of DG. However, while both anomers formed stable network phases for

certain Guerbet tail lengths, the f-anomers formed stable DG phases with shorter tails (-C;(Cs)

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

than the a-anomers (-C,Cs, -C14Cyo). Interestingly, DG structures formed by a-C4C,( cellobiose

had an exceptionally high temperature stability window of 78 °C. Supporting molecular dynamics

Open Access Article. Published on 18 March 2026. Downloaded on 3/20/2026 9:29:11 PM.

(MD) simulations on LAM-forming a- and f-anomers revealed two key differences between the
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anomers: (1) a-anomers assumed a bent, “boomerang” shape that packed less regularly than the
comparatively planar f-anomers; and (2) hydrogen bonding between the cellobiose headgroups
was weaker for a-anomers, which allowed the a-anomers to access a higher number of
conformations upon packing. While this work established a key role for both molecular shape and
headgroup hydrogen bonding in destabilizing planar bilayer packings, the relative importance of
each factor could not be determined because only one sugar headgroup was investigated. As such,
both molecular shape and hydrogen bonding changed with anomeric stereochemistry and could

not be altered individually. These findings motivated the design of a new series of Guerbet
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glycolipids, where the glycolipid shape and headgroup hydrogen bonding can be systematically

altered via anomeric position and specific sugar head.

In this work, we uncover the precise role of headgroup hydrogen bonding vs. molecular shape on
thermotropic self-assembly and stabilization of DG phases in disaccharide Guerbet glycolipids.
To do so, we judiciously selected, carefully synthesized, and purified a series of glycolipids
employing two disaccharide headgroups — maltose and lactose — with Guerbet tails (-C¢C, to -
C14Cyp) attached in an anomerically pure manner. This work is the first to examine the thermotropic
phase behaviors of Guerbet a-lactosides and a-maltosides and show that unlike the f-anomers
none of these a-anomers were able to stabilize DG phase with the higher chain lengths (-C,,Cg and
-C14C), overcoming a significant limitation in the field.”>3 Here, molecular shape is controlled by
the stereochemistry of both the tail and glycosidic bond between the two monosaccharide units;
hydrogen bonding is controlled via the stereochemistry of the C4' hydroxyl group. The a- and f-
lactose-based glycolipids have a similar molecular shape to a- and /- cellobiose-based Guerbet
glycolipids in our prior work but a different orientation of the C4’ hydroxyl group; conversely, the
C4' hydroxyl group is unchanged for maltose- vs. cellobiose- based glycolipids, but the headgroup
shape changes based on headgroup glycosidic bond stereochemistry. Using differential scanning
calorimetry (DSC), polarized optical microscopy (POM), and small-angle X-ray scattering
(SAXS), we uncover the impact of headgroup structure, anomeric stereochemistry, and hydrogen
bonding on self-assembly, focusing on DG formation and thermal stability. Complementary MD
simulations reveal how irregularity and intermolecular headgroup hydrogen bonding work in
tandem to enhance thermal DG stability. These insights provide fundamental principles for
forming stable network phases in glycolipids and guide the design of molecules that reliably

assemble into network phases.
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Results and Discussion:

To understand the relative importance of molecular shape vs. headgroup hydrogen bonding in
stabilizing network phases, a series of anomerically-pure a- and - Guerbet glycolipids with
maltose and lactose headgroups (Figure 1) were synthesized, with tails ranging in length from -
C6C; to -C14Cyp and their phase behavior is compared with that of cellobioside compounds with

identical tail lengths taken from our prior work.>*

shape variation via head
group stereochemistry

OH
Ho’%g1 OH
HO

: ’ég\

HO:

OH o HO “OH \—.
Ho’i&' HO R/v . Maltose

HO

. . OH OH
.' a-anomer - 0 HO “
Ry = CamHam+1

l
R = Coms2H -anomer
2 2m+2M4m+5 W Celloblose
m=2,3,4,5
» g&m o
Guerbet glycolipids \?’/

anomeric stereochemistry induced Lactose H-bonding variation via
shape and H-bonding variation -OH group stereochemistry

Figure 1. Design of disaccharide glycolipids to systematically examine the impact of molecular

shape and hydrogen bonding on thermotropic self-assembly. The headgroup shape is similar for
cellobiose and lactose but differs for maltose-based glycolipids. The yellow line corresponds to
the direction of the C4' hydroxyl, which is the same for cellobiose and maltose but differs for

lactose; the pink box indicates a change in molecular shape due to a change in the glycosidic bond
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position between the monosaccharide units, which is an a (1-4) glycosidic bond for maltose and a

p (1-4) glycosidic bond for cellobiose and lactose.

Glycolipid synthesis:

All the lactose- and maltose- containing glycolipids glycolipids were synthesized by traditional
Lewis acid-mediated glycosylation procedures using the peracetylated disaccharides and Guerbet
alcohols of the type HOCH,CHR R, (R| = C,,,,+2Hyp45 and R, = Cy,,Hypiq, m = 1-5). For achieving
anomerically pure glycolipids with a modest yield, the Lewis acid was chosen judiciously with
subsequent optimization of reaction time (Scheme 1) consistent with our previously published
strategy for synthesizing anomerically pure Guerbet cellobiosides.>* Per prior literature,*> 3 using
BF;+Et,0 and SnCl, as the Lewis acid along with an optimized reaction time ensured the yield of
either f- or a-dominant anomeric mixtures, enabling purification of the specific anomer with
adequate yield. In general, for both lactose and maltose-based glycolipids, 4 h glycosylation with
BF;°Et,0 was sufficient to produce f-anomers exclusively with a moderate yield. However, for
obtaining a-anomers via SnCly-mediated glycosylation, the optimized reaction time for lactosides
and maltosides dramatically differed: 18 h vs. 3 d, respectively. Detailed synthesis and purification
procedures and associated 'H NMR spectra are in the Supporting Information (Figure S1-S20).

For the synthesis of Guerbet cellobiosides, please refer to our previous publication.>*

To characterize the thermotropic self-assembly of dry glycolipids, all compounds were lyophilized
for at least four days and subsequently stored in the glovebox under nitrogen. Compound purity
and dryness were verified by elemental analysis (Supporting Information, content IV). Herein, the

compounds are referred to as x-Y-C.,C,., where x refers to anomeric stereochemistry (a/f), Y
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denotes the disaccharide unit (Cel for cellobiose, Mal for maltose, Lac for lactose) and z = 6-14

represents the longer alkyl chain length of the Guerbet alcohol.

Scheme 1. Lewis Acid-mediated glycosylation of Guerbet a- and f-lactosides and maltosides
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The thermotropic phase behavior was examined via DSC and POM to identify the temperature

range for self-assembly; for detailed thermal characterization, see SI Section IX. Maltosides begin

forming LC phases at 7> 60 °C, depending on chain length (Table S2, Figure S22a) whereas
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lactosides exhibited significantly higher melting temperatures (113—178 °C) compared to both
cellobiosides (7" > 85 °C) and maltosides.’* Beyond the melting endotherm (Figure S21-22b),
another high-temperature endothermic peak, assigned to the thermotropic LC clearing temperature
(order-to-disorder transition temperature, Topr; Figure S21), is evident for most glycolipids.
Generally, Topr increases monotonically with Guerbet chain length (Figure S22b), following a
trend similar to that reported in other glycolipids.#%->* Overall, changing the glycolipid head from
cellobiose to lactose and maltose significantly alters the LC temperature window, especially the
melting temperature (77,). Maltosides exhibit the lowest 7},,, whereas lactosides show the highest
(Table S2). This observation suggests that subsequent differences in packing behavior could

similarly result from subtle variations in glycolipid stereochemistry.

No non-lamellar phases in a-Maltosides:

Variable temperature SAXS was then used to identify thermotropic ordering in Guerbet lactosides
and maltosides. All maltosides started forming LC phases at 60 < T'< 85 °C (Table S2), except for
the shortest alkyl chain (-C4C,) for which no LC phase was detected for the a-anomer (Figure
S25a). Unlike in a-cellobiosides,>* a-maltosides form only LAM phases for all other Guerbet tails
(-CgCy4 to -C14Cyp) (Figures 2a, S25-S29). For Guerbet a-maltosides, LAM phases were identified
via POM and the appearance of SAXS peaks corresponding to the (100) and (200) reflections
(Figures 2a, S26-S29, S30b). Notably, the bent shape of the a-maltosides leads to consistently

smaller domain spacings vs. analogous f-anomers forming the same phase (Table S3).

In contrast, increasing the Guerbet chain length yields non-lamellar phases in f-maltosides. As in
Guerbet cellobiosides,”* LAM forms in f-Mal-C¢C, (Figures S25b, S30a); however, unlike S-

cellobiosides, LAM is also observed for f-maltosides with -CgC,4 and -C;(Cg tails for the entire LC
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window (Figures 2b, S26-S27). Upon melting, f-Mal-C;,Cs initially forms LAM (Figure S28b)
displaying birefringence in POM; with further temperature elevation, the birefringence disappears
in favor of a non-birefringent isotropic viscous liquid (Figure S30d), typically a cubic phase. A
small endothermic peak corresponding to this order-to-order phase transition (OOT, Figure S21b)
is also observed via DSC near 118 °C. Although during heating, the 1D SAXS trace contains low-
intensity peaks (Figure 2b), the peaks become more pronounced upon cooling (Figure S31). The
peak locations at (g/g*)> = 6, 8, 14, 16, 20, and 22 correspond to the (211), (220), (321), (400),
(420), and (332) reflections of a thermotropic DG phase with /a3d space group symmetry. From
POM, DSC, and SAXS, the thermal stability of the DG formed by f-Mal-C,Cg is AT = 69 °C,
exceeding that of a-Cel-C,Cg (AT =47 °C).>* Similar to a-Cel-C;,Cg, a highly textured (“spotty”)
2D SAXS pattern is observed for f-Mal-C,,Cs, indicating long-range translational order and a

large grain size (Figure S32).

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

When the Guerbet tail length is increased to —C,4C9, f-maltoside immediately forms a DG phase

upon melting (Figure S29b). The DG unit cell parameter increases from 83.7 to 94.9 A upon
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increasing the tail length from —C;,Cg to —C14C;¢ (Table S3). Further temperature elevation to 145

(cc)

°C results in an OOT to HEX (Figures 2b, S29b), with characteristic scattering peaks located at
(q/q*)* =1, 3, 4,... and a corresponding endothermic peak in the DSC trace (Figure S21b). POM
confirms a DG thermal stability of 30 °C in f-Mal-C,4C,o, much lower than a-Cel-C4,C,o (AT =
78 °C). Nevertheless, both molecules with a single topological kink — f-maltosides (headgroup
kink) and a-cellobiosides (anomeric kink) — form stable DG phases at two different tail lengths.
Conversely, molecules with two topological kinks (a-maltosides) fail to form DG, and those with
no kink in topology (f-cellobioside) form DG at only one tail length. These proposed changes in

topology are confirmed via MD simulations and discussed further below.
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Figure 2. Azimuthally integrated SAXS intensities for a) a-maltosides at 115 °C, b) - maltosides

at 145 °C, c¢) a-lactosides at 175+5 °C and d) - lactosides at 145 °C with different Guerbet tails,
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shifted vertically for clarity. Filled triangle, square, and hexagon markers indicate calculated peak
positions for LAM, DG, and HEX, respectively. Phase behavior from SAXS was confirmed with

POM; a-Lac-C,,Cg forms LAM from 148-175 °C (Figure S38).

Inability of a-Lactosides to stabilize DG

In contrast to maltosides, systematically increasing the Guerbet chain length directs lactoside self-
assembly toward non-lamellar phases for both anomers (Figure 2¢,d). However, for all lactosides,
the LC temperature window is diminished due to the high T7;, (Table S2, Figures S33-S37).
Thermotropic LAM phases, indicated by peaks at (¢g/g*)> = 1, 4,... are identified at chain lengths
of -CgC4 to -C,Cg for a-anomers and up to -C;(Cg¢ for f-anomers (Figures 2¢,d, S33-S36). With
short -C4C, tails, both anomers melt directly to isotropic liquids at exceptionally high temperatures
(Figure S33). This crystalline stability for short tails (-C4¢C,) is disrupted when the Guerbet chain

length is increased, leading to lower 7,, and LC ordering.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The thermotropic phase behavior for the two anomers diverges at a tail length of -C;,Cg. A SmA-

Open Access Article. Published on 18 March 2026. Downloaded on 3/20/2026 9:29:11 PM.

type LAM was detected by POM for a-Lac-C;,Cg (Figure S36a, S38) between 148 and 175 °C. In
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contrast, f-Lac-C,Cg melts at 124 °C to form DG, which persists for a temperature window of AT
=64 °C (124-188 °C). The corresponding DG lattice parameter is 84.8 A — higher than for both a-
Cel-C,Cg (80.7 A) and p-Mal-C,Cs (83.7 A) (Table S4). This larger lattice parameter in S-Lac-
C,Cs, despite equivalent tail length, is likely due to the more planar conformation of this molecule

vs. a-Cel-C,Cg (bend at tail anomeric position) and f-Mal-C;,Cg (bend in headgroup).

Upon lengthening the tail from -C;,Cg to -C4Cy, both anomers form stable HEX across the LC
window (Figures 2c,d, S37); this behavior is expected based on the increase in hydrophobic

volume. Interestingly, for a-Lac-C4C;, a narrow range of coexisting DG/HEX appears upon
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melting and reappears upon cooling (Figure S37a, S39), suggesting that DG may have a low
thermal stability that is undetectable within the 30 °C SAXS temperature interval. Notably, the
similarly shaped a-cellobioside exhibits wide DG thermal stability at this tail length, suggesting
that the stereochemistry change of the C4’ hydroxyl group may significantly alter key hydrogen
bonding motifs that stabilize DG.>° Overall, the lactoside phase behavior demonstrates that a single

kink in molecular topology alone is insufficient to produce highly-stable DG.

Comparative Analysis of Phase Behavior in Disaccharide-Based Guerbet Glycolipids:

These results for disaccharide Guerbet glycolipids highlight the combined effect of sugar
stereochemistry, anomeric configuration and headgroup hydrogen bonding on thermotropic self-
assembly into network phases. Based on DSC, SAXS, and POM, the tail length- and temperature-
dependent phase behaviors of all lactosides, maltosides and cellobiosides are summarized in Figure

3a,b within the temperature range of 7= 25-240 °C.
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from -CgCy4 to -C14Cyp from 25-240 °C, via SAXS, POM and DSC. For DG-forming molecules,
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the phase behavior during the first heating is shown, as DG does not revert to other phases upon

(cc)

cooling within the experimental time frame. ¢) Sketch of plane formed by the distal carbon atoms
of the sugar and tail groups (yellow, “glycolipid plane”) and by the ether linker and tail ends (blue
“tail plane”). Probability distribution of the distance /, between the C1 atom and glycolipid plane
for d) a-glycosides, e) f-glycosides. Representative molecular conformations of CgCy-glycosides
in LAM structures obtained from MD simulations: (f) - and (g) f-Mal; (h) a- and (i) p-Cel; (j)

a- and (k) p-Lac.

Generally, Guerbet glycolipids form non-lamellar phases with increasing chain length, except for

o-maltosides which only form LAM (Figure 3a,b). For each pair of glycolipid anomers, f-anomers
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consistently form non-lamellar phases at shorter chain lengths versus a-anomers. Zahid et al. saw
a similar trend in glucopyranoside and galactopyranoside glycolipids with a -C;oC¢ Guerbet tail.#’
The overall phase diagram (Figure 3a,b) indicates that the order-to-disorder transition temperatures
(Topr) are generally higher for - vs. a-anomers, as in other glycolipids.?!- 4% 54 A clear trend in
Topr is also apparent: Topr generally increases as chain length increases from -CgCy to -C14Cyy,
likely due to enhanced van der Waals interactions. One exception is a-Mal-C4C;y, where a
significant drop in Topt occurs between -C;,Cg and -C4Cy (Table S2, Figure S22b). A distinct
trend is also observed in the melting temperatures (77,), where lactosides consistently exhibit

higher T}, than their homologous cellobiosides** and maltosides (Table S2, Figure S22a).

A comparison of LAM d-spacings reveals that a-glycosides consistently form smaller domain
spacings than the analogous f-glycosides with the same headgroup and tail length (Tables S3, S4),
due to the bent molecular topology imparted by the anomeric stereochemistry.>* When comparing
glycolipids with the same anomeric configuration and Guerbet chain that form LAM phases at the
same temperature, maltosides consistently adopt the smallest d-spacings. For example, in a-CgCy
glycosides at 85 °C, the lamellar d-spacing is 26.1 A vs. 28.1 A for the maltoside vs. cellobioside
(Table S3);3* similarly, -C,(oCs maltoside forms bilayers of 31.2 A d-spacing at 145 °C (Table S3)
vs. a d-spacing of 32.1 A in the corresponding lactoside (Table S4). However, POM images during
heating and cooling for all -C¢C, glycosides reveal similar focal conic textures, characteristic of

lamellar SmA assemblies with no net in-plane orientational order (Figure S40).

Molecular shape and bilayer packing of the glycolipids by MD simulation:

To confirm the proposed molecular shapes and gain a deeper understanding of shape-dependent

molecular packing and hydrogen bonding in Guerbet glycolipids, atomistic molecular dynamics
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(MD) simulations were carried out on LAM-forming glycolipids with -CgC, tails. The systems
were allowed to equilibrate for at least 1 ps, and the production period used for analysis consisted
of 200 ns, as done previously.>* To ensure that anomers of the same headgroup each formed LAM,
MD simulations on Mal-CgCy4, Cel-CgCy4, and Lac-CgC,4 were done at 360 K, 390 K, and 420 K,
respectively; no single temperature could be used across all six molecules, given the differences

in 7,,. For simulation details and information on additional simulations, see SI (Figure S41-48).

MD simulations accurately replicate experimental results, confirming that a-anomers have smaller
LAM d-spacings than f-anomers (Figure S41). Generally, a-anomers form bent “boomerang”
shapes with shorter head-to-tail distances, while f-anomers are more planar and rod-like (Figures
3f-k). This difference in molecular shape can be quantified by the probability distributions of the
distance /, between the C1 atom and the plane formed by the distal carbon atoms of the sugar and

tail groups (“glycolipid plane”, Figures 3c-e). The most probable /, for f-anomers is zero but

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ranges from 2 to 5 A for a-anomers. Consistent with prior results,5 heat maps of conformational

populations reveal that a-anomers adopt a broad range of conformations upon packing, while most

Open Access Article. Published on 18 March 2026. Downloaded on 3/20/2026 9:29:11 PM.

[-anomers preferentially align their headgroup coplanar with the tail (Figure S42).

(cc)

An additional kink in the molecular structure is seen for maltosides (Figures 3f, g), which adopt a
wedge-shaped headgroup due to the a(1—4) glycosidic bond between sugar units, in contrast to
the f(1—4) bond in cellobiose and lactose. Distance distributions between distal carbon atoms of
the sugar and tail (Figure S43) confirm that maltosides exhibit the shortest head-to-tail distances,
consistent with the bent headgroup shape and the small experimental d-spacings. For a-maltosides,
kinks in both the headgroup and at the anomeric position result in the largest shape irregularities

and smallest d-spacings among glycosides (Figure 3f, Tables S3,S4). This behavior is exemplified
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by the [, probability distribution for a-maltoside, which shows most probable conformations
between 3 A <[, < 5 A compared to 2 A < [, < 4 A for other a-glycosides (Figure 3d).
Consequently, a-maltosides exhibit nearly random headgroup orientations in the bilayer (Figure
S46g), whereas headgroups of a-cellobiosides and o-lactosides are more ordered, with most
probable tilt angles relative to the bilayer normal of ~44° and ~50°, respectively (Figures S46h,1).
Heat maps also confirm that a-maltosides have the highest population of folded-tail conformations
(Figures S44 a-c) and exhibit greater overlap between the headgroups and tails (Figure S46a). This
highly irregular, inefficient packing likely hinders formation and stabilization of non-lamellar
phases in a-maltosides (Figure 4) and weakens LAM phase stability at longer chain lengths (-

C14Cy9), lowering Topr.

Molecular Shape Observed phases
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Figure 4. Overall phase behavior of the glycolipids based on number of kinks present in their
shape a) a-maltosides with two kinks (at the head group and anomeric position) showing only
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LAM phase formation, b) one kink either at 1) anomeric position (a-cellobiosides/lactosides), ii)
or at head group (fmaltosides) producing LAM, DG and HEX phases, ¢) no kink in the molecular
shape displaying LAM, DG and HEX phases.

In contrast, f-maltosides that lack a kink at the anomeric position exhibit less shape irregularity
and better packing efficiency (Figure 3g, S46a,b). Of all f-glycosides, f-maltosides produce the
highest DG stability (69 °C, -C;,Cg) compared to cellobiosides (64 °C, -C1¢Ce)>* and lactosides
(64 °C, -C,Cg); a stable DG phase was also formed by a second p-maltoside (-Ci4Cyp).
Interestingly, these same f-maltosides adopt a higher tilt angle (~50°) relative to the bilayer normal
(vs. ~34° in S-cellobiosides, ~25° in f-lactosides) in MD simulations, leading to greater head-tail
overlap and a less coplanar structure than the other two f-glycosides (Figure S46). The lower
headgroup densities and higher head-tail overlap in f-maltosides is reminiscent of the packing in
o- vs. f-cellobioside bilayers, where a-anomers form higher stability DG at longer tail lengths than
S-anomers.>* Conversely, higher headgroup densities for S-cellobiosides and f-lactosides and

limited head-tail overlap (Figure S46d,f) may cause their higher Topr.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Headgroup tilting from the bilayer normal is often found as a means to relieve packing frustration
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in lipid bilayers.?!- 436 These higher tilt angles may enable S-maltosides to accommodate larger
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hydrophobic volumes when packed into bilayers, as an increased surface area per chain could
relieve the need for distorting the interface as tail volume increases.’’->® As such, this higher tilt
angle may delay DG formation to longer chain lengths in f-maltosides (-C,Cg, -C14Cy9) vs. f-
cellobiosides (-C;(Cg) or f-lactosides (-C;,Cg). A similar trend was observed in our prior work,
where a higher tilt angle in a- vs. f-cellobioside bilayers at shorter tail lengths (-CgC,) was
associated with DG formation at longer chain lengths for a-anomers.>* Notably, among glycolipids
examined here, DG thermal stability at longer tail lengths was greatest for a-cellobiosides (78 °C)

and p-maltosides (69 °C), which exhibited comparable tilt angles when packed into bilayers at
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shorter tail lengths (-CgC,); for the rest of the DG-forming molecules, the tilt angle was much
lower. Thus the higher DG stability in 5-C;,Cg maltosides vs. S-cellobiosides and lactosides may
be correlated with the higher bilayer tilt angle, lower headgroup densities, and higher degree of

head and tail overlap — features also observed in a-cellobiosides with enhanced DG stability.>*

Factors influencing DG formation and stabilization in glycolipids:

The role of headgroup hydrogen bonding between glycolipids in maintaining lipid bilayer stability
and membrane function is well established>®-¢!; less regular H-bonding between headgroups in
packed cellobioside bilayers (short tails) was also correlated with higher DG stability at longer tail
lengths in a- vs. S-cellobiosides.”* Thus, to better understand what molecular features may enable
planar packings to destabilize in favor of stable DG with increasing tail length, heat maps of
hydrogen bonding between headgroups of each glycoside were generated from MD simulations of
packed bilayers with -CgCy tails (Figures S47, S48; see Figure S49 for description of hydroxyl
group numbering with respect to sugar carbons). Although generated at different temperatures
based on headgroup, the heat maps identify the role of specific headgroup hydroxyls in forming
intra- or interlayer H-bonds. Here, “intra- and inter-layer” H-bonding, specifies H-bond between
neighboring sugar headgroups present in the lateral and perpendicular direction to the bilayer
normal, respectively (Figure S50). Notably, H-bond heat map values for specific donor and
acceptor sites are only compared after normalizing by the total intra- or inter-layer H-bonding

interactions at that temperature (Table 1).

Table 1: Summary of inter-layer H-bonds from MD simulations on glycolipids with -CgC, tails in
packed bilayers (Figures S47, S48), including total inter-layer bonds (temperature-dependent) and

fraction of inter-layer bonds localized to C3’ and C4' hydroxyl groups (normalized). Molecules are
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presented in order of increasing (relative) inter-layer H-bonding between C3' and C4’ hydroxyls,

which is correlated with DG stabilization at longer tail lengths.

Glycolipid T (K) Total inter- Fraction of inter-layer DG stabilization at
layer H-bonds bonds by C3’, C4’' -OH longer tail lengths
a-Mal 360 1.38 0.09 no DG
a-Lac 420 1.14 0.12 DG/HEX coexistence: -
C14C10(30 °C)
a-Cel 390 1.44 0.17 DG: —C,Cg (47 °C), -
C14Cy0 (78 °C)
S-Mal 360 1.43 0.17 DG: —C,Cs (69 °C), -
C14Cy19(30 °C)
S-Lac 420 1.42 0.23 DG: —C,Cg (64 °C)
S-Cel 390 1.62 0.23 DG: —C;(C¢ (64 °C)

Despite differences in temperature, headgroup, and anomeric stereochemistry, all molecules

forming DG at longer tail lengths (-C;(C¢ and above) shared similar inter-layer H-bonding motifs

in packed bilayers with -CgCy tails. DG is stable in four of the six glycosides: f-glycosides with all

three headgroups, and a-cellobiosides. DG never forms in a-maltoside, and forms only while

coexisting with HEX in a-lactoside. Inspecting these heat maps reveals a clear correlation between

DG stability and substantial inter-layer H-bonding between the outer sugar hydroxyl groups, i.e.,

those farthest from the tail connected to the C3’ and C4' carbons (Figures S47, S48). In fact, the

four glycolipid anomers that stabilize DG phases at longer tail lengths have between 17% and 23%

of their total inter-layer H-bonding localized to these two hydroxyl groups (Table 1). However,

when this relative interlayer H-bonding fraction drops below 0.17, DG phases at longer tail lengths
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are no longer stable. In a-lactoside, which forms DG coexisting with HEX for a small window,
only 12% of the total inter-layer H-bonds occur between the C3’ and C4’ hydroxyl groups; in o-

maltosides that never form DG, this value is 9%.

Notably, the two systems in which 17% of interlayer H-bonding is concentrated at the C3’ and C4'
hydroxyls also exhibit the highest DG thermal stabilities and are capable of forming DG phases at
two tail lengths, suggesting that this value is near to optimal H-bonding. In contrast, when this
value increases to 23%, DG still forms, but the thermal stability is lower. This higher inter-layer
hydrogen bonding occurs in molecules without a topological kink and may be a consequence of
their more uniform packing, suggesting that the DG stability may be lowered because this planar
packing is more difficult to destabilize. Given that C3’" and C4' hydroxyl groups are highly likely
to engage in inter-layer hydrogen bonding (and the C4' -OH stereochemistry is altered between
cellobiose and lactose), the analysis focused on these positions; however, the trend still holds if
inter-layer H-bonds are considered between a broader set of outer hydroxyls (C3’, C4', C6"). While
this correlation may not be causal, subsequent DG stability cannot be explained by total inter-layer
H-bonding (Table 1) or intra-layer H-bonding patterns (Figures S47, S48). Overall, systems in
which the 17% of the interlayer hydrogen bonding is located at the outer hydroxyl groups (C3’ and
C4"), were found to produce optimal DG stability whereas when this fraction of interlayer H-

bonding is reduced below 12% or increased above 23% DG stability is either lost or lowered.

DG stabilization in f-maltosides and a-cellobiosides: role of molecular shape

Across glycolipids, f-maltosides and a-cellobiosides produce the highest DG stabilization: both
form DG at two tail lengths (-C;,Cg and -C4C,) over a similar total temperature window. Beyond

sharing the same fraction of inter-layer bonds by C3’'and C4' hydroxyl groups, these molecules
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also exhibit a pronounced topological kink (Figures 3g,h). However, the kink in the f-maltoside
occurs in the headgroup (i.e., shorter distance) than that for a-cellobioside which occurs between
the headgroup and tail. Interestingly, with shorter -C,,Cg tails, DG thermal stability for f-maltoside
(69 °C) is higher than for a-cellobioside (47 °C). The opposite is true for longer -C;4C tails,
where DG is stable for 30 °C (f-maltoside) vs. 78 °C (a-cellobioside). As such, the relative kink
position along the molecule is similar for f-Mal-C,Cg and a-Cel-C4C. This result suggests that
while shape irregularity and a proper balance of inter-layer H-bonds are essential for enhancing
DG thermal stability, the kink position also matters (Figure 5), in agreement with prior work
showing that DG stability is influenced by the kink position in the tail.®?> In addition to DG
formation, the overall phase behavior of the glycosides, categorized according to the number and

position of kinks, is summarized in Figure 4.

lower DG stability —_— 0%:;';3:.39 - [0SS O DG stabiility
11]]
ATps ~ 30-64 °C AToc ~ 69-78 °C No DG

R reodl
Na

a-CeI-Cqu
B-Mal-C1,Cs

+shape irregularity, - interlayer H-bonding

Figure 5. Schematic representation of the factors responsible for DG stabilization in glycolipids.
Optimal DG stability in Guerbet glycolipids were obtained with one kink in the molecular shape,

for a~cellobioside (78 °C, -C14C;¢) and Smaltosides (69 °C, -C;,Cg). DG stability is reduced with
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flat shaped glycolipids (no kink in the molecular shape) for f-cellobiosides (64 °C, -C(Cy) and /-
lactosides (64 °C, -C1,Csg). DG stability is lost in glycolipids with irregular shape (a-maltosides;

two kinks in the molecular shape) or reduced interlayer hydrogen bonding (a-lactosides)

Role of headgroup hydrogen bonding on tail length for DG formation

Despite similar shapes, f-lactosides form DG with longer tails (-C1,Cg) than fS-cellobiosides (-
C10C¢). In packed bilayers, the C4’ hydroxyl stereochemistry in f-lactoside promotes formation of
intra- rather than inter-layer H-bonds (Figure S48). Consequently, a more uniform distribution and
slightly higher magnitude of intra-layer H-bonds are observed in the headgroup region of /-
lactosides vs. f-cellobiosides (despite higher simulation temperatures). Lipids with galactose
headgroups (outer sugar ring of lactose) have shown stronger headgroup hydrogen bonding
compared to those with glucose headgroups (outer sugar ring of cellobiose).> As such, the
headgroup environment in fS-lactosides is likely more constrained — mitigating the average
headgroup tilt within the bilayer (~25° vs. ~34° in f-cellobiosides) and thereby necessitating longer
tail lengths to destabilize the bilayer toward negative Gaussian curvature DG phases. The higher
T\, in lactosides is consistent with a more constrained headgroup due to the C4' hydroxyl
orientation — and increased intermolecular cohesion due to more regular tail packing, as seen in
lactosylceramide lipids with saturated acyl chains.®* Similar headgroup H-bond—driven changes in
aggregation were also seen in phenyl- and methyl-substituted glucose and galactose molecules.%
Conversely, the tail length for optimal DG stability in f-maltosides appears to depend more on
kink position, as the shape irregularity allows these headgroups to tilt more freely upon packing

(~50°).
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In contrast, a-lactosides do not form stable DG despite the similar shape to a-cellobiosides; here,
DG/HEX coexist for ~30 °C for -C4Cy tails. Here, the substantial headgroup tilt in the bilayer
(~50°), paired with the change in orientation of the C4’ hydroxyl, drastically reduces total interlayer
H-bonds vs. other glycosides (Table 1). The fraction of inter-layer H-bonds between C3', C4'
hydroxyls is also reduced by ~40% vs. the a-cellobioside that forms a highly stable DG. However,
coexisting DG forms in a-lactoside despite very weak total inter-layer H-bonding (Table 1),

further supporting that specific H-bonding motifs play a key role in stabilizing DG (Figure 5).

Role of molecular shape vs. headgroup hydrogen bonding on forming and stabilizing DG

This extensive dataset confirms that both molecular shape irregularity and specific headgroup
hydrogen bonding motifs are critical for forming and stabilizing DG phases in disaccharide
Guerbet glycolipids, after reaching a hydrophobic volume fraction of 0.48.3* The highest DG

thermal stability occurs in two glycosides (f-maltosides; ATpg= 69 °C, a-cellobiosides; ATpg= 78

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

°C) with a topological kink and moderate (~17%) localization of inter-layer H-bonds to the C3’
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and C4’ hydroxyls. The topological kink leads to a wide range of molecular conformations,

(cc)

significant overlap between headgroup and tails upon packing (Figure S44, S46), and a high
headgroup tilt angle in the bilayer (~50°) — a feature typically preceding DG formation.%6-6°
However, shape irregularity is not enough: a-lactosides with a similar shape and headgroup tilt
but lacking these specific H-bonding motifs fail to produce stable DG. Further, excessive shape
irregularity is detrimental to DG formation. In a-maltosides, multiple kinks cause inefficient
packing and nearly random headgroup orientations, such that critical H-bonds between C3’ and

C4' hydroxyls are lost.
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The kink position also influences DG stability.®> The most stable DG in f-maltosides and -
cellobiosides share a similar kink position; however, defining an optimal kink position is difficult
given the different tail lengths and wide range of average molecular conformations. As a rough
estimate, here the “kink distance” (i.e., distance from outer headgroup -OH to kink) is a significant
fraction of the tail length, but is not at the center of the molecule. For example, in a-Cel-C4C,
the kink occurs at the anomeric position (“distance” is the disaccharide length, ~1 nm), which is
shorter than either -C4C) tail branch assuming a 1.54 A C-C single bond distance. When the kink
is closer to the molecule center (a-Cel-C,Cs), DG stability is lower. For f-Mal-C,,Cg with a kink
in the headgroup, the kink distance is also shorter than either tail branch. However, when the kink

distance is very short (-Mal-C4C,(), DG stability also decreases.

In contrast, for S-glycolipids that assume more planar topologies (f-cellobioside, S-lactoside), the
shape irregularity imparted by the Guerbet tail is sufficient for DG to form at moderate tail lengths
(-C10Cs, -C12Cg). Here, DG emerges at only one tail length and thermal stability is lower than for
best-performing molecules with a topological kink. Bilayer packing is also more regular than for
kinked molecules, and ~23% of all inter-layer H-bonds are localized to those between C3’ and C4'
hydroxyls. These bilayers (Figures S46d,f) are also associated with an average molecular
conformation, low headgroup tilt upon packing (< 34°), and stronger total inter-layer and intra-
layer H-bonds than for analogous a-anomers, making destabilization difficult and likely limiting
DG stability. The tail length at which DG forms is related in part to headgroup constraints, where

stronger and more uniform intra-layer H-bonds delay DG formation to longer tail lengths.

In totality, this evidence suggests that shape irregularity from both a branched tail and single

topological kink is optimal to form stable DG, but only if sufficiently strong H-bonds can stabilize
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the packing across regions of changing Gaussian curvature. Among all glycolipids, a-C4Cyo
cellobioside appears to best balance molecular shape and hydrogen bonding, yielding the most
stable DG. These findings underscore that the design of DG-forming glycolipid amphiphiles
hinges on understanding the interplay between molecular shape, head group hydrogen bonding
and hydrophilic/hydrophobic balance, which collectively influence molecular packing. A single
kink with moderate (~17%) localization of inter-layer H-bonds to the C3’ and C4' hydroxyls groups
(a-cellobiosides, f-maltosides) promotes DG with two chain lengths (-C1,Cg, -C14Cy0) and
maximal stability (ATpg= 69-78 °C). Even without a kink, DG can be stabilized, although with
reduced thermal stability (ATpg= 64 °C), by the shape irregularity from Guerbet tails combined
with a slightly elevated inter-layer H bonds (~23%). However, higher shape irregularity by the
presence of two kinks (a-maltosides) or a significant loss of inter-layer H bonds (<~12%) resulted

in loss of DG stability (a-maltosides, a-lactosides).

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Conclusion:
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Experimental and molecular dynamics studies of anomerically-pure Guerbet glycosides with

(cc)

cellobiose, lactose, and maltose headgroups and varying alkyl tail lengths reveal that, in addition
to the appropriate hydrophilic/hydrophobic balance, amphiphile shape and headgroup inter-layer
hydrogen bonds critically influence self-assembly into network phases. Despite having a similar
hydrophilic/hydrophobic balance, DG phase emergence is delayed to higher tail length in systems
with a topological bend (a-anomers, f-maltosides). The kink in the molecular shape increases the
surface area per lipid chain, which helps accommodate larger tail volumes and thus pushes DG
formation towards longer tail lengths. The molecular flexibility that alleviates packing frustration

also contributes to an enhanced DG thermal stability window as witnessed for f-Mal-C;,Cg
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(ATpg=69 °C), a-Cel-C4C;y (ATpg= 78 °C). However, this effect is influenced by the kink
position relative to the molecular length, evidenced by the DG stability of a-cellobiosides (a-Cel-
C1,Cg; ATpg=47 °C, a-Cel-C4Cyo; ATpg= 78 °C) vs. pf-maltosides (f-Mal-C,Cg; ATpg=069 °C, -
Mal-C4,Cp; ATpg=30 °C). While the most stable DG phases are formed by molecules with a
topological bend, the shape irregularity imparted by the Guerbet tail is also sufficient to enable
DG formation in f-cellobiosides (ATpg=64 °C) and S-lactosides (ATpg=64 “C) with no topological
kink. However, extreme shape irregularity, i.e., introducing two kinks in shape (a-maltosides), is

detrimental to DG formation.

In addition to optimum shape irregularity, balancing the inter- and intra-layer hydrogen bonding
in the headgroup area is also pivotal in forming and stabilizing DG. Despite differences in
temperature, headgroup, and anomeric stereochemistry, all molecules that form DG at longer tail
lengths (-C;(C¢ and above) shared similar inter-layer hydrogen bonding motifs in packed bilayers
with -CgCytails. Specifically, there is a clear correlation between DG stability and substantial inter-
layer H-bonding between the outer sugar hydroxyl groups, i.e., those connected to the C3’ and C4'
carbons. The four glycolipid anomers (¢, #-cellobiosides, f-lactosides, f-maltosides) that stabilize
DG phases at longer tail lengths have between 17% and 23% of their total inter-layer H-bonding
localized to these two hydroxyl groups; DG is not stabilized for molecules with weaker inter-layer
H-bonds between these two hydroxyls (a-maltosides, a-lactosides). These findings underscore
that designing glycolipids to destabilize zero-curvature LAM phases in favor of DG or other
network phases depends critically on tuning intermolecular interactions and achieving an optimal
anisotropic molecular shape. Beyond glycolipids, the fundamental design rules outlined here may
also be potentially applicable to broader families of amphiphiles including other small-molecule

and even polymeric amphiphiles, facilitating the development of DG-forming materials.
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Supporting Information:

The Supplementary Information includes comprehensive details on general experimental
protocols; the preparation and characterization of lactosides and maltosides ('H and '*C NMR
spectra); thermal characterization (DSC); phase behavior characterization (SAXS); and copies of

NMR spectra for reference.
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