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The internal structure of vesicles formed solely by mannosylery-
thritol lipid-A (MEL-A), a glycolipid produced by basidiomycetous
yeasts of the genus Pseudozyma, was visualized by liquid cell and
cryogenic transmission electron microscopy. Moreover, it was
shown for the first time that their morphology can be controlled
by dicarboxylic acids acting as molecular signals, combined with
the pH of the solution. MEL-A formed nano-sized unilamellar
vesicles (200 nm diameter, 5 nm bilayer thickness) at pH 7 and
pH 4 without dicarboxylic acids. Upon addition of dicarboxylic
acids at pH 7, divalent dicarboxylate anions engage with the
hydroxyl groups of the erythritol moiety in MEL-A, driving the
growth of unilamellar vesicles with diameters of 250-300 nm. At
pH 4, the addition of dicarboxylic acids (oxalic, maleic, fumaric or
malonic acids), which exist predominantly as monoanions, induced
the expansion to micro-sized vesicles (0.8—2.1 pm in diameter) and
the transition into a multilamellar structure consisting of up to
18 layers. For oxalic acid, the vesicular membrane exhibited a thick-
ness of 80 nm and consisted of 16 layers, of which both the outermost
and the innermost layer thickness was 5 nm. Vesicle multilayering in
MEL-A assemblies is driven by cooperative dissociated/undissociated
carboxyl interactions in dicarboxylate monoanions.

Introduction

Artificial vesicles are widely used as model systems for mem-
brane permeability, intracellular transport, and intercellular
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TEM analysis of dicarboxylic acid-induced
transition from unilamellar to multilamellar

® and

New concepts

Precise control over vesicle size and morphology is critical for drug
pharmacokinetics, cellular uptake, and tumor targeting, yet remains
largely inaccessible. Interestingly, subtle pH fluctuations in vivo govern
key processes, and dicarboxylic acids—reversibly dissociating without
altering their molecular framework—are central to energy metabolism,
including the tricarboxylic acid cycle. By leveraging the two-step acid
dissociation of dicarboxylic acids, we have achieved stepwise modulation
of charge states in response to pH changes, which effectively dictates the
resulting supramolecular interactions. By inducing bidentate interactions
of dicarboxylic acids modulated by their charge states, we report, for the
first time, continuous control of MEL-A vesicle structures—an outcome
not achievable with monocarboxylic acids. Using the degree of dissocia-
tion as a signal may enable the development of nanoassemblies that
directly decode life-derived signals.

communication, as bilayer vesicles encapsulating aqueous
compartments can be formed from both phospholipids and
synthetic amphiphilic molecules.’™ Vesicle fusion is essential
for the transfer of membrane components and encapsulated
cargoes to target vesicles™® and is governed by supramolecular
interactions such as van der Waals forces, metal-ligand coor-
dination, hydrogen bonding, and host-guest interactions.””
However, membrane reorganization in phospholipid systems
mediated by small-molecule bridging interactions has, in most
cases, resulted in disruptive aggregation.'®

Mannosylerythritol lipid (MEL) is a microbially derived
glycolipid biosurfactant, and its high biodegradability and
low toxicity have led to increasing interest in its potential
applications in the cosmetic'™'®> and pharmaceutical™™"
fields. Notably, MEL-A, which is efficiently produced by basi-
diomycetous yeasts of the genus Pseudozyma, has been reported
to exhibit diverse biological activities, including antimicro-
bial'®'” and antitumor'®® effects.

Nevertheless, basic insights into the internal architecture
and bilayer thickness of MEL-based micelle- or vesicle-like
assemblies in aqueous solution are still lacking. To this end,
precise structural control of these soft nanoparticles is
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indispensable for uncovering their functional mechanisms and
facilitating the development of innovative applications.

The morphology of vesicles self-assembled by amphiphilic
molecules has been extensively reported to be closely related to
their bioactivity. However, to the best of our knowledge, no
study has ever simultaneously achieved both the visualization
of the internal structures of vesicles formed exclusively from
MEL-A and the external-stimuli-induced control of their
morphology.”**'

In the course of advancing the structural analysis of MEL-A
assemblies, we identified that under certain conditions,
carboxylate anions may contribute to the association state.
Dicarboxylic acids, which are core molecules supporting bio-
logical energy metabolism from metabolic end products such
as oxalic acid to intermediates in the TCA cycle, exhibit dra-
matic changes in their charge states depending on the pH.>*™*

In this study, we exploited this charge modulation and
identified aliphatic dicarboxylic acids as trigger molecules that
induce fusion of MEL-A-derived vesicles, leading, for the first
time, to the formation of controlled multilamellar structures
rather than disruptive aggregation. Systematic analysis of the
self-assembly behavior in aqueous media via liquid cell trans-
mission electron microscopy (LC-TEM) and cryogenic TEM
(cryo-TEM) reveals the potential for structural control through
external stimuli. These findings provide critical insights for
enhancing surfactant performance and developing advanced
supramolecular applications.

Results and discussion

The hydrophobic domain of MEL-A is composed of two fatty
acyl chains esterified to the hydroxyl groups at the C-2 and C-3
positions of the mannose residue (Fig. 1). The chain length and
degree of unsaturation of these acyl chains have been reported
to vary according to the carbon sources supplied in the culture
medium, such as oils, and to the substrate specificity of the
producing organism.>®>®

The MEL-A used in this study was produced and extracted
following established procedures, using Pseudozyma antarctica
as the source strain and culturing it under conditions in which
glucose served as the sole carbon source. The self-assembly
behavior of this MEL-A in aqueous media has not previously been
examined.

The critical aggregation concentration (CAC) of MEL-A in
aqueous solution was determined by a pyrene fluorescence probe
method.*® The CAC was estimated to be about 6.0 x 10~°

CH3 CH,OH
Hem—t—=OH
> OAc S
AcO” &/ —CH
n=6-~14

Fig.1 Chemical structure of MEL-A.
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Table1 Hydrodynamic diameter (D)?, polydispersity index (PDI)?, and zeta
potential ()® of MEL-A assemblies in buffer solutions at pH 7 and pH 4

(25 °C)

Buffer [MEL-A] (M) D (nm) PDI (—) { (mv)

pH 7° 47 x 107" 200 + 30 0.18 £ 0.02 -16 + 2
9.4 x 107* 250 + 20 0.20 £ 0.02 ~16+ 3
1.9 x 1073 300 + 30 0.25 + 0.03 -17 £ 3

pH 44 47 x 107" 200 + 20 0.16 & 0.01 ~13+3
9.4 x 10°* 240 + 20 0.18 + 0.02 —14 +3
1.9 x 107° 240 + 30 0.18 £ 0.02 -13+4

¢ Hydrodynamic dlameter and PDI were determined by dynamic
light scattering (DLS). ? Zeta potentlals were determined by
electrophoretlc light scattering (ELS). © 0.05 M HEPES-KOH buffer
(pH 7). ¢ 0.05 M glycine/0.005 M acetic acid buffer (pH 4).

(Fig. S1, SI), consistent with previously reported CAC values for
MEL-A produced from other carbon sources.*"

The hydrodynamic diameter and zeta potential of MEL-A in
aqueous solution were measured under conditions of pH 7 and
pH 4. All measurements were performed at concentrations
above the CAC, specifically at 4.7 x 107" M, 9.4 x 10™* M,
and 1.9 x 1073 M (Table 1).

At a concentration of 4.7 x 10~* M, the assembly size was
200 nm at both pH 7 and 4, indicating that the effect of solution
pH was minimal. When the concentration was increased four-
fold to 1.9 x 10~® M, the size increased to 300 nm at pH 7 and
240 nm at pH 4. This suggests that, at higher concentrations,
the collision frequency of assemblies increases, making coales-
cence more likely. Furthermore, under high-concentration
conditions at pH 7, the polydispersity index (PDI) exceeded
0.2, indicating a broader size distribution and a transition to a
polydisperse state. Therefore, transmission electron micro-
scopy (TEM) observations of MEL-A assemblies were performed
at 4.7 x 10~* M, where the size distribution was relatively
uniform.

LC-TEM, enabling in situ visualization of dynamic behavior
in solution,*** was employed together with cryo-TEM, which
provides static structures in the vitrified state, to analyse MEL-A
assemblies.

The molecular assemblies were found to adopt a vesicle
structure with an internal aqueous domain, consistent in size
with that determined by dynamic light scattering (DLS) mea-
surements (Fig. 2). The membrane thickness was measured to
be about 5 nm, which is about twice the molecular length of
MEL-A (~2.5 nm). This dimensional relationship strongly
suggests that the membrane adopts a bilayer architecture
composed of two layers of MEL-A molecules.

The zeta potential of MEL-A assemblies was —16 + 2 mV at
pH 7 and —13 + 3 mV at pH 4, showing no significant
difference between the two conditions. Furthermore, no effect
of the concentration was observed. These results suggest
that the composition of the assemblies and the hydration
state at the surface remain nearly unchanged regardless of
pH conditions.

MEL-A features a sugar-derived polar headgroup and an
erythritol-based polar segment (Fig. 1). Even in the absence of

This journal is © The Royal Society of Chemistry 2026
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Fig.2 LC-TEM (a) and (c) and cryo-TEM (b) and (d) images of MEL-A
assemblies (4.7 x 10™* M) at pH 7 and pH 4.

free hydroxyl groups, the mannose moiety retains the ring
oxygen within the pyranose structure and the glycosidic link-
age, both contributing to the molecule’s polarity.>* Further-
more, despite the high degree of hydration of the three hydroxyl
groups in the erythritol moiety, they can engage in selective
interactions with the carboxylate group of a dicarboxylate
monoanion when an appropriate hydrophobic local environ-
ment is established.?*® Therefore, when MEL-A forms vesi-
cles, the localization of hydroxyl groups in the vicinity of the
hydrophobic interface is expected to promote interactions with
the carboxylate groups of dicarboxylate monoanions, thereby
leading to a morphological change of the vesicles.

NMR spectroscopy was employed to probe the local polar
environment of the hydroxyl groups in the erythritol moiety of
MEL-A. As hydroxyl protons are not detectable in D,O, detailed
analysis focused on the chemical shifts of the a-protons adja-
cent to the C-1, C-2, and C-3 positions. In pure D,0, MEL-A self-
assembles at 1.0 x 10~ * M, which is above the CAC, resulting
in severe peak broadening and precluding meaningful NMR
observation. Thus, NMR measurements were performed in the
presence of 60% deuterated methanol.

meso-Erythritol was analyzed in D,0/CD;OD (40:60) as a
control. The C-1 a-protons appeared as an AB pattern (J = 8 Hz)
at 0 3.76 and 3.61 ppm, with the C-2 a-proton appearing as a
multiplet at § 3.62 ppm. In comparison, MEL-A showed the C-1
a-protons at  3.72 and 3.59 ppm as a slightly upfield-shifted AB
pattern (J = 8 Hz), while the C-2 and C-3 a-protons appeared as
a multiplet at § 3.72 ppm, corresponding to a 0.1 ppm down-
field shift relative to meso-erythritol (Fig. 3 and Table 2). Pre-
vious studies have shown that o-hydrogens next to hydroxyl
groups shift downfield near hydrophobic membrane interfaces,
influenced by interfacial electric fields and molecular orientation.*

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Partial '"H NMR spectra of MEL-A and meso-erythritol in D,O/
CDsOD (40 : 60, v/v) at 25 °C. [MEL-A] = [meso-erythritol] = 4.7 x 10~% M.

Table 2 Proton chemical shifts (ppm) of MEL-A and meso-erythritol in
various solvents

MEL-A* meso-Erythritol”

C-1 aH C-1 oH

— C2o0H —m8mm—
Solvent H, Hy, C3aH H, Hy C-2 aH
D,O — — — 3.77 3.62 3.66
D,0/CD;OD (40:60) 3.72 3.59 3.72 3.76  3.61 3.62
“ [MEL-A] = [meso-erythritol] = 4.7 x 10™* M.

Building on this, we hypothesized that the C-2 and C-3 hydroxyl
groups of MEL-A, when placed in a hydrophobic environment
with limited hydration, could interact specifically with the
carboxylate group.

Aliphatic dicarboxylic acids from oxalic acid to adipic acid
reversibly adopt neutral, monoanionic, or dianionic states
depending on pH, while maintaining their carbon skeletons
(Table 3 and Table S1). At pH 7, predominantly dianionic
dicarboxylic acids were added to MEL-A at six equivalents.
For strongly acidic species such as oxalic and maleic acids,
the vesicle diameter increased from 200 nm to 300 nm, whereas
weakly acidic dicarboxylic acids, including glutaric and adipic
acids, afforded vesicles of 250 nm in diameter. LC-TEM analysis
confirmed that the vesicles retained a unilamellar structure
(Fig. S4). The observed enlargement is likely due to association
of the dianions with the C-2 and/or C-3 hydroxyl groups at
the hydrophobic interface, leading to changes in surface energy
and membrane curvature.*® Moreover, the decrease in the
absolute value of the zeta potential upon anion addition can
be attributed to a thickened hydration layer, leading to an
outward shift of the slipping plane.**

To increase the fraction of monovalent anions derived from
dicarboxylic acids, in which only one carboxyl group is disso-
ciated, oxalic, maleic, fumaric, or malonic acids were added
individually at pH 4. DLS analysis revealed hydrodynamic
diameters of 2100 nm, 1500 nm, 1000 nm, and 780 nm,

Nanoscale Horiz.
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Table 3 Hydrodynamic diameter (D), polydispersity index (PDI)?, and zeta potential (()° of MEL-A assemblies formed in the presence of carboxylic

acids® at pH 7 and pH 4

pH7 pH 4

Carboxylic acids PKa1 PKasz D (nm) PDI (—) { (mv) D (nm) PDI (—) { (mv)

Oxalic acid 1.27 4.27 290 £ 20 0.15 £ 0.03 —12 +£3 2100 + 100 0.32 £ 0.10 —-5+3
Maleic acid 1.91 6.33 270 £+ 30 0.19 £ 0.05 —12 +3 1500 £+ 100 0.21 £ 0.05 —-7+£2
Fumaric acid 3.09 4.60 300 £ 20 0.15 + 0.03 —-13 +4 1000 £+ 70 0.26 + 0.04 -7 +2
Malonic acid 2.83 5.70 250 + 10 0.12 £ 0.02 —13 £ 3 780 £ 50 0.20 £ 0.02 —-8+£2
Succinic acid 4.21 5.64 240 £+ 10 0.14 £ 0.02 —14 £ 3 300 £+ 30 0.05 £ 0.05 —-10 £ 3
Glutaric acid 4.34 5.42 250 £ 20 0.15 + 0.03 —14 + 4 290 £ 30 0.09 + 0.04 —10 £ 3
Adipic acid 4.42 5.41 250 + 10 0.14 £ 0.02 —15+4 250 + 10 0.09 £ 0.03 —11 £ 3
Propionic acid 4.87 — 220 £ 10 0.10 £ 0.02 —15+3 230 £ 10 0.08 + 0.01 —12 £+ 4

“ Hydrodynamic diameter and PDI were determined by dynamic light scattering (DLS). ? Zeta potentials were determined by electrophoretic light
scattering (ELS). © Measurements were carried out in [MEL-A] = 4.7 x 10~* M and [carboxylic acid] = 3.0 x 10> M.

respectively, indicating a pronounced enlargement of giant
vesicles in all cases. Given that the fraction of species with
both carboxyl groups in the undissociated state is less than
10% at pH 4, this vesicular growth is attributed primarily to the
effect of monovalent anions of the dicarboxylic acids. The
addition of succinic, glutaric, or adipic acids at pH 4 (where
>60% exists in the non-dissociated form) resulted in an
increase in vesicular diameter from 200 nm to 250-300 nm,
consistent with the results obtained at pH 7. In contrast, the
monocarboxylate propionate anion had little effect on the
vesicle size (Fig. S5).

The internal structures of the giant vesicles were investi-
gated by cryo-TEM. At pH 4, the addition of dicarboxylic acids,
which predominantly exist as monovalent anions, induced a
distinct structural evolution of the vesicles. Unilamellar bilayer
assemblies stacked in a concentric manner to yield multilamel-
lar structures comprising up to 18 layers (Fig. 4). In the
presence of oxalic acid, the total membrane thickness was

about 80 nm, with 16 discernible layers: the outermost and
innermost membranes were about 5 nm thick, while the 14
sandwiched inner layers were thinner (about 2.5 nm; Fig. 4a).
Similar multilamellar vesicles were observed upon addition of
maleic, fumaric, or malonic acids, exhibiting total membrane
thicknesses of 80-90 nm, corresponding to the stacking of 16 to
18 membrane layers (Fig. 4b-d). The multilamellar growth may
arise from bridging interactions of monovalent dicarboxylate
anions between MEL-A molecules.

In other words, the carboxylate group of the dicarboxylate
monoanion interacts with the hydroxyl groups at the C-2 or C-3
positions of the erythritol moiety, whose chemical environment
is significantly influenced by the nonpolar character of the
vesicular interface (Fig. 5). Concurrently, within the hydropho-
bic reaction field created by MEL-A, the two undissociated
carboxylic acid groups are expected to form a hydrogen-
bonded dimer, generating a cross-linking motif.**** The exis-
tence of such hydrophobic domains at the MEL-A-organized

Fig. 4 Cryo-TEM images of MEL-A vesicles in the presence of (a) oxalic acid, (b) maleic acid, (c) fumaric acid, and (d) malonic acid at pH 4.
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Fig. 5 pH-Dependent dual-site binding of dicarboxylic acids controls MEL-A assemblies: nano-sized vesicles at pH 7 and micro-sized vesicles at pH 4.
Schematic illustration of a thermodynamic consequence arising from local membrane-curvature changes induced by interactions of pH-responsive

dicarboxylic acids.

interface is consistent with fluorescence-probe measurements
using pyrene, which indicate an environment more hydropho-
bic than chloroform (Table S2). These combined interactions of
the dicarboxylate monoanion likely bridge multiple MEL-A
molecules through carboxylic acid hydrogen bonding, leading
to substantial changes in membrane curvature and ultimately
promoting multilamellar structure formation. However, Fig. 5
provides a conceptual representation illustrating that local
variations in membrane curvature can thermodynamically
favour the emergence of multilamellar vesicles. While this
framework provides a rational basis for the observed structural
preference, it does not describe the physical pathways by which
individual vesicles reorganize into ordered, concentric multi-
lamellar architectures.

At pH 4, in the presence of succinic acid (38% monoanion/
61% non-dissociated) (Table S1), the vesicle diameter expanded
to 300 nm. Cryo-TEM imaging revealed structural heterogene-
ity, where unilamellar vesicles coexist with multilamellar vesi-
cles exhibiting nonuniform membrane thicknesses of 5-80 nm
(Fig. 6a). This is likely due to succinic acid monoanions
bridging MEL-A molecules. Glutaric acid containing 31% of
the monocarboxylate anion and adipic acid containing 27% of
the monocarboxylate anion do not form multilayered structures
(Fig. 6b and c). This behaviour may be attributed to geometric
and conformational effects associated with the molecular
length and flexibility, which can enhance thermal fluctuations.

In this study, we experimentally demonstrated that dicarb-
oxylic acids interact specifically with vesicle membranes in a
pH-responsive manner and, through the resulting modulation
of the membrane curvature, ultimately induce the formation of
ordered multilamellar vesicle structures. However, the present
work primarily focuses on the initial state and the final

This journal is © The Royal Society of Chemistry 2026

Fig. 6 Cryo-TEM images of MEL-A vesicles in the presence of (a) succinic
acid, (b) glutaric acid, and (c) adipic acid at pH 4.

structural outcome and does not directly elucidate the time-
dependent membrane reorganization dynamics that connect
these states. In particular, it remains an open and important
question whether the transformation from unilamellar vesicles
to multilamellar architectures can be described solely by ther-
modynamic driving forces or whether it proceeds via activated
pathways involving rare thermal fluctuations that overcome
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local energy barriers. In this context, the thermodynamic-
kinetic coupling framework proposed by K. Wang et al. offers
a promising perspective for extending the mechanistic under-
standing of the present system.?” Future studies employing
time-resolved measurements, using either label-free or fluores-
cence-labelled approaches, will be essential to track the tem-
poral evolution of inter-vesicular interactions and membrane
reorganization and to discriminate between fusion-driven,
adhesion-mediated, or activation-controlled kinetic pathways.
In addition, theoretical calculations will be valuable for evalu-
ating interaction length scales and energy barriers at the
molecular level. The present study provides an experimental
foundation for such future investigations.

Conclusions

Our results indicate that interactions between dicarboxylic
acid-derived carboxylate groups and the erythritol moiety of
MEL-A promote the morphology transition of vesicles. Coop-
erative interactions between dissociated carboxylate and undis-
sociated carboxylic acid sites in dicarboxylate monoanions are
identified, for the first time, as a key factor driving the multi-
layered organization of MEL-A-assembled vesicles. Ongoing
work seeks to clarify the relationship between vesicular multi-
layering and the MEL-A-induced membrane curvature.
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