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1. Introduction

Colloids, such as emulsions, foams, sols and gels, play integral roles in living organ-
isms, the natural environment, resource extraction, pharmaceuticals, cleaning products,
processing industries and almost all aspects of our everyday lives [1]. Generally, colloid
systems consist of a continuous phase and a dispersed phase, which is in the form of finely
distributed particles with sizes in the 1 nm-1000 nm range. Such a high degree of dispersity
is inevitably related to a very large interface separating the two phases. Thus, the interfacial
properties and related surface forces greatly determine the properties of the colloid system
as a whole [2,3].

Amphiphilic molecules contain structural groups with affinity for either “water”
or “0il”, two immiscible solvents. Their amphiphilic character determines preferential
adsorption at the interface and enables self-assembly into various structures, such as
micelles, vesicles, monolayer, bilayers and lamellar phases in the bulk [4]. These self-
assembled structures play essential roles in modifying and controlling the functionality of
the colloid systems. Selecting amphiphiles with appropriate structures and properties is
critical for designing functional colloids for specific applications.

In light of growing environmental awareness, there is increased interest in using
“green” surfactants that are derived from sustainable sources. The aim is to replace conven-
tional surfactants with alternatives that are biodegradable, non-toxic and produced through
sustainable processes with a reduced carbon footprint [5]. Developing new green surfac-
tants requires in depth understanding of the relationship between a molecule’s chemical
structure and its physicochemical properties.

This Special Issue (SI) attracted a diverse collection of research that highlights the
important relationship between the molecular structure of amphiphiles, their interfacial
behavior and the properties of the corresponding colloidal systems. This SI includes
research topics ranging from fundamental thermodynamic investigations to the fabrication
of novel materials with tailored properties.

2. An Overview of the Contributions

Peychev et al. (Contribution 1) present an improved approach for more accurate
experimental determination of the free energy of transfer of a fluorocarbon -CF;- group
from oil to water. This determination is based on adsorption data of fluorosurfactants at
the water /hexane interface. Knowledge of this thermodynamic parameter is essential for
predicting the partitioning of fluorinated surfactants between water and oil, as well as
between water and lipid membranes, and for evaluating their environmental impact.

Wei et al. (Contribution 2) report the fabrication of supramolecular self-assembled
organohydrogels mixing double-tailed zwitterionic quaternary ammonium amphiphiles
and phosphomolybdic acid in a binary solvent of water and dimethyl sulfoxide.

Molecules 2025, 30, 25

https:/ /doi.org/10.3390/molecules30010025



Molecules 2025, 30, 25

Lu et al. (Contribution 3) explored the effect of the orientations of the ester group of
two series of newly synthesized methyl d-glycopyranoside-based esters on their physico-
chemical properties. The observed trends in solubility and adsorption, and the comparison
with the commercial octyl d-glycosides, provide clear guidance on how the structure of
molecules affects their properties.

Guo et al. (Contribution 4) entertained the idea of creating a protocell model in
water using sodiummonododecyl phosphate (SDP), isopentenol (IPN) and pyrite (FeS;)
mineral particles. The FeS; particles promote the IPN/SDP vesicles’ fusion and growth
and influence their morphological evolution. This research is thought, in the long run, to
shed light on the possible model systems for protocell membranes.

Gutiérrez-Ferndndez et al. (Contribution 5) report a new dispersive solid-phase
extraction of melatonin using graphene mixtures with sepiolite and bentonite clays as
sorbents combined with fluorescence detection. The method is applied to herbal samples
containing melatonin.

In the study by Wang et al. (Contribution 6), double-chain lactobionic amide qua-
ternary ammonium salts were synthesized via the amidation of lactobionic acid with
N,N-dimethyldipropyltriamine to obtain glycosylamides, followed by quaternization with
bromoalkanes of different chain lengths. The resulting product is a novel glucosamine-
based cationic surfactant characterized by low foaming, antibacterial properties, antistatic
properties, salt resistance, and the ability to form stable vesicular systems. It shows po-
tential for applications in diverse fields, including drug delivery systems, biomimetic
membranes, microreactors, specialty chemicals and the food industry.

Liu et al. (Contribution 7) studied liquid droplets and liquid marbles (droplets of 1M
Fe,Cl aqueous solution fully coated with hydrophobic polyvinylidene fluoride powder) at
the liquid-liquid interface to investigate capillary forces and interactions at intra- and inter-
cellular scales. Interfacial liquid marbles possess unique internal and external features,
making them a promising model and a versatile tool for the investigation of different
interfacial phenomena.

Kamburova et al. (Contribution 8) investigated the kinetics of amyloid aggregation
indirectly by monitoring the changes in the polydispersity of a mixed dispersion of amyloid
3 peptide (1-40) and composite liposomes as a function of temperature and pH. Despite
homotaurine’s specific bioactivity in natural cell membranes, this study highlights its addi-
tional inhibitory effect on amyloid peptide aggregation, attributed to charge interactions
and ‘molecular crowding’.

Alvarez et al. (Contribution 9) studied the aggregation behaviors of four amino
acid-based surfactants in the presence of five linear diamine counterions. Electrical conduc-
timetry was used to determine the CMCs for each system, and dynamic light scattering was
used to evaluate the micellar size. The obtained CMCs correlated with each surfactant’s
partitioning coefficients, logP (water/octanol) value. The obtained results highlight the
relationship between the structure of the surfactants and their physicochemical properties.

Chunlin Xu et al. (Contribution 10) fabricated a novel single-tailed dynamic cova-
lent surfactant 1-methyl-3-(2-(4-((tetradecylimino)methyl) phenoxy)ethyl)-3-imidazolium
bromide (C;4PMimBr). In aqueous solutions with increasing concentrations, C14PMimBr
forms micelles, vesicles and hydrogels. The authors envision the application of their ap-
proach to the design of novel stimuli-responsive surfactant systems for drug delivery and
targeted drug release.

The review paper “Law and Order of Colloidal Tectonics: From Molecules to Self-
Assembled Colloids” authored by Leclercq (Contribution 11) discusses in depth the emerg-
ing concept of colloidal tectonics. Tectons are molecular building blocks capable of spon-
taneously forming supra-colloidal structures. The author presents colloidal tectonics as a
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phenomenon that bridges the gap between the soft self-assemblies of small amphiphilic
molecules, driven by hydrophobic interactions (such as micelles or vesicles), and rigid
crystalline structures with periodic molecular arrangements. The review refers to examples
from biotic systems and theoretical insights as a potential guide for self-assembled systems
with applications in drug delivery, catalysis, and other applications.
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Abstract: Controlling the hierarchical self-assembly of surfactants in aqueous solutions has drawn
much attention due to their broad range of applications, from targeted drug release, preparation
of smart material, to biocatalysis. However, the synthetic procedures for surfactants with stimuli-
responsive hydrophobic chains are complicated, which restricts the development of surfactants.
Herein, a novel single-tailed responsive surfactant, 1-methyl-3-(2-(4-((tetradecylimino) methyl) phe-
noxy) ethyl)-3-imidazolium bromides (C14PMimBr), was facilely fabricated in situ by simply mixing
an aldehyde-functionalized imidazolium cation (3-(2-(4-formylphenoxy) ethyl)-1-methyl imida-
zolium bromide, BAMimBr) and aliphatic amine (tetradecylamine, TDA) through dynamic imine
bonding. With increasing concentration, micelles, vesicles, and hydrogels were spontaneously formed
by the hierarchical self-assembly of C14PMimBr in aqueous solutions without any additives. The
morphologies of vesicles and hydrogels were characterized by cryogenic transmission electron
microscopy and scanning electron microscopy. The mechanical properties and microstructure infor-
mation of hydrogels were demonstrated by rheological measurement, X-ray diffraction, and density
functional theory calculation. In addition, the vesicles could be disassembled and reassembled with
the breakage and reformation of imine bonds by adding acid/bubbling CO, and adding alkali. This
work provides a simple method for constructing stimuli-responsive surfactant systems and shows
great potential application in targeted drug release, drug delivery, and intelligent materials.

Keywords: surfactant; dynamic covalent bond; responsive vesicle; aggregation behavior

1. Introduction

Molecular self-assembly is a transition process from disordered to ordered, offering a
bottom-up approach to constructing functional materials on multiple scales [1]. Rich types
of amphiphiles, such as surfactants [2], peptides [3], and phospholipids [4], have been
studied extensively in the field of molecular self-assembly. A special type of surfactant with
a novel structure [5-10] consisting of a versatile organic cation and an organic/inorganic
anion, has attracted extensive attention in recent years. Compared with the conventional
surfactants, the self-assembly properties of this novel structure can be regulated efficiently
and easily through reasonable design of the cation and anion structures.

Various structurally well-defined assemblies, such as spherical micelles [11], rod-
like/wormlike micelles [12-14], unilamellar/multilamellar vesicles [15-17], and gel
nanofiber networks [18], can be formed via the self-assembly of surfactants in aqueous
solutions. Among these assemblies, the stimuli-responsive vesicles have drawn much atten-
tion due to their promising applications in targeted drug release [19], micro-reactors [20],
and biotherapy [21]. The common approaches for preparing stimuli-responsive vesicles

Molecules 2024, 29, 4984. https:/ /doi.org/10.3390/molecules29214984 5
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are the use of surfactants with double tails [22], the responsive cation/anion [23], and
the addition of external additives [24] in aqueous solutions. For instance, Shi et al. suc-
cessfully created pH/CO, dual-switchable vesicles using gemini surfactants based on
responsive cations (1-(3-aminopropl)-3-methylimidazolium chloride, AFIL) and sodium
dodecyl benzene sulfonate (SDBS), and realized the fission and reversion of vesicles [25].
Wang et al. developed responsive vesicles in the system of [Cyymim]X (X = [Imi]~, [1,
2, 4-Tri]~, [Ben] ~, [Tet], and [1, 2, 3-Ben] ) with pH-sensitive anions, and realized the
reversible structural transition between vesicles and micelles by alternating CO, and N,
bubbling [26]. In addition, Huang et al. constructed a ternary supramolecular system,
which made the reversible formation and dissociation of vesicles possible by introducing a
light-responsive Azo@p3-CD [27]. However, there have been few reports on the formation
of stimuli-responsive vesicles by single-tailed surfactants with responsive hydrophobic
chains in aqueous solutions for the sake of complicated synthetic procedures.

Dynamic covalent bonds (DCBs) [28,29], unlike traditional covalent bonds, can be
cleaved and reformed reversibly under specific conditions, such as pH [30], tempera-
ture [31], and reductant-oxidant [32]. To date, an abundance of dynamic covalent bonds
has been exploited to construct smart materials such as imine, acylhydrazone, disulfide,
and boronic ester bonds. Combining the robustness of classic covalent bonds with the
reversibility of non-covalent bonds, dynamic covalent bonds have been proven to be a
powerful tool for the construction of adaptive and responsive vesicles, wormlike micelles,
gels, and polymers. H. van Esch et al. reported that single-tailed [33] and double-tailed
surfactants [34,35] are formed by non-surface-active precursors of bis-aldehyde and alkyl
amines based on dynamic imine bonds, and found that the corresponding formed micelles,
wormlike micelles, and vesicles can be switched by changing pH and temperature. In
addition, the group also fabricated a series of conjugated polymers by using dynamic imine
bonds and realized the controllable formation and interruption of the formed wormlike
micelles [31]. Zhang et al. exploited various topological structures using dynamic covalent
surfactants, such as bola-shaped [36] and H-shaped [37], and the obtained aggregates
were the only responsive spherical micelles. Thus, it is of great potential to regulate the
assembly and disassembly of vesicles using dynamic covalent bonds while modifying the
hydrophobicity of single-tailed surfactants.

Herein, a stimuli-responsive vesicle system was formed by single-tailed surfactants
with a responsive hydrophobic chain that was fabricated in situ by mixing an aldehyde-
functionalized imidazolium cation (3-(2-(4-formylphenoxy) ethyl)-1-methyl imidazolium
bromide, BAMimBr) and aliphatic amine (tetradecylamine, TDA) through a dynamic cova-
lent bond. It was the first report on the spontaneous transition from micelles to vesicles and
hydrogels in aqueous solutions without any additives. The self-assemblies are characterized
by cryogenic transmission electron microscopy (Cryo-TEM), dynamic light scattering (DLS),
scanning electron microscopy (SEM), rheology, and X-ray Diffraction (XRD). Additionally,
the vesicle system can be reversed by adding alkali and acid /bubbling CO,.

2. Results
2.1. Characterization of Single-Tailed Dynamic Covalent Surfactant C14PMimBr

A novel dynamic covalent single-tailed surfactant, C14PMimBr, was successfully de-
signed and synthesized in situ by simply mixing TDA with the non-assembling building
block BAMimBr at a molar ratio of 1:1 through dynamic covalent bonding at room tem-
perature, as illustrated in Scheme 1. In consideration of the reactivity of dynamic covalent
bonds, the pH of the solution was chosen to be 12 in this work. To confirm the formation of
dynamic covalent bonds, 'H NMR and mass spectrometry (MS) were employed. As can
be seen in Figure 1, in the 'H NMR spectrum of BAMimBr, a unimodal peak ‘f” appeared
at 9.91 ppm, which is the characteristic peak of aldehyde (-CHO proton) [38]. After the
combination of TDA, the signal corresponding to the -CHO proton of BAMimBr nearly
disappeared and a new peak ‘6" appeared at 8.18 ppm, which is generally attributed to the
-CH=N- proton [39], confirming the incorporation of BAMimBr and TDA via a dynamic
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imine bond, and thus, the formation of the single-tailed surfactant C;4,PMimBr was con-
firmed (the details of 'H NMR and 3C NMR are illustrated in Figure S2). Additionally, the
appearance of the peak at 426.3485 ([M]*) in the ESI-MS spectrum is in accordance with the
theoretical value for the C14,PMim™* cation ([M]* = 426.3479), indicating the formation of

C14PMimBr (Figure S3).

- R N
— (o] C=N
N N,\/O—Q—CHO +  mNEN —N N H “

NS+ H' Br
Br
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Scheme 1. Chemical structures and schematic diagrams of the surface-inactive cationic headgroup
(BAMimBr), tetradecylamine (TDA), and the single-tailed dynamic covalent surfactant, C;4PMimBr.
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Figure 1. (a) TH NMR spectra of BAMimBr, TDA, and the formed single-tailed surfactant C14PMimBr
in DMSO-Dg; (b) the MS spectrum of C14PMimBr.

2.2. Phase Behaviors of the Single-Tniled Dynamic Covalent Surfactant C14PMimBr

It is obvious that the solubility of TDA is very poor in aqueous solutions due to
its long hydrophobic alkyl chain and weak hydrophilic headgroup. The building block,
ionic liquid BAMimBr, was difficult to assemble into the ordered molecule aggregates
because of their short alkyl chains. Therefore, the fabricated single-tailed dynamic covalent
surfactant would combine the solubility of BAMimBr with the assembly ability of TDA.
We systematically investigated the phase behavior of C;4PMimBr in aqueous solutions,
as shown in Figure 2 and Figure S4. Interestingly, the turbidity of the solutions increases
gradually with the concentration increasing to 35 mM. From 35 to 60 mM, the turbidity
of the C14PMimBr solutions decreases, and the assemblies at concentrations of 50 and

60 mM are unstable, which are easy to aggregate to floccules standing for two weeks.

Upon increasing the concentration to 75 mM, the opalescent hydrogels begin to form. The
above results illustrate that the size and morphology of assemblies would change with the
increase in the concentration of C14PMimBr.
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Figure 2. Optical photographs of C4PMimBr (fixing the molar ratio of BAMimBr/TDA at 1:1)
solutions with different concentrations.

2.3. Size Distribution and Microstructure Observations of the Single-Tailed Dynamic Covalent
Surfactant C14PMimBr

To characterize the evolution of self-assemblies with increasing concentration, two pow-
erful tools, DLS and Cryo-TEM, were employed. The size distributions of the C14,PMimBr
aggregates at different concentrations are illustrated in Figure 3a. At a concentration of
5 mM, the hydrodynamic radii (R) of the aggregates are about several nanometers, indicat-
ing that only micelles form at this concentration [40]. Upon increasing the concentration,
the size of the aggregate increases initially but then begins to decrease when the concentra-
tion reaches 25 mM. On this basis, the morphologies of the aggregate were characterized by
Cryo-TEM. As shown in Figure 3b—f, the scattered vesicles were observed at a concentration
of 15 mM. With increasing concentration, the population of vesicles increased. When the
concentration reaches 25 mM, the formed assemblies are densely packed unilamellar and
multilamellar vesicles with diameters of 100-1500 nm, as illustrated in Figure 3e, which
is in accordance with the changes in aggregate size distribution. However, increasing the
concentration to 35 mM gradually reduces the size distributions of vesicles, corresponding
to changes in the turbidity of solutions. As reported, the slight deformation of vesicles in
hydrocarbon surfactant systems can usually be found in the Cryo-TEM picture, as shown
in Figure 3f, demonstrating the flexibility of vesicles [41].
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Figure 3. (a) Size distributions of C14PMimBr solutions with different concentrations. Cryo-TEM
images of C14PMimBr at concentrations of (b) 10 mM, (c) 15 mM, (d) 20 mM, (e) 25 mM, and
(f) 35 mM.
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2.4. pH—Inducing Phase Transition of Single-Tniled Dynamic Covalent Surfactant
Cy14PMimBr Solution

The imine bond is a typical pattern of dynamic covalent bonds that can be reversibly
broken and reformed by adjusting the pH of the solutions. The effect of acidity or alkalinity
on the phase transition of the C14PMimBr solution was explored by visual observation, with
the aid of crossed polarizers. As illustrated in Figure 4, the initial state of the C14PMimBr
solution was homogeneous opalescent under normal light (Figure 4a) and showed typical
birefringent textures under crossed polarizers (Figure 4b), indicating the formation of
ordered molecule aggregates [40]. The opalescent C14PMimBr solution was gradually
precipitated into white solids (Figure 4c,d) by bubbling CO, or adding acid, and this
process can be reversed by adding a base, confirming that the vesicle can be disassembled
and reassembled by regulating the breakage and reformation of imine bonds.

a

Figure 4. Optical photographs of the phase transition of C14,PMimBr solutions observed without (a,c)
and with (b,d) crossed polarizers at a concentration of 25 mM.

2.5. SEM Observation and Rheology Properties of the C14PMimBr Hydrogels

Rheology is a powerful method for characterizing the viscoelasticity and mechanical
strength of the hydrogel system. The solid-like network structure of the hydrogels that are
implanted to be sheared under increasing stress breaks suddenly at a critical shear stress,
T*, beyond which a Newtonian-like flow occurs. The t*, namely “yield stress”, reflects the
strength of the microstructure of the hydrogels. Herein, we systematically investigated the
rheological behavior of the hydrogel samples at constant temperature. As can be seen from
dynamic oscillatory strain sweep tests (Figure 5a), the yield stress increases with the increase
in the C14PMimBr concentration from 75 mM to 100 mM, demonstrating enhancement
in mechanical strength. In addition, we exploited the frequency sweep tests to detect
the viscoelasticity of C14PMimBr hydrogels at a constant stress of 1.0 Pa (Figure 5b). The
viscoelasticity of gels can be characterized by two dynamic moduli: the storage modulus
(G'), representing the elastic properties (solid-like behavior) of hydrogels, and the loss
modulus (G”), estimating the viscous properties (liquid-like behavior) of hydrogels [42]. In
Figure 5b, the apparent values of storage modulus (G’) are higher than those of loss modulus
(G”) in the whole frequency range of all hydrogels, presenting the typical rheological
characteristic of solid-like materials. Furthermore, the storage modulus (G’) and loss
modulus (G”) are slightly dependent on the frequency, reflecting that these values increase
slightly with an increase in frequency. When the concentration of C14PMimBr ranges from
75 mM to 100 mM, the absolute magnitude of storage modulus (G’) and loss modulus (G”)
increases from 100, 20 to 1000, 200, respectively, which could be ascribed to the enhancement
of the mechanical strength of the hydrogels by adding C;4PMimBr. Based on this, the steady
shear tests are further employed to study the flow property of hydrogels. As illustrated
in Figure 5c, the viscosity of all samples decreases gradually with increasing shear rate,
corresponding to shear-thinning behavior and exhibiting the typical Newtonian-like flow,
indicating that the structure of the hydrogels has been destroyed [43].

To further investigate the morphology of hydrogels, the SEM observation was selected.
The obtained micrographs are shown in Figure 5. In all the cases, except for Figure 5i,
wrinkle-like morphologies were observed; for Figure 5i, it was more like an aggregation
of several stacked micrometer-long slices. However, the morphology observed herein
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deviated from the typically observed entangled fibrous network of supramolecular gels,
which is usually observed in primary ammonium sulfonates [44] and guanidium sulfonate-
derived gels [45].
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Figure 5. (a) Dynamic oscillatory strain sweep tests (from 0.1 Pa to 1000 Pa), fixing the frequency at
1 Hz; (b) frequency sweep tests (from 0.1 rad/s to 100 rad/s), fixing the shear rate at 1 Pa; (c) viscosity
as a function of shear rate for the C14PMimBr hydrogels at concentrations of 75 mM and 100 mM.
SEM photographs of the C14PMimBr hydrogels at concentrations of 75 mM (d—f) and 100 mM (g-i).

2.6. XRD Investigation and Density Functional Theory (DFT) Calculation

XRD measurement is a useful approach to investigating detailed information on
molecular arrangements of materials. The X-ray diffractogram obtained for C;4,PMimBr
hydrogels is shown in Figure 6a. The appearance of a large number of Bragg peaks in
the spectra is indicative of a highly ordered surfactant assembly [46]. The XRD pattern
of the xerogel sample has five Bragg peaks (q1/q2/q3/q4/q5) with relative ratios of
1:2:3:4:5, which can be indexed 001 as the (001), (002), (003), (004) and (005), reflecting the
typical feature of lamellar structure [47]. The interlayer spacing (d), consisting of the thick-
nesses of the amphiphile bilayer and solvent, can be calculated from the first Bragg peak
(d = A/2SinB). According to the first Bragg peak 20 = 1.91, the “d” is calculated to the
value of 4.62 nm. To further clarify the molecular arrangement of C14PMimBr in hydrogels,
the density functional theory (DFT) calculation is employed. This is based on a hybrid
functional B3LYP with the basis 6-31G(d, p) of the Gaussian 09 package and the obtained
xyz coordinates (Figure S5 and Table S1). The fully extended length of the optimization
structure of Cy4PMimBr is 28.78 A (Figure 6a and Figure S3). It is noted that the value of “d”
is more than the length of one molecule and smaller than that of two molecules, indicating
chain interdigitation of C;4PMimBr in hydrogels, as illustrated in Figure 6¢ [30].

10
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Figure 6. (a) XRD pattern of xerogel obtained by freeze-drying of C14PMimBr hydrogel; (b) optimized
structures and electrostatic potentials of C14PMimBr by density functional theory (DFT) calculations;
(c) schematic representation of the molecular arrangements in hydrogels.

2.7. Mechanism Analysis

Generally, when mixing BAMimBr with TDA in aqueous solutions with pH =12, a
typical dynamic imine bond is formed, and thus, a single-tailed surfactant with a responsive
chain (C14PMimBr) is fabricated. We systematically evaluated the aggregation behavior of
surfactants in aqueous solutions by surface tension measurement. As illustrated in Figure 7,
with increasing concentration, the surface tension gradually decreases until a plateau region
is reached, indicating the formation of micelles. The calculated surface properties and
micellization parameters of C14PMimBr in an aqueous solution were illustrated in Table 1.
The critical micelle concentration (CMC) of C14PMimBr is about 89 x 102 mM, which
corresponds to the concentration of the distinct break point.
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Figure 7. Surface tension of C14,PMimBr aqueous solution as a function of concentration at 25 °C.

Table 1. Surface properties and micellization parameters of C14PMimBr in an aqueous solution at

25 °C.
Surfactant CMC (mM) Yeme (mN/m)  T'max (umol/m?) Amin (A2)
C14PMimBr 0.89 37.3 2.27 73.2

11
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Compared to the traditional surfactants, such as alkyl trimethylammonium halide, the
surfactant with an imidazolium ring headgroup possessing less electron density and the 7t-
7t interaction is apt to form vesicles [7,48]. For example, Wang et al. found that the assembly
structures of the single-tailed ionic liquid (IL) surfactants, 1-alkyl-3-methylimidazolium
bromides [C,ymim]Br(n = 10, 12, 14), could transition from micelles to rodlike micelles and
unilamellar vesicles in aqueous solutions without any additives [48]. The self-assembled
structures of surfactants can be predicted by the critical packing parameter P, which is a
classical theoretical parameter and was defined as P = v/al by Israelachvili et al. [49]. Here,
a is the effective headgroup area of the surfactant molecules, and [ and v are the alkyl chain
length and the effective hydrophobic chain volume of surfactants, respectively. According
to the values of P, the different structures of assemblies can be predicted, such as, spherical
(0 < P <1/3), cylindrical (1/3 < P <1/2), and planar (1/2 < P < 1) aggregates. As for
C14PMimBr, the values of | and v were calculated using Tanford equations (as listed in SI)
to be 26.8 A and 565.4 A3, respectively. Thus, the P value for C14PMimBr is 0.29, indicating
that C;4PMimBr is preferred for forming spherical micelles at relatively low concentrations.
However, with increasing concentration, more Br anions bind to the imidazolium ring
cations, leading to a reduction in electrostatic repulsion between head groups, which could
lead to decreased a values and increased P values [48]. As a result, the change in assembly
structure from micelles to vesicles and the lamellar phase is induced. Furthermore, the
injection of CO; or the addition of acid breaks the dynamic imine bond; thus, the single-
tailed dynamic covalent surfactant is disintegrated into the non-assembling building block,
BAMIimBr, and the insoluble tetradecylamine. According to the above analysis, the possible
mechanism of phase transition and the responsive process is proposed as displayed in

Scheme 2.
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Scheme 2. Schematic representation of the responsive behaviors of the single-tailed dynamic covalent
surfactant C14PMimBr and its aggregates with increasing concentration and the pH/CO, stimuli.

3. Materials and Methods
3.1. Materials

Tetradecylamine (95%), 4-hydroxybenzaldehyde (98%), 1,2-dibromoethane (98%), N-
methylimidazole (98%), CDCl3 (99.96%), DMSO (99.96%), and D,O (99.96%) were purchased
from Tianjin Xiensi Biochemical Technology Co., Ltd. (Tianjin, China). Dichloromethane
(CH,Cl,), acetonitrile (CH3CN), petroleum ether (PE), MgSO,, K,CO3, and KOH were
obtained from Sinopharm Group Chemical reagent Co., Ltd. (Shanghai, China). All the
materials were used as received without any purification. Deionized water was used in all
the experiments.

12
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3.2. Synthesis of 3-(2-(4-Formylphenoxy) ethyl)-1-methyl Imidazolium Bromide (BAMimBr) [50]

4-Hydroxybenzaldehyde (2 g, 16.4 mmol), 1, 2-dibromoethane (7.70 g, 41.0 mmol),
and K,COj3 (6.80 g, 49.2 mmol) were dissolved in CH3CN (120 mL) and then the mixture
was refluxed by stirring for 24 h. After the reaction, the solvent was removed under
reduced pressure, and thus, the wheat solid was obtained. The crude product was purified
by column chromatography (silica gel, CH,Cly: PE = 3:2, v/7v) to give compound 4-(2-
bromoethoxy)benzaldehyde as a white solid. 'H NMR (300 MHz, CDClg): $H/ppm 3.67 (t,
2H), 4.38 (t, 2H), 7.04 (d, 2H), 7.89 (d, 2H), 9.90 (s, 1H). The 4-(2-bromoethoxy)benzaldehyde
was abbreviated “A”.

Compound “A” (3 g, 13.10 mmol) and N-methylimidazole (1.07 g, 13.10 mmol) were
dissolved in CH3CN (50 mL), and the reaction was refluxed by stirring for 24 h under a
nitrogen atmosphere. After the reaction, the reaction mixture was cooled to room tempera-
ture and the resulting suspension was filtered. The obtained solid was washed with diethyl
ether (3 x 50 mL) and dried to give a white solid product (BAMimBr). H NMR (300 MHz,
D,O) (Figure S1): SH/ppm: 3.77 (s, 3H), 4.42 (t, 2H), 4.56 (t, 2H), 7.02 (d, 2H), 7.32 (s, 1H),
7.48 (s, 1H), 7.78 (d, 2H), 9.65 (s, 1H). The obtained spectrum is illustrated in Figure S2.

3.3. Sample Preparation

The details of the fabrication process for 1-methyl-3-(2-(4-((tetradecylimino) methyl)
phenoxy) ethyl)-3-imidazolium bromides (abbreviation as, C14PMimBr) are as follows:
0.0311 g BAMimBr and 0.0213 g TDA were mixed in 10 mL water, then the water was
adjusted to pH = 12 by adding concentrated sodium hydroxide solution (10 mol/L). After
aging for 12 h, the solution was used in further experiments. ! HNMR (300 MHz, D,0):
SH/ppm: 0.85 (t, 3H), 1.06 (m, 2H), 1.23 (m, 22H), 1.571 (t, 2H), 3.44 (t, 2H), 3.89 (s, 3H),
4.40 (t, 2H), 4.62 (t, 2H), 7.02 (d, 2H), 7.66-7.68 (d, 2H), 7.74 (d, 1H), 7.84 (d, 1H), 8.24 (s,
1H), 9.23 (s, 1H). '3C NMR (300 MHz, D,0): § 161.7, 160.8, 137.0, 129.8, 128.0, 123.0, 122.8,
114.5,68.1, 61.8,56.2, 37.1,31.9, 31.6,29.6, 29.3, 27.2,22.7, 14.1. These spectra are listed in
Supplementary Materials.

The vesicles were prepared by simply mixing BAMimBr and TDA; the details of the
preparation process are as follows: A total of 0.0078 g of BAMimBr and 0.0053 g of TDA
were added to a 1 mL aqueous solution. The pH was adjusted to 12 by adding concentrated
sodium hydroxide solution with a concentration of 10 mol/L. The mixed solution was
stirred for 30 min under ultrasound (KQ-520DB (10 L), Gongyi Yuhua Instrument Co.,
Ltd., Gongyi, China) at a frequency of 40 KHz and a temperature of 25 °C. Hydrogels
were obtained with increasing concentrations of BAMimBr and TDA, which is similar to
the preparation process of vesicles. All systems were aged for at least four weeks before
characterization.

To regulate the breakage and reformation of dynamic covalent bonds, concentrated
hydrochloric acid and sodium hydroxide solutions were added to adjust the pH values of
the samples. In the bubbling CO, test, CO, was bubbled into mixed BAMimBr and TDA
solutions with a fixed flow of 0.1 L/min until the solutions turned turbid.

3.4. Characterization

Dynamic light scattering (DLS): The size distributions of the vesicles were detected
by DLS using a Nanotrac Particle Size Analyzer (Nanotrac NPA 250) (Hann, Germany)
and the microtrac FLEX application software program. All measurements were carried
out using a laser diode (780 nm wavelength, 3 mW nominal, Class IIIB at the scattering
angle of 180). The temperature was controlled using a thermostat (F31C, Julabo) with an
accuracy of 25 + 0.1 °C.

Cryogenic transmission electron microscopy (Cryo-TEM) observations: The samples
were prepared in a controlled environment vitrification system (CEVS) at 25 °C. A mi-
cropipette was used to load 5 uL solutions onto a TEM copper grid. Then, the solution was
blotted with two pieces of filter paper, resulting in the formation of thin films suspended
on the mesh holes. After waiting for about 10 s, the samples were quickly plunged into a
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reservoir of liquid ethane, which was cooled in nitrogen at —165 °C. The vitrified samples
were then stored in liquid nitrogen until they were transferred to a cryogenic sample holder
(Gatan 626) (Pleasanton, CA, USA) and examined under a JEOL JEM-1400 transmission
electron microscope (120 kV) (Tokyo, Japan) at about —174 °C. The images were recorded
on a GatanMultiscan CCD and processed using a Digital Micrograph.

'H NMR measurements: 'H NMR spectra were generated on a Bruker Advance
300 spectrometer (Billerica, MA, USA) equipped with a pulse field gradient module (Z-axis)
using a 5 mm BBO probe. The instrument was operated at a frequency of 300.13 MHz at
25+ 0.1°C.

Rheological measurements: The rheological measurements of hydrogels were per-
formed on an Anton-Paar Rheometer (Graz, Austria) using a cone-plate system (C35/1° Ti
L07116, diameter: 35 mm, cone angle: 1°). All measurements were carried out at 25.0 °C
using a cyclic water bath.

Scanning electron microscopy (SEM): A small volume of hydrogel sample was placed
on a silica wafer, and most of the colloid gel was removed using small forceps to form a
thin film. The wafers were freeze-dried in a vacuum extractor for 24 h using a freeze dryer.
Then, the silica wafers were subjected to gold plating and observed on a JEOL JSM-6700F
FE-SEM (Tokyo, Japan).

X-ray diffraction (XRD): XRD patterns of the powder of the freeze-dried hydrogels
were recorded in 20 mode (1° min~1) using a DMAX-2500PC diffractometer with a Cu Ka
radiation source (A = 0.15418 nm) and a graphite monochromator.

Surface tension measurements: The surface tension measurements were carried out
on a Model JYW-200B tensiometer (Chengde Dahua Instrument Co., Ltd., Hangzhou,
China, accuracy 0.1 mN/m) using the ring method. Temperature was controlled at
25 £ 0.1 °C using a thermostatic bath. Each sample was equilibrated for 10 min under the
test temperature to reach equilibrium before the measurement.

Density functional theory (DFT) calculation: DFT calculation was based on hybrid
functional B3LYP with the basis 6-31G(d,p) of the Gaussian 09 package.

4. Conclusions

In summary, a novel single-tailed dynamic covalent surfactant (C14,PMimBr) is re-
ported for the first time. It was fabricated in situ by simply mixing the non-assembling build-
ing block BAMimBr with insoluble tetradecylamine in aqueous solutions at
pH = 12. Interestingly, the distinctive molecular structure endows rich self-assembly be-
haviors of C14,PMimBr in aqueous solutions. The aggregate structures can be transformed
from micelles to unilamellar and multilamellar vesicles and then to lamellar hydrogels
upon an increase in C14PMimBr concentrations, without any additives. The formation of
various vesicles was confirmed by Cryo-TEM and the molecule arrangement of C14PMimBr
in hydrogels is deduced by the combination of XRD and DFT calculations. Interestingly,
the dynamic covalent bond (imine bond) endows that the vesicles can be disassembled by
bubbling CO, /adding acid and reformed by adding alkali. We believe that our research
would broaden the horizons for constructing novel and stimuli-responsive surfactant sys-
tems and lay the foundation for applications in drug delivery, targeted drug release, and
biochemical engineering.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules29214984 /s1, Figure S1: 'H NMR spectrum of 3-(2-
(4-formylphenoxy) ethyl)-1-methyl imidazolium bromide (BAMimBr); Figure S2: 'H NMR and 13C
NMR spectra of C14PMimBr; Figure S3: Mass spectrum of C14,PMimBr; Figure S4: Optical pho-
tographs of C;4PMimBr (fixing molar ratio of BAMimBr/TDA at 1:1) solutions with different concen-
trations; Figure S5: Geometries of C14PMimBr molecules optimized using the polarizable continuum
model at the B3LYP/6-31G(d,p) level; Table S1: DFT calculation information for C;4PMimBr molecule.
References [51,52] are cited in the supplementary materials.
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Abstract: Electrical conductimetry and dynamic light scattering (DLS) were used to investigate the
aggregation behaviors of four amino acid-based surfactants (AABSs; undecanoyl-glycine, undecanoyl-L-
alanine, undecanoyl-L-valine, undecanoyl-L-leucine) in the presence of five linear diamine counterions
(1,2-diaminoethane, 1,3-diaminopropane, 1,4-diaminobutane, 1,5-diaminopentane, 1,6-diaminohexane).
Electrical conductimetry was used to measure the CMCs for each system, which ranged from 5.1 to
22.5 mM. With respect to counterions, the obtained CMCs decreased with increases in the interamine
spacer length; this was attributed to the improved torsional binding flexibility in longer counterions.
Strong linear correlations (mean R? = 0.9443) were observed between the CMCs and predicted surfactant
partition coefficients (logP; water/octanol), suggesting that micellization is primarily driven by the
AABS’s hydrophobicity for these systems. However, significant deviations in this linear relationship
were observed for systems containing 1,2-diaminoethane, 1,4-diaminobutane, and 1,6-diaminohexane
(p = 0.0774), suggesting altered binding dynamics for these counterions. pH measurements during
the CMC determination experiments indicated the full deprotonation of the AABSs but did not give
clear insights into the counterion protonation states, thus yielding an inconclusive evaluation of their
charge stabilization effects during binding. However, DLS measurements revealed that the micellar size
remained largely independent of the counterion length for counterions longer than 1,2-diaminoethane,
with hydrodynamic diameters ranging from 2.2 to 2.8 nm. This was explained by the formation of charge-
stabilized noncovalent dimers, with each counterion bearing a full +2 charge. Conductimetry-based
estimates of the degrees of counterion binding (3) and free energies of micellization (AG®) revealed
that bulky AABSs exhibit preferential binding to counterions with an even number of methylene groups.
It is proposed that when these counterions form noncovalent dimers, perturbations in their natural
geometries result in the formation of a binding pocket that accommodates the AABS steric bulk. While
the direct application of these systems remains to be seen, this study provides valuable insights into the
structure-property relationships that govern AABS aggregation.

Keywords: amino acid-based surfactants; diamine counterions; critical micelle concentration

1. Introduction

Amino acid-based surfactants (AABSs) are typically derived from amino acid head-
groups and biolipid tails. Because their composition is derived from natural products,
AABSs function as green surfactants. As such, they are known to be more bioavailable,
eco-friendly, and sustainable than traditional industrial surfactants [1-3]. This allows
certain AABSs to function more effectively in sensitive applications, including environ-
mental remediation [4], drug delivery [5], antimicrobial treatments [6], and cosmetic prod-
ucts [7]. Moreover, the customizability associated with amino acids may allow for the
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optimization of surfactant performance in areas that do not depend on bioavailability or
eco-friendliness [7-9].

Like other surfactants, AABSs aggregate only above the CMC, which is a key indicator
of their performance. Low CMCs are advantageous in applications like environmental
remediation, where micelles sequester nonpolar contaminants, while higher CMCs are
beneficial in antimicrobial treatment, as individual surfactants bind more effectively to
pathogen membranes than micelles [10,11]. The micellar size is also crucial, particularly in
drug delivery, where micelles must balance the encapsulation of therapeutic materials with
the minimization of circulation disruption [12]. The counterion dynamics play a significant
role in regulating both the CMC and micellar size, as the interaction between counterions
and surfactant headgroups can be optimized to enhance the AABS performance across these
applications [13-18]. While research on the exact relationship between the pH and CMC
has yielded inconsistent results, it is widely understood that the pH directly impacts the
aggregation dynamics by altering the protonation states of surfactants and counterions [19].
By fine-tuning the counterion properties, such as the size and charge density, it may be
possible to tailor AABSs’ behavior to maximize their effectiveness for specific applications.

This study utilized a combinatorics approach to study the aggregation behaviors of
four AABSs (undecanoyl-glycine, undecanoyl-L-alanine, undecanoyl-L-valine, undecanoyl-L-
leucine) in the presence of five diamine counterions (1,2-diaminoethane, 1,3-diaminopropane,
1,4-diaminobutane, 1,5-diaminopentane, 1,6-diaminohexane). These surfactants were chosen
for their systematic increases in the amino acid R-group complexity, while the counterions
were chosen for their systematic increases in the interamine spacer length. Furthermore, the
surfactants and counterions’ pH sensitivity allowed some insight into their charge-stabilizing
behavior based on the protonation states. The structures of the AABSs and diamine counteri-
ons are shown in Figure 1, along with their abbreviated names (which will be used hereafter
in this publication) and counterion pK, values. The CMCs of each combination were mea-
sured by electrical conductimetry, while the micellar sizes were measured by dynamic light
scattering (DLS). From the conductimetry data, the degree of counterion binding () and
standard free energy of micellization (AG®)s) were estimated for each system. The pH was
measured for each experiment to gain insights into the protonation states exhibited by all
pH-sensitive functional groups.

e}
Undecanoic-Glycine Undecanoic-L-Valine
"Und-Gly" "Und-Val"

Undecanoic-L-Alanine Undecanoic-L-Leucine
"Und-Ala" "Und-Leu"
NH,* + AN + /\/\/NH *
pKa=6.86, pKa,=9.92 pKa=8.88, pKa,=10.55 pKa=9.63, pKa,=10.80

+
AN /\/\/\/NH
*HaN NH* *HaN .
pKa=10.05, pKa,=10.93 pKa=10.76, pKa,=11.86

Figure 1. Chemical structures of amino acid-based surfactants (AABSs) and diamine counterions.
The corresponding pKa values are noted.
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2. Experimental Procedures
2.1. Production of Amino Acid-Based Surfactants and Acquisition of Diamine Counterions

The amino acid-based surfactants (AABSs) were produced by the stepwise coupling
of undecanoic acid with N-hydroxysuccinimide (NHS) and amino acids, as reported pre-
viously [20]. Once the acidic form of each AABS was recovered gravimetrically at a low
pH, the reaction completeness and purity were verified by relative peak integration on
'H NMR spectra acquired by a Bruker Avance II 300 MHz spectrometer (Supplemental
Information 1).

All synthetic materials were utilized as received from their respective manufactur-
ers. The amino acids glycine, L-alanine, L-valine, and L-leucine (>97% purity) were re-
ceived from Acrotein, Hoover, AL. The other reagents were undecanoic acid (>99%), N,N’-
diisopropylcarbodiimide (>99%), NHS (98%), tetrahydrofuran (THF; >99.9%), sodium
bicarbonate (>99.7%), and hydrochloric acid (37%); all were acquired from Sigma-Aldrich,
St. Louis, MO, USA.

MilliQ water was also utilized during AABS synthesis (Millipore, Bedford, MA, USA).
The diamine counterions 1,2-diaminoethane, 1,3-diaminopropane, 1,4-diaminobutane, 1,5-
diaminopentane, and 1,6-diaminohexane were utilized as received (>97%; TCI America,
Portland, OR, USA).

2.2. Measurement of Critical Micelle Concentrations by Conductimetry

For each AABS/diamine counterion combination, three 10 mL solutions were prepared
in MilliQ) water containing 40 mM of both the surfactant and counterion at 25 °C. The initial
conductivity of each solution was assessed using a Vernier potentiometric conductivity
meter. Next, a series of dilutions was performed, each involving a 10% reduction where
1 mL of the solution was systematically replaced with 1 mL of water. The electrical
conductivity of these solutions was recorded as a function of the concentration, and an
in-house Python script was employed to identify the CMC (Supplemental Information 2).
Triplicate solutions were then prepared at the calculated CMC (rather than 40 mM) and
measured with a pH meter to gain insights into the protonation states exhibited by each
AABS and counterion during micellization.

2.3. Measurement of Micellar Size by Dynamic Light Scattering

For each AABS/diamine counterion combination, three 3 mL solutions were prepared
at 5x CMC in MilliQ water at 25 °C. The solutions were prepared at this high concentration,
as opposed to the CMC, to ensure that the micellar species were predominant and readily
detectable. Each solution was then filtered through a 0.020 pum Whatman syringe filter into
anew 3 mL cuvette. Next, measurements were performed using a Malvern Nano Series
Zetasizer at a backscattering angle of 173 degrees. A series of 12 scans was carried out
with a 10-second interval between each. The largest peak present in both the by-intensity
and by-volume spectra was identified, and the size corresponding to that peak in the
by-intensity spectra was taken as the hydrodynamic micellar diameter. Triplicate solutions
were then prepared at 5x CMC and measured with a pH meter to determine whether the
pH significantly changed between the CMC and micellar size measurements.

2.4. Estimation of Degrees of Counterion Binding from Conductimetry

The conductimetry data collected in Section 2.2 were treated with analysis intended
to estimate the degrees of counterion binding () for each studied system. This parame-
ter was calculated by determining the relative change in slope of the conductimetry vs.
concentration plot at the CMC, as shown in Equation (1) and previously reported [17]:

oy —mp
= -

p M

In Equation (1), mj is defined as the conductimetry plot’s slope below the CMC,
and m; is defined as the conductimetry plot’s slope above the CMC. This estimation of
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B assumes that any differences between m and m; are exclusively caused by counterion
charge stabilization effects at the CMC. From this perspective, the estimated p values were
interpreted as binding fractions. To illustrate this, it is emphasized that = 0 only when
my = mjy, indicating no change in surfactant conductivity at the CMC and thus correspond-
ing to no counterion binding. However, § = 1 only when m; = 0, indicating the complete
cessation of surfactant conductivity at the CMC and thus corresponding to total counterion
binding. Despite the assumptions made in this estimation (and subsequent interpreta-
tion) of B, it is a widely used standard for the comparison of counterion binding between
aggregation systems [21-23].

2.5. Estimation of Free Energies of Micellization from Conductimetry

Conductimetry data were used to approximate the standard free energies of micelliza-
tion (AG®yy) for each studied system. This parameter was calculated by the substitution of
the CMC and other structure-property values in Equation (2), as previously reported [21]:

ﬁ*ln(i. ) _ln](])> 2)

J
In Equation (2), i is the number of ionic surfactant groups, j is the number of surfactant
tails, Z; is the expected charge per ionic surfactant group, and Z, is the expected charge per
counterion. For the studied AABSs, it is clear that i = j = 1. The parameters Zs and Z. were
selected based on the expected protonation states for each system from the analysis of the
pH and DLS measurements, as discussed in Section 3.5.

Zs

1 i
AGY, = RT(, + B-
M j ﬁ] 7.

>1n(CMC) + RT(?

Zs Zs
Zc Zc

3. Results/Discussion
3.1. Critical Micelle Concentration Measurements

Critical micelle concentrations were determined by conductimetry for Und-Gly, Und-
Ala, Und-Val, and Und-Leu in the presence of 1,2-diaminoethane, 1,3-diaminopropane, 1,4-
diaminobutane, 1,5-diaminopentane, and 1,6-diaminohexane; the resulting measurements
are shown in Table 1.

Table 1. CMCs in mM of the AABSs in the presence of different diamine counterions.

. CMC
Counterion

Und-Gly Und-Ala Und-Val Und-Leu

1,2-diaminoethane 225+ 0.5 20.8 + 0.1 122+0.8 77 +04
1,3-diaminopropane 21.3£0.6 153 £ 0.6 10.2 0.1 6.4 +04
1,4-diaminobutane 135+0.3 13.2+0.2 8.1+£0.2 51+£05
1,5-diaminopentane 134+ 0.1 104 £ 0.1 75+0.3 55+0.3
1,6-diaminohexane 994+ 0.6 93+4+0.2 70+04 57+ 04

Counterions with larger alkyl chains are generally associated with significant de-
creases in the CMC, as can be seen in Table 1. This effect is most dramatic for Und-Gly,
whose CMC decreases from 22.5 to 9.9 mM as the counterion alkyl group length increases
from 1,2-diaminoethane to 1,6-diaminohexane. These CMC values could be attributed to
the rotational flexibility afforded by larger counterions, allowing for optimized binding
conformations. Alternatively, these data could be explained by hydrophobic interactions
between the AABS R-groups and counterion interamine spacers, which functionally de-
pend on the counterion length. Interestingly, the studied counterions have less diverse
effects on the CMC as the AABS R-groups increase in complexity from Und-Gly to Und-Leu.
Contrasting with Und-Gly’s steeply defined decrease from 22.5 to 9.9 mM, Und-Leu slightly
decreases from 7.7 to 5.7 mM as the counterion length increases from 1,2-diaminoethane
to 1,6-diaminohexane. Furthermore, Und-Leu has statistically indistinguishable CMCs in
the presence of 1,4-diaminobutane, 1,5-diaminopentane, and 1,6-diaminohexane (5.1, 5.5,
and 5.7 mM, respectively). This gradient in the sensitivity of the surfactant aggregation
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behavior with respect to the counterion structure indicates that the AABS R-groups control
each counterion’s role in micellization.

Table 1 also shows that the CMC decreases as the AABS R-group size increases from
Und-Gly to Und-Leu. For example, the CMC decreases from 21.3 mM for Und-Gly to
6.4 mM for Und-Leu in the presence of 1,3-diaminopropane. This gradient indicates that
surfactant aggregation may be largely driven by hydrophobicity in AABS R-groups and
that their steric bulk does not significantly hinder the micellization process. In this context,
the aforementioned gradient in counterion sensitivity with respect to the CMC from Und-
Gly to Und-Leu is more explainable by the relative hydrophobicity of AABSs rather than
their steric bulk. In other words, it is unlikely that sterically hindered binding interactions
are solely responsible for the relative independence of Und-Leu’s CMC from the counterion
length. Instead, Und-Leu may be so hydrophobic compared to Und-Gly that the former’s
aggregation is highly favorable regardless of which counterion binds to it.

To further investigate the role of the AABS’s hydrophobicity in these systems, their
CMCs were correlated with the AABS partition coefficients (logP) between water and oc-
tanol. This was estimated by a consensus calculation performed by ChemAxon’s MarvinS-
ketch software 23.4, in which the output was influenced by several predictive models [24,25]
and the total hydrophobic contribution of all AABS molecular fragments was numerically
estimated and summed under standard conditions by two datasets. When these correla-
tions were grouped by counterion, as shown in Figure 2, it was observed that the general
relationship between the CMC and surfactant logP values was strongly linear, with R?
values ranging from 0.8833 for 1,4-diaminobutane systems to 0.9870 for 1,5-diaminopentane
systems. This indicates that most of the variance in the observed CMC values is explainable
solely by differences in the predicted AABS hydrophobicity. However, this correlation
was significantly stronger for 1,3-diaminopropane and 1,5-diaminopentane (Figure 2A,
mean R? = 0.9854) than for 1,2-diaminoethane, 1,4-diaminobutane, and 1,6-diaminohexane
(Figure 2B, mean R? = 0.9169). This was determined at 90% confidence by collecting
the residuals from all linear regressions in both datasets and performing a two-sample
t-test between them (p = 0.0774). This deviation from linearity for 1,2-diaminoethane,
1,4-diaminobutane, and 1,6-diaminohexane is expected to be due to the statistically in-
distinguishable CMCs between Und-Gly and Und-Ala. For example, the CMC decreases
from 13.5 mM for Und-Gly to 13.2 mM for Und-Ala in the presence of 1,4-diaminobutane.
However, in 1,5-diaminopentane systems, this same comparison corresponds to a more
significant decrease from 13.4 mM to 10.4 mM. It is interesting that these anomalous be-
haviors were exclusively observed for AABSs with the least complex R-groups (Und-Gly
and Und-Ala) in the presence of counterions with an even number of methylene groups
(1,2-diaminoethane, 1,4-diaminobutane, 1,6-diaminohexane). These structural motifs imply
that while aggregation appears to be primarily driven by the surfactant hydrophobicity,
as shown in Figure 2, it is still influenced by cooperative binding, which depends on the
structure of both the surfactant and counterion.
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CMC (mM)

CMC (mM)

Figure 2. CMC values for the studied systems as a function of AABSs’ partition coefficients between
water and octanol (logP) for diamine counterions with (A) an even number of methylene groups
(1,2-diaminoethane, 1,4-diaminobutane, 1,6-diaminohexane) and (B) an odd number of methylene
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groups (1,3-diaminopropane, 1,5-diaminopentane).

3.2. pH Measurements at the Critical Micelle Concentration

To determine the role of charge stabilization in the cooperative binding between
AABSs and diamine counterions during the micellization process, the pH was recorded at
each system’s CMC. The observed pH values presented in Table 2 are basic, ranging from
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9.8 to 11.7. This indicates that the acidic surfactants are overwhelmingly deprotonated and
possess negatively charged carboxylate groups. However, because the measured pH values
generally lie in the range of the counterion pK, values reported in Figure 1, the protonation
states experienced by each diamine counterion are less obvious. As such, numeric methods
were used to estimate their average charge at each system’s CMC. This was conducted using
Equation (3), which is a weighted average built from fractional compositions for each proto-
nation state; each fraction is estimated by Equations (4)—(6) (Supplemental Information 3).
The results of these calculations are also presented in Table 2.

zocg = (+2) (s —rowry ) + P (O row) + (O) (anm—roni) @)

i - 4o~ [Hﬂ (4)
NH; —R—NH 2
3 3 [HY]" + K [HT] 4+ K;1 K2
- ~ Kan [H] 5)
NH; —R—NH, 2
’ [H+] + Kﬂl[H+] + Kn1 Koz
XNH,—R—NH: KanKao (6)
2T RT 2 2
[H*]" + Kn[H*] + K1 Koz
Table 2. The average counterion charge along with the recorded pH for each system.
Surfactant
Und-Gly Und-Ala Und-Val Und-Leu
Counterion Avg. Avg. Avg. Avg.
Counterion pH Counterion pH Counterion pH Counterion pH
Charge Charge Charge Charge
1,2-diaminoethane 0.52 £ 0.0 9.90 £ 0.0 0.04 £0.0 11.3 £ 0.2 0.53 £ 0.0 9.90 £ 0.0 0.59 £0.0 9.78 £0.1
1,3-diaminopropane 0.48 £0.0 10.6 £0.1 0.50 £ 0.0 10.6 £ 0.1 0.49 £0.0 10.6 £ 0.1 0.53 £0.0 105+£0.1
1,4-diaminobutane 0.29 £0.0 112+0.1 042 £0.1 11.0£0.1 0.25£0.0 11.3+£0.1 0.33 £0.0 11.1+£0.0
1,5-diaminopentane 0.19 £0.0 11.6 £0.1 0.19 £ 0.0 119+0.1 0.16 £0.0 11.7+£0.0 017 £0.1 11.7+£0.2
1,6-diaminohexane 1.59 +0.0 105+0.1 1.61+£0.1 105+ 0.1 1.70+0.2 103+ 04 1.60 + 0.1 105+0.1

Despite the numeric protonation states produced by these calculations, they are inter-
preted qualitatively. This is partially due to the use of kinetic pre-equilibrium approxima-
tions in Equations (4)—(6), which are not necessarily appropriate when pK,; and pK,, have
similar values. This is true for 1,5-diaminopentane, for which the pK, values differ by less
than 1 pH unit, with pK,; = 10.05 and pK,, = 10.93. Furthermore, the reported counterion
pKa values do not account for binding interactions with AABSs, nor do they account for
subsequent perturbations in acidity caused by the surfactant assembly; a very recent study
published during the preparation of this manuscript reported the steep dependence of an
AABS’s pK, values on the micellization process [18].

Even from this qualitative perspective, there are significant discrepancies between
the estimated counterion charges and experimental CMC data. Firstly, there is a general
reduction in the predicted charge as the counterion length increases from 1,2-diaminoethane
to 1,5-diaminopentane. For example, in Und-Gly systems, 1,2-diaminoethane is predicted
to exhibit an average charge of +0.52, while 1,5-diaminopentane is predicted to exhibit an
average charge of +0.19. This indicates that the counterion strength should also decrease
along this gradient, but, instead, significant decreases in the CMC are observed: Und-Gly’s
CMC drops from 22.5 to 13.4 mM as the counterion length increases from 1,2-diaminoethane
to 1,5-diaminopentane. A single deviation from this trend is seen in Und-Ala systems,
for which 1,2-diaminoethane has an abnormally low predicted charge of +0.04. Moreover,
the high charges predicted for 1,6-diaminohexane indicate that it should be by far the
most effective counterion due to charge stabilization. For instance, in Und-Val systems,
1,6-diaminohexane exhibits an estimated average charge of +1.70; the next-highest charge
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is +0.53, exhibited by 1,2-diaminoethane. However, this steep difference is not reflected in
the CMCs of systems containing 1,6-diaminohexane, which are only slightly lower than
those containing structurally similar counterions such as 1,5-diaminopentane. For example,
the CMC of Und-Val is observed to be 7.5 mM in the presence of 1,5-diaminopentane but
only decreases to 7.0 mM in the presence of 1,6-diaminohexane.

Overall, no significant correlation was found between the pH-based predictions of
the counterion charge and the experimental CMC values. Despite the initial impression
that the pH might not influence these systems, previous but limited variable-pH studies of
diamine counterions have already established that the CMC is heavily dependent upon
the pH [18]. Because the pH data do not provide consistent insights into the effect of the
protonation state on the CMCs of these systems, it is expected that the input counterion
pKa values were flawed in describing these systems, as discussed previously. If true, this
reinforces the aforementioned study, which documented changes in the AABS pK, values
due to micellization [19]. Because this research evaluated four AABSs in the presence of five
diamine counterions, it comprises a more extensive set than those analyzed in the previous
study. From this perspective, the effect of micellization on the surfactant/counterion
pKa values appears to be far more significant and ubiquitous than indicated by previous
research. Therefore, this effect may be significant to the point that it should be considered
when evaluating any counterion charge-stabilizing effects associated with micellization.

3.3. Micellar Hydrodynamic Diameter Measurements

Approximate micellar sizes were determined from hydrodynamic diameter mea-
surements collected by dynamic light scattering (DLS). Beyond evaluating the effects of
aggregate structures on the micellar size, this was performed to gain further insights into
any cooperative binding processes between the AABSs and diamine counterions. The
resulting measurements are shown in Table 3.

Table 3. The hydrodynamic diameters of AABS micelles in the presence of different diamine counterions.

Surfactant

Counterion Und-Gly Und-Ala Und-Val Und-Leu
Size (nm) pH Size (nm) pH Size (nm) pH Size (nm) pH
1,2-diaminoethane 1.7 +£0.2 10.2 +0.1 1.7 +£03 11.3+0.2 23+0.3 10.1 + 0.0 22+02 10.0 + 0.0
1,3-diaminopropane 23+03 10.6 £ 0.1 23+02 10.7 +£ 0.0 23+0.3 10.8 £ 0.1 27+02 10.7 + 0.0
1,4-diaminbutane 25+0.2 11.6 £ 0.1 25+04 114 +0.1 26+02 11.7+0.1 28+02 11.5+0.1
1,5-diaminopentane 27402 11.8+£0.1 26402 11.6 £0.1 28+02 11.8 £ 0.1 27402 119+0.1
1,6-diaminohexane 27402 10.8 £ 0.1 27402 10.8 £ 0.2 28+02 10.6 + 0.4 28+0.2 10.0 £ 0.1

The hydrodynamic micellar diameters of all AABSs were statistically indistinguishable
as the counterion length increased from 1,3-diaminopropane to 1,6-diaminohexane, as
shown in Table 3. For example, Und-Gly’s hydrodynamic diameters vaguely increased
from 2.3 to 2.7 nm along this counterion gradient. Interestingly, 1,2-diaminoethane did not
conform to this trend, as it induced significantly lower micellar sizes than other counterions.
For example, the same surfactant (Und-Gly) yielded a hydrodynamic diameter of 1.7 nm
in the presence of 1,2-diaminoethane. This trend is not unique to Und-Gly and was
observed with all tested AABSs, which supports the conclusion that 1,2-diaminoethane
exhibits anomalous behaviors in comparison to the other diamine counterions. Because
1,2-diaminoethane has a low number of methylene groups and is relatively small, it is
possible that its constrained torsional flexibility forces it to behave like a monoatomic ion
rather than a divalent counterion with a flexible spacer. This abnormal behavior would
explain the size discrepancies observed in systems containing 1,2-diaminoethane, which is
thus scrutinized in subsequent systematic comparisons with the other diamine counterions.

The statistical indistinguishability in the DLS measurements for systems containing
counterions longer than 1,2-diaminoethane implies that the counterions’ structural varia-
tions have a minimal effect on the micellar size. As such, it is likely that these counterions
bind parallel to the AABSs” micellar interfaces, as shown in Figure 3. This binding orienta-
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tion ensures that the counterions do not protrude significantly from each micellar surface,
thus explaining the lack of correlation between the counterion length and micelle size.
Furthermore, the proposed binding conformation is especially favorable because it would
likely result in full counterion protonation, allowing for more effective charge stabilization
through noncovalent dimerization. Therefore, despite the inconsistent results yielded by
the pH data, it is expected that each diamine counterion has a +2 charge. Because the
recorded pH values for each size measurement (Table 3) were extremely similar to those
recorded for the CMC measurements (Table 1), it is not likely that the measured binding
conformations were significantly altered between the two experiments.

A) e

(B) y

Figure 3. Visualization of possible diamine counterion binding conformations, particularly focusing
on (A) parallel and (B) perpendicular orientations with respect to AABS micellar interfaces.

3.4. Calculated Degrees of Counterion Binding

To provide quantitative comparisons between the proposed noncovalent dimers
formed by the diamine counterions, the degrees of counterion binding (8) were calcu-
lated from the conductimetry data according to Equation (1). These values are tabulated
in Table 4; they are also visualized in Figure 4 with respect to (A) each counterion and (B)
each AABS.

Table 4. The degree of counterion binding () and the free energies of micellization (AG®°);) for the
AABSs in the presence of diamine counterions.

Surfactant
Counterion Und-Gly Und-Ala Und-Val Und-Leu

B AG (kJ/mol) B AG (kJ/mol) B AG (kJ/mol) B AG (kJ/mol)

1,2-diaminoethane 0.44+0.0 —121+£0.1 0.05+0.0 -128+£0.2 0.38 £0.0 -13.3+£03 0.38 +0.0 —14.8 £0.5

1,3-diaminopropane 0.44 £ 0.0 —-1214+0.1 0.61 £ 0.0 —14.4+02 0.47 £0.0 —-1514+05 0.51 £0.0 —16.4 402
1,4-diaminobutane 0.59 £ 0.0 —-152+11 0.64 £ 0.0 -14.8 £ 0.1 0.61 £0.0 -163+0.2 0.65 £ 0.0 —-17.7+0.1

1,5-diaminopentane 0.67 £0.1 —154+05 0.69 £ 0.0 —159+03 0.56 £ 0.0 -16.0+0.2 0.62 £0.0 —-172+03
1,6-diaminohexane 0.73 £0.0 —162+0.3 0.72 £ 0.0 -16.3 £ 0.1 0.56 £ 0.0 -162+0.3 0.69 £ 0.0 —17.8+0.2

[ generally increases as the counterion length increases from 1,2-diaminoethane to
1,6-diaminohexane, as can be seen in Figure 4A. For example, the inspection of Und-Gly
yielded = 0.44 in the presence of 1,2-diaminoethane and § = 0.73 in the presence of
1,6-diaminohexane, corresponding to a ramp from 44 to 73% counterion binding. This
aligns with the earlier proposal that longer counterions generally facilitate better bind-
ing, whether due to increased rotational flexibility or hydrophobic interactions with the
counterions’ interamine spacers. Interestingly, all AABSs appeared to be equally affected
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by the counterion gradient from 1,2-diaminoethane to 1,6-diaminohexane regardless of
the R-group complexity, with even Und-Leu exhibiting a ramp from 38 to 69% counterion
binding. This observation supports the earlier proposal in which Und-Leu’s significantly
reduced sensitivity to the counterion (with respect to the CMC) compared to Und-Gly was
considered to be independent of counterion binding interactions, instead being primarily
driven by hydrophobicity.

A)

0.7

0.6 1

0.5 1

o, 041

0.3 1

0.0 1 HEM 1,2-diaminoethane
B 1,3-diaminopropane
[ 1,4-diaminobutane

11 mmm 1,5-diaminopentane
[ 1,6-diaminohexane
0.0 -
Und-Gly Und-Ala Und-Val Und-Leu
EE Und-Gly (B)
0.7 HEE Und-Ala
[ Und-val
0.6 E=1 Und-Leu
0.5
oy Gl
0.3 1
0.2 1
0.1 1
0.0 -

1,2-diaminoethane 1,3-diaminopropane 1,4-diaminobutane 1,5-diaminopentane 1,6-diaminohexane
Counterion

Figure 4. The degrees of counterion binding () with respect to (A) each AABS and (B) each diamine
counterion.
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It is interesting to note that Und-Leu does not exhibit a consistent increase in (3 along
the gradient from 1,2-diaminoethane to 1,6-diaminohexane; Und-Leu binds significantly
better to 1,4-diaminobutane and 1,6-diaminohexane (65% and 69% binding) than to 1,3-
diaminopropane and 1,5-diaminopentane (51% and 62% binding). Furthermore, Und-Val
exhibits 61% binding with 1,4-diaminobutane, which is significantly better than with 1,3-
diaminopropane (47% binding) and 1,5-diaminopentane (56% binding). While the relative
binding of Und-Val to 1,5-diaminopentane and 1,6-diaminohexane could not be statistically
resolved due to the similar {3 values, it appears that the binding behaviors of Und-Leu and
Und-Val exhibit a general dependence on whether the number of methylene groups in the
counterion interamine spacer is even or odd. This is very interesting given that it mirrors
previously discussed deviations from linearity in the relationship between the CMC and
AABS hydrophobicity in the presence of 1,2-diaminoethane, 1,4-diaminobutane, and 1,6-
diaminohexane, as shown in Figure 2B. However, it is interesting that this dependence in
the {3 values occurred in every AABS except for Und-Gly and Und-Ala, as these surfactants
were seemingly responsible for this linear deviation. 1,2-Diaminoethane was notably
excluded from this analysis, as the (3 values for its systems did not adhere to the observed
trend; this is attributed to its abnormal binding behaviors as proposed in Section 3.3.

To further understand the anomalous binding behaviors of Und-Val and Und-Leu,
the 3 values were inspected with respect to each surfactant. Figure 4B shows that the
steepest change in (3 between two consecutive AABSs (with respect to their R-group
complexity) occurs between Und-Ala and Und-Val. More specifically, Und-Val exhibits
significantly worse counterion binding than Und-Ala in the presence of most counterions.
For example, in 1,5-diaminopentane systems, Und-Ala exhibits 69% counterion binding,
while Und-Val exhibits 56% counterion binding. By comparison, Und-Gly’s binding to
1,5-diaminopentane (67%) only differs from that of Und-Ala by two percentage points. This
could be due to Und-Val's relative steric bulk compared to Und-Ala, which would severely
limit the allowable binding conformations of each counterion to Und-Val. However, it
should be noted that sterics cannot completely explain this trend, as there are significant
increases in counterion binding from Und-Val to Und-Leu with 1,5-diaminopentane and 1,6-
diaminohexane. The magnitude of this effect can be illustrated by comparing the (3 values
for Und-Ala, Und-Val, and Und-Leu in 1,6-diaminohexane systems: Und-Ala exhibits
72% counterion binding, Und-Val exhibits 56% counterion binding, and Und-Leu (despite
having the most steric bulk) exhibits 69% counterion binding—a value very similar to that
of Und-Ala. Because this effect only occurs for the longest counterions (1,5-diaminopentane
and 1,6-diaminohexane), it is proposed that Und-Leu’s increased steric bulk promotes
significant repulsion between Und-Leu’s headgroups, thus creating extended binding
distances, which may be optimized for noncovalent dimerization by these counterions.

In sum, the analysis of the data shown in Figure 4A demonstrates that counterion
binding is generally improved with longer counterions. An exception seems to occur for
Und-Val and Und-Leu, for which counterions with even numbers of methylene groups
in their interamine spacers exhibit generally improved binding. The analysis of the data
shown in Figure 4B complements these observations by suggesting that the AABS steric
bulk generally inhibits counterion binding to Und-Val and Und-Leu. With this information,
along with the proposed theory of noncovalent dimerization by the diamine counterions
discussed in Section 3.3, it may be possible to explain the dependence of the 3 values
for Und-Val and Und-Leu on the evenness/oddness of the number of methylene groups
in the counterion interamine spacers. In order to orient both amines in the same direc-
tion (i.e., to bind both amines to the AABS micellar interfaces), the methylene groups of
1,2-diaminoethane, 1,4-diaminobutane, and 1,6-diaminohexane would require torsional
strain that deviates from their typical sp® geometries. It is proposed that this torsional
strain introduces binding pockets in their molecular geometry (visualized in Figure 5),
which can at least partially accommodate the bulky R-groups associated with Und-Val and
Und-Leu during binding. Because this torsional strain and subsequent binding pocket
formation would not be necessary for the dimeric binding of 1,3-diaminopropane and
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1,5-diaminopentane, the steric hindrances would be expected to intensify in their binding
with Und-Val and Und-Leu. This suggests that the increased 3 values and decreased CMCs
generally induced by longer counterions are not driven by hydrophobic interactions be-
tween their interamine spacers and AABS R-groups, but instead by the improved torsional
flexibility of these counterions. Furthermore, because 1,2-diaminoethane likely does not
have the torsional flexibility or size to produce a significant binding pocket, its abnormal
binding behaviors are further explained.

/—\ HaNT " NH,*
K 8y

HN HN HN HN

Figure 5. Illustration of torsional strain creating a binding pocket for the bulky R-groups of Und-Leu
in the presence of 1,4-diaminobutane and 1,3-dimainopropane.

In sum, this proposed binding conformation explains why Und-Val and Und-Leu
exhibit generally improved binding with counterions with an even number of methylene
groups. It also explains why the § values for Und-Gly and Und-Ala do not show this
trend: because these AABSs do not have significantly bulky R-groups, their binding is
not expected to depend on the presence of a binding pocket in a counterion’s molecular
geometry. Finally, this similarity in behavior between Und-Gly and Und-Ala explains
why they exhibited similar CMCs in the presence of counterions with an even number of
methylene groups.

3.5. Estimated Free Energies of Micellization

As an extension to the previous results, the free energies of micellization (AG®y)
were estimated from the conductimetry data for the selected systems using Equation (2).
This was performed in order to approximate the thermodynamic favorability of each
micellization process. As discussed in Section 2.5, the condition i = j = 1 was applied for all
studied systems. Based on the pH data reviewed in Section 3.2, the AABSs were deemed
to be fully deprotonated, so Zs was set to —1; however, the counterion charges were not
as obvious from these data. A review of the micellar sizes obtained by DLS in Section 3.3
led to the proposal that the diamine counterions form fully charge-stabilized noncovalent
dimers, so +2 was substituted for Z.. The derived AG°\; values are depicted in Table 4 and
graphically represented in Figure 6.

The AG®); values appear to generally decrease with the counterion length, as shown
in Figure 6A. For example, Und-Gly micellizes with a free energy of —12.1 kJ/mol in
the presence of 1,2-diaminoethane but does so with a free energy of —16.2 kJ/mol with
1,6-diaminohexane. This indicates that the favorability of AABS aggregation generally
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increases with the counterion length, in agreement with previous observations. However,
Und-Val and Und-Leu exhibit reduced AG®\ values for counterions with an even number
of methylene groups. This effect is most pronounced for Und-Leu, which has lower free
energies for 1,4-diaminobutane and 1,6-diaminohexane (—17.7 and —17.8 kJ/mol) than
for 1,3-diaminopropane and 1,5-diaminopentane (—16.4 and —17.2 kJ/mol). While Und-
Val exhibits statistically indistinguishable AG°y; values for counterions longer than 1,3-
diaminopropane, this effect can still be observed qualitatively. Again, 1,2-diaminoethane
was excluded from this analysis due to its abnormal binding behaviors, as discussed in

Sections 3.3 and 3.4.
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Figure 6. The free energies of micellization (AG®yj) given with respect to (A) each AABSs and

(B) each diamine counterion.
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The trend of reduced AG®); values for Und-Val and Und-Leu with these counterions
agrees with previous trends in (3 for the same systems as illustrated in Figure 4A and further
supports the binding conformation proposed in Figure 5. This is because a lower AG®y
indicates that micellization is more favorable, while a higher § indicates stronger binding.
However, unlike the reported 3 values, the free energies of each AABS were not equally af-
fected by the counterion gradient from 1,2-diaminoethane to 1,6-diaminohexane. For example,
while Und-Gly’s free energies of micellization decrease from —12.1 to —16.2 k] /mol along
this gradient, Und-Leu shows a less significant decrease from —14.8 to —17.8 kJ/mol. This
change in counterion sensitivity appears to be correlated with the AABS R-group complexity,
as it decreases along the gradient from Und-Gly to Und-Leu. Interestingly, this aligns with
earlier trends that indicated that AABSs with less complex R-groups exhibit CMCs that are
more sensitive to the counterion length, as discussed in Section 3.1. Moreover, in further
agreement with the CMC trends, the AG°)y values generally decrease with the AABS R-group
complexity, as shown in Figure 6B. For example, in 1,5-diaminopentane systems, the free
energy of micellization is —15.4 kJ /mol for Und-Gly and —17.2 kJ/mol for Und-Leu.

While the reported CMC values were correlated almost exclusively with the AABS
hydrophobicity, as discussed in Section 3.1, the reported AG®); values appear to account
for the merging of the trends observed from the CMC and f3 values. This indicates that the
overall thermodynamic favorability of micellization depends heavily on both the AABS
hydrophobicity and counterion binding interactions, rather than hydrophobicity alone, as
would be implied by the CMC data.

4. Conclusions

Electrical conductimetry and DLS were used to determine the CMCs and approximate
micellar diameters for four AABSs in the presence of five linear diamine counterions. The
obtained CMCs correlated extremely well with each surfactant’s logP (water/octanol)
value, suggesting that aggregation is primarily driven by AABS hydrophobicity. The
recorded pH values indicated that each AABS was deprotonated but did not yield consis-
tent insights into the counterion protonation states, suggesting that the counterion pK,
values were significantly perturbed by micellization. The micellar sizes obtained by DLS
were independent of the diamine counterion length, indicating the formation of fully
charge-stabilized noncovalent dimers. Estimates of 3 obtained from the conductimetry
data indicate that counterion binding generally improves with the counterion length and
reduced AABS sterics, although Und-Val and Und-Leu exhibit generally preferential bind-
ing for counterions with an even number of methylene groups. It is proposed that these
counterions form a binding pocket during the formation of noncovalent dimers, which
accommodates the steric bulk of Und-Val and Und-Leu. The relatively small size and
lack of expected torsional flexibility from 1,2-diaminoethane explain its deviation from
this trend, as well as its induction of abnormally small micelles. The estimates of AG°y
obtained from the conductimetry data and other structure—property parameters further
support this theory, indicating that the trends in counterion binding interactions predicted
by B greatly influence the overall thermodynamic favorability of AABS micellization, in
addition to the R-group hydrophobicity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ molecules29184436/s1, Supplemental Information 1- HNMR
spectra of AABSs. Supplemental Information 2- Python script to calculate CMCC, Supplemental
Information 3- Explanation of how the equations are derived.
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Abstract: The kinetics of amyloid aggregation was studied indirectly by monitoring the changes in
the polydispersity of mixed dispersion of amyloid 3 peptide (1-40) and composite liposomes. The
liposomes were prepared from the 1,2-dioleoyl-sn-glicero-3-phoshocholine (DOPC) phospholipid
and stabilised by the electrostatic adsorption of k-carrageenan. The produced homotaurine-loaded
and unloaded liposomes had a highly negative electrokinetic potential and remarkable stability in
phosphate buffer (pH 4 and 7.4). For the first time, the appearance and evolution of the aggregation
of Ap were presented through the variation in the standard percentile readings (D10, D50, and
D90) obtained from the particle size distribution analysis. The kinetic experiments indicated the
appearance of the first aggregates almost 30 min after mixing the liposomes and peptide solution. It
was observed that by adding unloaded liposomes, the size of 90% of the particles in the dispersion
(D90) increased. In contrast, the addition of homotaurine-loaded liposomes had almost minimal
impact on the size of the fractions of larger particles during the kinetic experiments. Despite the
specific bioactivity of homotaurine in the presence of natural cell membranes, this study reported an
additional inhibitory effect of the compound on the amyloid peptide aggregation due to the charge
effects and ‘molecular crowding’.

Keywords: amyloid (3 peptide; homotaurine; k-carrageenan; liposomes; aggregation; marine drugs

1. Introduction

The neurodegenerative brain disorder (NBD) is a common term for the processes
of progressive loss of the structure or function or the death of neurons resulting in the
progressive loss of the ability to learn, mental, behavioural, or functional decline, or the
gradual loss of emotions and movements of the body. Alzheimer’s disease (AD) is a more
representative NBD. The World Health Organization (WHO) estimates that approximately
55 million people (2019) aged 65 years or older have AD diagnosis, and additionally, about
4.6 million new cases are registered every year. The number of cases is expected to increase
to 66 million in 2030 and to 139 million in 2050 [1].

There are few theories (hypotheses) for the presumable molecular and pathophysi-
ological mechanisms for the explanation of the manifestation and the progression of the
disease [2]. Among them, the most well-supported is ‘the amyloid cascade hypothesis’
(ACH). The A peptide (Ap) is a short segment of the transmembrane amyloid precursor
protein (APP) released after abnormal cleavage by the enzymes (3- and y-secretase. The
A molecules can aggregate to form low-molecular weight flexible and soluble oligomers,
which may coalesce to form high-molecular weight oligomers, with 3-sheet conformation,
protofibrils, and insoluble fibrils deposited in diffuse senile plaque, which disturbs the
normal function of neurons and is a characteristic feature of AD.

The presence of the soluble aggregates of amphiphilic proteins that can undergo
evolution in ordered fibrils is considered a main hypothesis and common feature in the
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pathology of diseases related to NBD. Concerning AD, many postmortem observations
indicate that the disease is characterised by the extracellular deposition of fibrous aggregates
or intracellular inclusions containing A peptide in the brain parenchyma and cerebral
blood vessels of the patients.

Amyloid aggregation and fibrillation have been theoretically described using a nucleation-
dependent polymerisation process [3-5]. The model was presented with two phases—
nucleation and extension and secondary nucleation steps. The formation of the nucleus
results from a series of association steps of A3 monomers. These interactions are ther-
modynamically unfavourable, and this stage was determined as the rate-limiting step in
fibril formation. The transition of monomer to fibril is a multi-step process. The energy
barrier of the primary nucleation step is higher compared to the energy barrier for the
incorporation of the new monomers in the existing protofibrils or fibrils [6]. Fibril growth
has been described using a ‘dock-lock” model. According to that model, the monomers
interact rapidly with the existing fibril ends (‘dock’), followed by a conformational change
to find the more thermodynamically favourable and stable state of the peptide (3-sheet
conformation) (‘lock’) [7]. The variation in the pH, temperature, ionic strength, or presence
of cell membrane can affect the aggregation process.

Currently, there is no effective therapy for AD. The existing therapeutic strategies
are based on the presumable pathophysiological mechanisms of the disease, and they can
only ameliorate the suffering of the patients, but they do not cure. At present, there are
several active molecules approved by the US Food and Drug Administration (FDA) for the
treatment of AD—tacrine, donepezil, rivastigmine, galantamine, and memantine.

Concerning the neuroprotection activity of the natural compounds, the substances
extracted from marine organisms possess a promising biotechnology potential. More
than 10,000 natural components have been isolated from bacteria, fungi, algae, and other
marine organisms. There are a significant number of extracted bioactive molecules (chi-
tosan, fucoidan, homotaurine, gracillin, caniferolides, bryostatin-1, dictyostatin, anabasine,
rifampicin, etc.) with potential application in the therapy of NBDs [8,9].

Homotaurine (HT, 3-amino-1-propanesulfonic acid or Tramiprosate) is a natural amino
acid extracted from red, green, or brown algae. It has been also found in marine roseobacters.
The therapeutic properties of HT have been tested in a few phase II and phase III clinical
studies, and it has been confirmed that HT decreases the concentration of soluble Af in the
cerebrospinal fluid (SCF) and affects the deposition of amyloid fibrils in a plaque in the
brain [10]. According to a presumable mechanism of therapeutic action, the molecules of
HT are BBB-permeable and can interact with the peptide to prevent (limit) the formation
of neurotoxic A oligomers and prevent the misfolding processes that lead to amyloid
aggregation and cause neurotoxicity and progression in AD [11-14].

Homotaurine is classified as a compound that mimics glycosaminoglycan (GAG),
which binds to beta-amyloid peptide molecules and thus facilitates their fibrillation. In
the competitive scenario, the compound has an affinity for the GAG-binding region of A3
molecules and thereby displaces GAGs, reduces fibrillation, and reverses the conforma-
tional changes in A3 molecules that lead to amyloid plaque deposition [10,12].

k-carrageenan (CAR) is a polysaccharide, a product of extraction from certain species
of red seaweeds. It is a linear, water-soluble polymer that typically forms highly viscous
aqueous solutions. Moreover, recently, it has been reported that the oligosaccharides of
k-carrageenan postpone the progression of AD by preventing damage to the neurons [15].

The present study is focused on the experimental investigation of the effect of the
presence of homotaurine-loaded liposomes on the kinetics of Af aggregation.

The liposomes were chosen for this study because they are drug delivery platforms
with many advantages. They are non-toxic and have a high drug-loading capacity. Con-
cerning their application in neurological studies, they are extremely promising delivery
platforms because nano-sized liposomes could cross the blood-brain barrier (BBB) [16].

In this study, the appearance and evolution of the amyloid aggregation in the presence
and absence of liposomes were presented through the variation in the standard percentile
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readings (D10, D50, and D90) obtained from the particle size distribution analysis from
kinetic experiments. The percentiles are statistical terms that correspond to the fraction of
particles with a size equal to or less than a certain value. For intensity-weighted particle
size distributions, the parameters are reported based on the maximum particle size for
a given percentage intensity of the sample. The standard percentile readings from the
analysis are denoted as D10, D50, and D90, where D stands for diameter, and 10, 50, and
90 represent the percentage of the sample below a certain particle size (e.g., 10%, 50%,
and 90%). D50 represents the median of the intensity distribution and is defined as the
particle size at which half of the population lies below this value. By monitoring these three
parameters in the kinetics experiments, it is possible to observe any significant changes in
the main particle size and changes at the extremes of the distribution, which could be due
to the presence of fines or oversized particles/agglomerates.

The novelty of the present work is addressed to the investigation of amyloid aggre-
gation in the mixture dispersion of peptide molecules and composite liposomes loaded
by anti-amyloid agents. Moreover, all components in the system are completely natural
compounds extracted from marine organisms (excluding lipid and amyloid peptides).
The appearance of amyloid aggregation in conditions close to the physiological ones was
indirectly investigated by monitoring the variation in the polydispersity of the species
in dispersion.

2. Results
2.1. Characterisation of the HT-Loaded Liposomes

Table 1 presents the experimental data for the hydrodynamic size and (-potential of
the produced unloaded and HT-loaded liposomes.

Table 1. Hydrodynamic diameter (D), polydispersity index (PDI), and electrokinetic potential of the
liposomes. The concentration of CAR in stabilised dispersion was 0.1 mg/mL.

D * [nm] .
Sample (PDI) ¢-Potential [mV]

. 371+12

unloaded liposomes (0.12) —55.1+3.0

unloaded liposomes stabilised with CAR 52&?) itl)l 6 —62.7 £1.3
: 55.6 £1.2

HT-loaded liposomes (0.22) —59.8 £2.1

HT-loaded liposomes stabilised with CAR 92&3 i|:9)9 2 —65.0 £0.7

* Evaluated mean size by intensity.

According to the presented results, the values of size and charge of the HT-loaded
liposomes are higher than those of the unloaded ones. One possible explanation is a
variation in the liposome structure and the incorporation of some HT molecules in the lipid
bilayer during the encapsulation process. In support of this assumption is the registered
very high encapsulation efficiency of the compound in the liposomes (ca. 99%). The HT
molecules have a slightly negative charge, and their incorporation in the bilayer leads to an
increase in the net negative charge of the liposomes. When negatively charged carrageenan
molecules are adsorbed onto liposomes, they stabilise them, forming a thick polymer layer
(about 18 nm) and increasing their net negative charge. A visualisation of the produced
liposomes (unloaded and HT-loaded) is presented in Figure Al (Appendix A).

2.2. Estimation of the Amount of HT Encapsulated into the Liposomes

A spectrophotometric assay is applied to evaluate the quantity of loaded HT in the
liposomes. In the applied methodology, methylene blue is used as an oxidant. Methylene
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blue exhibits redox properties, appearing blue in its oxidised form and colourless in its
reduced form. Under acidic conditions, the methyl groups of the compound preferentially
dissociate due to the protonation of the dimethylamino group [17,18]. When methylene blue
reacts with HT in an acidic medium, its absorbance value gradually decreases. By using a
suitable calibration curve, the entrapped amount of HT in the liposomes is extremely high
(ca. 0.099 mg/mL), and the estimated encapsulation efficiency is ca. 99%.

2.3. Kinetics of Aggregation of AP at Different pH and Temperatures

The changes in the size of the peptide molecules in solution at pH 7.4 and pH 4 with
an increase in temperature are illustrated by standard percentiles in Figures 1 and 2 (the
experimental results for the system at pH 5 are presented in Figure A2, Appendix A). The
figures present results from three samples measured at three different temperatures.
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Figure 1. A variation in the hydrodynamic size (diameter) of A peptide at pH 7.4 in the kinetic
experiments at 25 °C (a), 36 °C (b), and 42 °C (c). The size is presented through the percentiles in the
size distribution D10 (M), D50 (O), and D90 ([J).
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Figure 2. A variation in the hydrodynamic size of A3 peptide at pH 4 in the kinetic experiments at
25°C (a), 36 °C (b), and 42 °C (c). The size is presented through the percentiles in the size distribution
D10 (M), D50 (O), and D90 (LJ).

The findings of the kinetic experiment indicated that a notable aggregation process was
observed when the temperature was 36 °C and the pH was 4. Interestingly, the emergence
of structures with a size of approximately 2000 nm was observed within the first 30 min
(Figure 2b). On the other hand, when the sample is subjected to a gradual temperature
increase in the cell (Figure 3), the size values and their dependencies take on a different
shape. The structures in the samples were observed to gradually increase in size. This
suggests distinct aggregation mechanisms induced by temperature, which may explain the
results obtained.
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Figure 3. A variation in the hydrodynamic diameter of A peptide at pH 4 in a stepwise regime of
increasing the temperature. The size is presented through the percentiles in the size distribution D10

(W), D50 (0), and D90 ().

2.4. Kinetics of Aggregation of AB in the Presence of Homotaurine

The aggregation behaviour of peptides in the presence of homotaurine is presented
in Figure 4. The experimental results indicate significantly lower values of the size of
the fraction of particles D10 and D90 in the presence of homotaurine compared to the
distribution in a pure solution of Af3.
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Figure 4. A variation in the hydrodynamic diameter of pure A peptide (M) and mixtures of peptide
and the following different concentrations of homotaurine: 0.05 mg/mL (O), 0.1 mg/mL (e), and
0.5 mg/mL ([J). The size is presented through the percentiles in the size distribution D10 (a) and
D90 (b). The pH of the dispersions is 4.

2.5. Kinetics of Aggregation of A in the Presence of Liposomes

Figure 5 illustrates the percentiles (D10, D50, and D90) in the size distribution of
particles in a solution of A} during kinetic experiments in the presence of unloaded or
HT-loaded liposomes. The results suggest that larger particles or aggregates dominate,
and their size increases with reaction time. The decrease in the size of fraction D90 at the
last measurement (almost 5 h after mixing the peptide solution and liposomes) is likely
due to the sedimentation of the largest particles in the experimental cell. Additionally, the
values of the size of the fraction D50 decrease, indicating that disruption of the lipid bilayer
is negligible.
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Figure 5. A variation in the hydrodynamic size of the AP in the presence of unloaded (a) and HT-
loaded liposomes (b). The size is presented through the percentiles in the size distribution D10 (M),
D50 (O), and D90 (LJ). The inset presents the expanded dependence of the percentiles D10 and D50.

The addition of the HT-loaded liposomes does not indicate significant aggregation
during the kinetic experiments. The first change in the size distribution was observed
about 30 min after mixing the peptide solution and liposomes, and the sizes corresponding
to percentiles D10, D50, and D90 were almost constant until the end of the experiment.

The raw data from the DLS measurements are more representative. In Figure 6, the
shift of the peaks during the kinetics experiment can be observed.
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Figure 6. The size distribution during the kinetic measurements at pH 4 in pure A3 peptide solution
(red line), solution of the peptide in the presence of unloaded (dash line), and HT-loaded liposomes
(solid black line) immediately after mixing the solutions (a), 30 min (b), 3 h (c), and 5 h (d).
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3. Discussion

The liposomes as delivery platforms suggest many possibilities and advantages for ap-
plication in successful therapies for NBDs. Some studies have reported that small liposomes
(up to 100 nm) can pass through the BBB and deliver drugs or bioactive molecules, with
potential activity against amyloidosis in the brain. However, the presence of liposomes, as
a model of biological membranes, can also induce the aggregation of amyloid peptides.

According to ACH, the critical micromolar concentration of free peptide monomers is
required to form the first oligomers. However, postmortem observations have shown that
the amyloid concentration found in the brain is exceptionally lower, and the probability
for the observation of a spontaneous oligomerisation of A at the estimated pico- or
nanomolar peptide concentration is very low. The observed limitation in the ACH has
been explained with the participation of additional effects on the aggregation kinetics as
AfpB-membrane interactions.

It has been previously reported that the interaction of peptides with the cell membrane
(or the surface of a liposome in the model studies) is governed not only by the physicochem-
ical characteristics of the membrane (size or the curvature, composition, elasticity, charge,
degree of hydration, conformation, and dynamics of lipid headgroups) but also by the
thickness of the hydrophobic part of the bilayer or surface modification of the membrane,
the pH of the medium, or the presence of metal ions in the solution [19,20].

In the present study, in order to elucidate the influence of the liposomes and HT on the
aggregation, kinetic experiments were performed with the peptide solution mixed with a
solution of homotaurine at acid conditions (pH 4). The experimental results indicate that the
AP peptide aggregation is increasingly suppressed with the increasing HT concentration
in the system (Figure 5). The results indicate significantly lower values of the size of
90% of the particles in the solution (D90) in the presence of the homotaurine compared
to the distribution in a pure solution of A at the same experimental conditions. The
peptide molecules are positively charged at the experimental conditions ({-potential is
ca. + 10 mV). The addition of HT (weak sulfonic acid) does not affect the ionic strength
or pH of the solution. Therefore, it was expected that attractive electrostatic interactions
or specific attractive interactions between the peptide and homotaurine are governed by
the very complicated structure of Af (hydrogen bonding or hydrophobic interactions).
Additionally, as the concentration of HT increases, the total concentrations of species in
solutions increase, leading to ‘molecular crowding’. This phenomenon can also inhibit the
aggregation process.

Postmortem observations have shown that the pH of the brain parenchyma is lower
for patients with an Alzheimer’s diagnosis (<pH 4). Furthermore, experimental studies
have confirmed that the variation in pH is a key factor for amyloidosis [21,22]. Therefore, a
detailed screening of the conditions in model experiments can ensure optimal conditions
for investigations of the mechanisms of the A3 peptide aggregation.

The present study reports preliminary investigations on the kinetics of aggregation of
A peptide in the presence of unloaded and HT-loaded liposomes. The electrostatic inter-
actions between the positively charged peptide monomers and zwitterionic liposomes are
additionally affected by the adsorption of carrageenan. It was presumed that the behaviour
of A3 peptide in the presence of highly negatively charged polymer-coated liposomes
would be fundamentally different compared to the properties of pure peptide solution or a
dispersion of carrageenan-free liposomes. Experimental data for the time dependence of
the sizes of 90% of the particles in the dispersion (D90) indicate that a significant part of the
peptide molecules is involved in aggregate formation (Figures 1 and 2).

According to the results from the kinetic experiments, the size of the fractions of
species D10, D50, and D90 in the mixtures of peptide and liposomes suggest that the larger
particles or aggregates dominate, and their size increases with reaction time (Figure 5).

The time dependence of the particle size in the solution of Af3 peptide in the presence
of unloaded liposomes can be divided into two stages (Figure 5a). An increase in the size is
registered in the first stage, and the beginning of the aggregation is observed 30 min after

40



Molecules 2024, 29, 3460

mixing the peptide solution and the liposomes. After that, the size of 90% of the particles in
the dispersion (D90) gradually increases up to 3 h. Meanwhile, the fractions of aggregates
are significantly larger compared to the fraction of smaller particles and increase with time.
For example, two hours after mixing, the size of 90% of the particles (D90) is ca. 600 nm,
the size of 50% of the particles (D50) is ca. 200 nm, and the smallest particles are ca. 70 nm.
In the second stage, sharp increases in the size of larger particles are observed. The fraction
of the smaller particles is almost constant during the measurement (D10).

The time dependence of A3 aggregation in the presence of HT-loaded liposomes
shows different kinetic behaviour (Figure 5b). The aggregation in the dispersion is also
registered 30 min after the mixing, and the size of 90% of the particles (D90) is ca. 700 nm.
However, in the presence of HT-loaded liposomes, the size of the fractions D50 and D90
almost do not change during the kinetic experiment.

The analysis of the peaks in the size distribution displayed in Figure 6 indicates that
the peaks have shifted throughout the experiment. Notably, the positioning of the peaks in
the most recent measurements is particularly intriguing (Figure 6d). There are two peaks
registered from the dispersion of peptides in the presence of unloaded liposomes. One
peak is at the position of Af3, similar to the pure peptide solution but with lower intensity,
while the other peak corresponds to the smallest particles in the system. In the dispersion
containing HT-loaded liposomes, there are also two peaks, but they correspond to particles
with smaller sizes than the amyloid peptide aggregates. This experimental result clearly
illustrates the effect of the HI-loaded liposomes on amyloid aggregation.

The observed kinetic behaviour is in line with previously reported mechanisms of
amyloid aggregation in the presence of a membrane. According to the presented models,
the aggregation process can be described as a sigmoidal function of time on the fraction
of aggregates. The initial nucleation phase (lag phase) is a relatively slow process of
the formation of first aggregates, whereas the sequential elongation phase is rapid [23].
However, aggregation is a very sensitive process, and variations in the conditions can
promote or hinder the aggregation.

Previously, it has been reported that the presence of a membrane may induce confor-
mational changes in the amyloid molecules, and the formation of a partially unfolding
molecular structure has been suggested as a critical step in fibrillation [24]. The conforma-
tional changes have been interpreted as a result of the local accumulation of protons in
the vicinity of the negatively charged lipid membrane. This local decrease in pH promotes
an increase in the peptide charge density and repulsive electrostatic interactions with the
membrane. The protein molecule becomes more open, and the hydrophobic parts are
more favourable for aggregation. Therefore, the charge of the membrane is a key factor
in the structural transition of the peptide molecules. It has been shown that in the case of
AP peptide, the fibrillation in the presence of anionic and zwitterionic membranes is gov-
erned predominantly by charge effects instead of conformation changes. These membranes
promote aggregation at low peptide concentrations [25].

At alow pH, AP peptide is negatively charged, and attractive electrostatic interactions
with positively charged domains on the zwitterionic membranes will occur. As a result,
the increase in a local peptide concentration on the membrane is observed. Wilson and
Binder [26] have proposed that the high local peptide concentration overcomes the energy
barrier for nucleation and promotes aggregation.

Following these hypotheses, we supposed that the surface modification and variation
in the electrical properties of the lipid membrane could enhance, promote, or hinder
peptide aggregation. At the experimental conditions of a pH of 4, the DOPC liposomes
have an almost neutral net charge [27]. The sequential adsorption of negatively charged
carrageenan on the positively charged domains leads to an increase in the net negative
charge of the liposomes. At the same time, the peptide molecules are positively charged at
a pH of 4 (the estimated pI of Ap (1-40) peptide is 5.4 [28]). Thus, it is expected that the
adsorption of CAR would promote the electrostatic interaction between the liposomes and
the peptides and peptide aggregation, respectively. However, the comparison between
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the aggregation behaviour in the solutions of pure Af3 peptide and the aggregation in the
dispersions of unloaded liposomes and A3 peptide (Figures 2b and 5a) indicates that the
aggregation is suppressed in the presence of the liposomes. While the maximal size of 90%
of the particles (D90) is approximately 2600 nm for the solution of A3 and 3000 nm for the
mixture, the processes of aggregation kinetic are different. The retardation time (ca. 3 h)
was observed for the solution containing liposomes.

Under the same experimental conditions, the negative charge density of the HT-loaded
particles is higher than that of the unloaded ones. We supposed that this results from the
incorporation of a compound in the lipid layer. The sequential polymer adsorption leads
to an additional increase in the negative charge of the liposomes, and contrary to the
expectation, the peptide aggregation is hampered.

To explain the obtained results, we supposed that there were additional factors that
influenced the process. Firstly, the ionic strength of the solution determined by the buffer
is extremely high (ca. 10~! M). Therefore, a significant screening of the electrostatic
interactions between the peptide molecules and the liposomes can be expected. Secondly,
CAR molecules are fully charged at the experimental conditions (pH 4). Along with the
expected charge renormalisation in the CAR polyion vicinity (‘counterion condensation’),
the additional charge effects related to the presence of high salt concentration in the solution
must be considered in the screening of the electrostatic interactions [29,30]. Thirdly, the
polymer layer is formed at low ionic strength (10~* M). According to the theory of strong
polyelectrolytes, the adsorption layer has to be thin due to the strong electrostatic repulsion
between the charges along the polyion chain. However, it is well known that carrageenans
are high-molecular weight polysaccharides, and the formation of loops and tails is expected
in the adsorption layer (the thickness of the CAR layer is ca. 18 nm, Table 1). Hence,
the participation of additional steric interactions could be responsible for hampering the
aggregation process of A3 peptides.

Many questions remain open in this study. As far as we know, this is the first complex
study of the aggregation of A3 peptide in the presence of polymer-modified liposomes and
co-encapsulated bioactive molecules. The experimental results indicate that the adsorption
of polymers on the liposomes influences the peptide aggregation, but the effect of the
charge density is still unclear. For this purpose, a zwitterionic membrane would be a useful
model surface. Homotaurine suppresses the aggregation of the A3 1-40 peptide on the
liposomes, but the nature of the mechanism of interaction is also unknown. Additional
experimental methods have to be applied for the characterisation of the charge effects in
the presence of proteins or other polyelectrolytes. A detailed visualisation of the aggregates
(from oligomers to protofibrils or fibrils) under the used experimental conditions is also
needed and will be the subject of another study. The distinction of the fraction of aggregates
from peptide molecules or peptide-liposome complexes in the mixtures is complicated
using only electrokinetic methods.

4. Materials and Methods
4.1. Materials

The phospholipid 1,2-dioleoyl-sn-glicero-3-phoshocholine (DOPC, chloroform solu-
tion, 25 mg/mL) product of Avanti Polar Lipids Inc. (Alabaster, AL, USA) was used for the
preparation of unilamellar liposomes.

Amyloid beta, A (1-40), was purchased from Sigma Aldrich (St. Louis, MO, USA,
product number SCP0037-0.5 mg). A stock peptide solution was prepared as follows: to
the lyophilised commercial peptide sample, NH;OH was added to obtain a 12.5 mg/mL
peptide concentration (the solution of 1% NH4OH was filtered before use through 0.22 um
filters (Minisart®, Sartorius, Gottingen, Germany) to eliminate eventual dust particles). The
peptide solution was then gently diluted (without vortex) to a concentration of 0.8 mg/mL
with 150 mM PBS buffer with a pH of 7.4. The buffer solution was also filtered before use. It
was prepared using a standard recipe with NaCl (137 mM), KCI (2.7 mM), Na,HPO,
(10 mM), and KH,PO4 (1.8 mM). The dissolved protein solution was separated into
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40 aliquots of 15 pL and stored at —20 °C until use. The final concentration of the peptide
in the experiments was 0.4 mg/mL, corresponding to 10 uM. For the electrokinetic mea-
surements, the samples were further diluted with buffer to a final peptide concentration of
0.016 mg/mL.

k-carrageenan (CAR) and homotaurine (HT) were also purchased from Sigma Aldrich.
k-carrageenan (product number 22048) was used in this study without any purification.
The stock solutions with a concentration of 2 mg/mL were prepared in double-distilled
water. The prepared polymer solutions were filtered through a 5 um filter (Minisart®,
Sartorius) to remove the possible aggregates.

4.2. Methods
4.2.1. Liposome Preparation

The liposomes were prepared by using the thin film hydration method. The procedure
was described in detail in a previous study [31]. Briefly, an appropriate volume (200 uL)
from the solution of lipid in chloroform (25 mg/mL) was dried under a stream of nitrogen
by rotating the glass flask to form a thin lipid film on its wall.

To produce unloaded or HT-loaded liposomes, the lipid was rehydrated in 2 mL of
double-distilled water or a solution of HT (0.1 mg/mL) to a final lipid concentration of
2.5 mg/mL. After 4 freeze—thaw cycles of the tube with dispersion in a bath of liquid
nitrogen and tap water, the stock solution of liposomes was sonicated in an ultrasonic ice
bath for 15 min.

In order to prevent a possible aggregation during the subsequent steps in the exper-
imental procedure, the work dispersion was prepared by mixing 80 pL from the stock
dispersion of liposomes and 10 mL of double-distilled water to a final lipid concentration
of 0.02 mg/mL. The dispersion was filtered before measurements by extrusion through a
0.20 pum filter (Minisart®, Sartorius).

To improve the stability of the loaded liposomes, a carrageenan monolayer was
adsorbed on their surfaces. The polymer layer was formed by adding a diluted dispersion
of liposomes (9.5 mL) to the solution of negatively charged CAR (0.5 mL, 2 mg/mL) and
stirring for 20 min.

4.2.2. Kinetic Experiments

The aggregation kinetics of Af3 was investigated in the following four different experi-
ments:

e Investigation of the effect of pH.

The samples for the measurement were prepared by adding 15 uL of phosphate buffer
with a pH of 4, 5, or 7.4 (adjusted with HCI) to the Eppendorf tube containing 15 pL
of peptide solution. The final concentration of peptide was 0.4 mg/mL (10 uM). The
measurements were performed by adding 25 pL of the solution to a micro cell for DLS. The
variation of the size distribution of the peptide aggregates was evaluated at 24 °C, 36 °C,
and 42 °C.

e  Effect of the temperature at a pH of 4.

The samples were prepared similarly, as follows: 15 uL of phosphate buffer with a pH
of 4 (adjusted with HCI) was added to the Eppendorf tube containing 15 pL of peptide
solution. The final concentration of peptide was 0.4 mg/mL. The measurements were
performed over a large temperature interval (2443 °C) in a stepwise manner. The interval
between the different values of the temperature was 10 min. Three minutes of this time
interval were used for the sample equilibration, and seven minutes were used for the
measurement cycle.

e Aggregation of peptide in the presence of homotaurine at a pH of 4 and 36 °C.
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The samples for these experiments were prepared similarly to those in the other
experiments. Phosphate buffer (pH 4 adjusted with HCI) was mixed with homotaurine
(powder). The final concentrations of HT in the solutions were 0.05, 0.1, and 0.5 mg/mL.

e Aggregation of peptide in the presence of unloaded or HT-loaded liposomes.

The dispersions of liposomes stabilised by the adsorption of carrageenan (lipid con-
centration of 6 x 10~% mg/mL in distilled water) were centrifuged (15,000 rpm at 19 °C for
90 min) using a laboratory centrifuge (PW-352R, Warsaw, Poland). After centrifugation,
the liposomes were settled, and the supernatant was completely removed. The liposomes
were redispersed in a peptide solution using sonication (5 min) in an ultrasonic ice bath.
Then, 25 pL from the dispersion was added to a microcell for DLS, and 15 pL of HCI (0.1 M)
was added to the dispersion. The measurements were performed at 36 °C and a pH of 4
(the peptide samples were prepared by adding 15 uL of phosphate buffer (pH 7.4) to the
Eppendorf tube containing 15 pL of peptide solution).

4.2.3. Determination of the Electrokinetic Charge and Particle Size Distribution

During the experimental procedure, the size and charge of the produced liposomes
were assessed using dynamic light scattering with non-invasive backscattering (DLS-NIBS)
at a measuring angle of 173°. The Zetasizer Pro (Malvern, UK), equipped with a He-Ne
laser with a maximum power of 10 mW and operating at a wavelength of 633 nm, was
used to carry out the measurements. The liposomes were measured five times, and the
average value was recorded as the final size and surface charge.

The kinetic measurements were performed using Zatasizer Pro with a low-volume
quartz batch cuvette (Ultra-Micro Cell for Nano Series, with a minimal volume of 12 pL
and a maximum volume of 45 uL, the width of the measurable window is 3 mm.). In
the experiments, the percentiles in the particle size distributions of D10, D50, and D90
were evaluated.

4.2.4. Determination of the Encapsulated Amount of Homotaurine in the Liposomes

The concentration of HT loaded in the liposomes was estimated using a spectrophoto-
metric assay according to the procedure proposed by Zhao et al. [17]. Briefly, the samples
were prepared as follows: 1.5 mL (1 M) of sulfuric acid solution was mixed in two test tubes
with 0.35 mL (0.25 mg/mL) of methylene blue solution. An HT solution with a certain
concentration was added to one of the tubes, and the tubes were diluted with distilled
water to a final total volume of 10 mL. The reaction was carried out at room temperature for
20 min. The absorbances of the blank solution AUO and AU of the solutions were measured
at 664 nm, and the value of AAU = AUO — AU was calculated. To obtain the calibration
curve from HT, the differences AAU were calculated from the absorbance of 0 mg/mL HT
(blank solution) and HT solutions with concentrations ranging from 10~! to 107® mg/mL.
The same procedure was applied to estimate the concentration of free HT in the dispersion
of the liposomes. For this purpose, the stock dispersion was centrifuged at 15,000 rpm
and 19 °C for 90 min, and the supernatant was extracted. The calculated difference AAU
between the maximum absorption of the blank solution and supernatant corresponds to
a free concentration of HT in the dispersion—ca. 5 x 107> mg/mL (evaluated from the
calibration curve).

5. Conclusions

This study presents an investigation of the kinetics of amyloid peptide (1-40) aggrega-
tion by monitoring the changes in the polydispersity of mixed dispersions of the peptide
and composite liposomes. The influence of the experimental conditions (pH, temperature)
and the addition of different concentrations of HT and loaded and HT-loaded liposomes
on the peptide aggregation was studied.

The aggregation of peptides was observed when the unloaded liposomes were added
to the peptide solution, but the process was delayed. The estimated retardation time
is approximately 3 h. Moreover, it was registered that in the presence of homotaurine-
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loaded liposomes, the aggregation process was significantly suppressed. To explain this
phenomenon, it was presumed that there are additional factors that influence the process,
as follows: screening of the electrostatic interactions between the peptide molecules and the
liposomes due to the high ionic strength of the dispersions; charge renormalisation in the
vicinity of the adsorbed fully charged carrageenan and the presence of counterions with
lower mobility; and the participation of additional steric interactions due to the presence of
a thick polymer layer (ca. 18 nm) on the liposomal surface.

Author Contributions: Conceptualisation, V.M.; methodology, V.M. and K.K.; validation, V.M. and
K.K.; formal analysis, V.M. and K.K.; investigation, KK., LL.D., EH. and V.M.; resources, V.M., data
curation, V.M. and K.K.; writing—original draft preparation, V.M.; writing—review and editing, V.M.,
LL.D. and K.K,; visualisation, V.M. and K.K.; supervision, V.M.; project administration, V.M.; funding
acquisition, V.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Bulgarian National Science Fund, contract No. KIT-06-
KOCT/8. The authors acknowledge the support from the Centre of Excellence ‘National center for
mechatronics and clean technologies’ (Project BGO5M20OP001-1.001-0008-C010), supported by the
European Regional Development Fund within the Bulgarian OP ‘Science and Education for Smart
Growth 2014-2020".

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: This publication is based upon work from COST Action CA18238 (Ocean4Biotech),
supported by the European Cooperation in Science and Technology (COST) programme. Research
equipment of the Distributed Research Infrastructure INFRAMAT, part of the Bulgarian National
Roadmap for Research Infrastructures, supported by the Bulgarian Ministry of Education and Science,
was used for some investigations in the present study.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

(a) (b)
Figure A1. Visualisation of the produced liposomes: (a) unloaded and (b) HT-loaded.

45



Molecules 2024, 29, 3460

2500 2500 5 2500
E‘ pHS 25°C 'g‘ pH5 36°C 'g‘ pH5 42°C
2000 = 2000] £.2000
§1500- 3 15001 ;1500-
§1000- g 1000| TN §1000-
) 3 D‘D\M ) =y
g 5007 _§ 500 A oo ”\O/ON“\J g 5001
=y 0 = e i i z 0
0 1 2 3 4 5
time [h]
(b) (c)
Figure A2. A variation in the hydrodynamic size (diameter) of A peptide at pH 4 in the kinetic
experiments: (a) at 25 °C, (b) 36 °C, and (c) 42 °C. The size is presented through the percentiles in the
size distribution: D10 (H), D50 (O), and D90 ([J).
Appendix B
(a) (b)
Figure A3. Image of the measuring cell for DLS with the sample after finishing the kinetic experiment:
(a) observation of the aggregation of AP peptide in the cell at pH 4 and 36 °C. For DLS measurement,
we used Ultra-Micro Cell for Nano Series. The width of the measurable window is 3 mm. (b) The
same photo represented at a larger scale.
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Abstract: The mechanics of capillary force in biological systems have critical roles in the formation of
the intra- and inter-cellular structures, which may mediate the organization, morphogenesis, and
homeostasis of biomolecular condensates. Current techniques may not allow direct and precise mea-
surements of the capillary forces at the intra- and inter-cellular scales. By preserving liquid droplets
at the liquid-liquid interface, we have discovered and studied ideal models, i.e., interfacial liquids
and marbles, for understanding general capillary mechanics that existed in liquid-in-liquid systems,
e.g., biomolecular condensates. The unexpectedly long coalescence time of the interfacial liquids
revealed that the Stokes equation does not hold as the radius of the liquid bridge approaches zero,
evidencing the existence of a third inertially limited viscous regime. Moreover, liquid transport from a
liquid droplet to a liquid reservoir can be prohibited by coating the droplet surface with hydrophobic
or amphiphilic particles, forming interfacial liquid marbles. Unique characteristics, including high
stability, transparency, gas permeability, and self-assembly, are observed for the interfacial liquid
marbles. Phase transition and separation induced by the formation of nanostructured materials
can be directly observed within the interfacial liquid marbles without the need for surfactants and
agitation, making them useful tools to research the interfacial mechanics.

Keywords: liquid marble; liquid-liquid interface; capillarity; coalescence cascade; mass transport;
microreactor

1. Introduction

Capillarity, which originated from the difference in surface tension between two im-
miscible phases, plays important roles in both the living and non-living processes in nature.
In decades, the effects of capillary force have been widely observed in the formation of
cell patterns [1], the morphogenesis of tissue [2], the formation of embryonic axes [3], and
homeostasis [4], which can tune the size, morphology, structure, and function of cells
and tissues through surface mechanics. Moreover, capillary force can be generated at the
interfaces formed by immiscible intracellular biomolecular condensates and membranes,
mediating the size, morphology, structure, and function of the intracellular organelles [5].
On the other hand, capillary forces participate in a wide range of non-living processes, such
as the formation of fog [6], raindrops [7], capillary waves [8], and vortexes [9], regulating
the size, shape, motion, and stability of the fluids through surface mechanics. However,
the organization and morphogenesis of inter- and intra-cellular structures are mechanically
complex, and involve mechanical forces with disparate origins, e.g., motor proteins [10],
gravitational field [11], and hydrostatic pressure [12], other than the capillary force. Much
effort has been devoted to solving the morphogenesis homologies in different species,
which can be described by using the coarse-grained approach under the theoretical frames
of fluid mechanics and phase transitions [13]. For example, the rigidity phase transition of
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the zebrafish blastoderm can be explained by analyzing the cell-cell contact topology using
the percolation theory, while a few parameters, including cell-cell connectivity, cell-cell
adhesion, and meta-synchronous cell cleavages, were characterized [14]. Even though the
percolation model can appropriately explain the rigidity phase transition under multiple
experimental disturbances such as cell fate and cell adhesion, it cannot predict the absolute
value of viscosity or the changes in the force field that regulate the topological changes
mechanically. To elucidate the non-linear and time-dependent mechanics in morphogenesis,
it is essential to find out the basic mechanisms of the fluid mechanics involved and the
functions of viscous, inertia, and capillary forces.

Capillary forces mediate the inter- and intra-cellular processes through interfacial
phase separation and phase transitions, which may act as a general driving force for a
wide range of interfacial phenomena, e.g., wetting, adhesion, coalescence, and Pickering
emulsion. However, current measurement techniques may not support the precise in vitro
or in vivo quantification of the inter- and intra-cellular capillary forces due to the difficulties
in determining the strength, location, and time scale of the force. For example, the strength
of the surface tension of the biomolecular condensates is estimated to be in the range of
107*Nm ! to 1077 N m~! [15,16], which is significantly weaker than the surface tension
of water (7 = 0.072 N m~1) [17]. Despite the tiny scale, the capillarity in cells and tissues
shares the same mechanism as the fluidics that naturally occur at the liquid-liquid interface.
For example, the reorganization of genomes can be achieved by the coalescence of droplets,
which are induced to form at the targeted loci of the genome [18]; the cylindrical thread
formed by condensation and crosslinking of actin may break up into discontinuous pieces of
tactoids driven by Rayleigh—-Plateau instability [19]. Moreover, nucleolar surfactants, such
as proteins NO145 and Ki-67, can adsorb and enrich at the nucleolar periphery, mediating
the size of the nucleolus by impeding coalescence or Ostwald ripening [20,21]. Therefore,
the capillaries at the inter- and intra-cellular interfaces can be definitely studied using the
fluidic models at the visible droplet scale. Moreover, the capillary strength, location, and
time scale can be measured more precisely using simple apparatuses at this scale, which
may realize accurate interpretation and resolution of the unsolved mechanisms of fluid
mechanics in general, such as coalescence cascade, Marangoni flow, and Stokes flow.

Interfacial liquid droplets and marbles [22], which can be formed by adding droplets
at the interface between two immiscible liquid phases, can be an ideal fluidic model to
study the biological capillaries. A schematic illustration of the interfacial liquid droplet
is shown in Scheme 1. Specifically speaking, interfacial liquid droplets and marbles have
obtained the following features, which make them outstanding in modeling the biological
capillaries: (i) The phase-separated liquids mimick the phase-separated liquid-in-liquid
environments existed in the cytoplasm and interstitial fluid; (ii) The viscosities of the
liquids can be facilely tuned; (iii) The size of the droplet can be effectively controlled to
elucidate the effect of viscous, inertia, and gravitational forces on coalescence separately;
(iv) Amphiphilic surfactants with different molecular structure, size, and thermodynamics
can be used to modify the droplet surface, in order to investigate the Marangoni flow at
the interface and mediate the coalescence process; (v) The formation of a transparent and
geometrically simple interface is advantageous for observation and modelling; the interface
is concealed by the upper liquid phase as the external disturbances, such as wind, dirt, and
acoustics, can be minimized.

Herein we use interfacial liquid droplets and marbles as fluidic models to elucidate the
mechanisms underlying the general fluidic phenomena existing in the scale of biological
capillaries, i.e., coalescence cascade, the role of surface-active particles, and mass transport
at the liquid-liquid interface, which may provide useful insights for asymptotic flows and
interfacial thermodynamics in biological capillaries.

The general mechanism of the coalescence cascade (CC) of a droplet has been long
debated in the science community as a result of the intrinsic complexity in space and
time of the process. Numerous internal and external parameters, such as droplet size,
surface tension, viscosity, density, coalescence time, and the size of the daughter droplet,
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may mediate the CC process, affecting its stages and duration. Moreover, discrepancies
in the CC phenomena at the air-liquid and liquid-liquid interfaces have been widely
observed and investigated, e.g., damped CC [23], second-stage coalescence [24], migrating
partial coalescence [25], and multi-stage coalescence [26], making it extremely difficult to
elucidate a general mechanism. However, the central idea of the problem is how the droplet
generates smaller daughter droplets during the coalescence process. Charles et al. have
investigated the CC of a liquid droplet (phase 1) with a viscosity of 77; and surrounded
by another liquid (phase 2) with a viscosity of 75, at the interface formed between phase
1 and phase 2 [27]. They attributed the formation of daughter droplets to the Rayleigh
instability of the liquid column formed during the drainage of the droplet by the underlying
liquid reservoir, and the diameter ratio of secondary to primary droplets changed with the
viscosity ratio p = 11 /1, reaching a maximum near p = 1. According to their observation,
no daughter droplets could form in the cases of p < 0.02 or p > 11, which was in line with
the prediction of Tomotika [28], who extended the Rayleigh theory on the instability of
jets [29] to the case of a cylindrical thread of a viscous liquid in the infinite mass of another
viscous liquid. On the other hand, contradictory results are obtained for liquid droplet
coalescence at the air-liquid interface with p >> 11. Thoroddsen et al. have observed the
CC of a water droplet at the air-water interface, which can proceed for up to six steps [30].
They attributed the termination of CC to the viscous effect, which may become dominant
as the Reynolds number (Re) of the droplet is sufficiently small, e.g., Re < 20. Blanchette
et al. have investigated the CC of ethanol droplets at the air—ethanol interface, finding
that there exists a critical Ohnesorge number (Oh) for droplets with small bond numbers
(Bo < 0.2), above which total coalescence may happen [31]. Chen et al. have investigated
the CC of water droplets at the interface formed by decane and water-glycerol, and the
results indicate that there exists a maximum Bo number of droplets for CC to occur [32].

Phase 2 Phase 2

Scheme 1. Illustration of a liquid droplet composed of the same liquid as phase 1, sitting at the
liquid-liquid interface formed by two immiscible liquids. The droplet is assumed to have a spherical
shape as its size is substantially small and the effect of gravity is negligible. The radius of the liquid
droplet is denoted as R, and there may exist a thin layer of phase 2 liquid with a thickness of h
between the droplet and the reservoir before the initiation of coalescence.

2. Results and Discussion
2.1. Mechanism of Coalescence Cascade in Interfacial Liquid Droplets

From the previous research, it can be inferred that the CC of a liquid droplet on the
reservoir of the same liquid can be determined by multidimensional parameters, including
time (t), viscosity (1), velocity (v), radius (R), density (p), and surface tension (). The
driving force of the CC process is the mechanical potential of the liquid droplet with
radius R, which possesses an internal pressure AP = 2y/R. The Gibbs free energy of the
system can be written as AG = —2V;;,1/R, where Vi, is the molar volume. The value
of Gibbs free energy may imply the maximum work that can be conducted during the
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CC process; however, the actual CC process may reflect a balance between the viscous,
inertial, and capillary forces, which can be essentially described by ¢, v, 1, p, and R. During
each stage of CC, the flow from the droplet to the reservoir is driven by the formation of a
highly curved liquid bridge with a length of 27trg and a width of w, which can be solved
two-dimensionally [33], as shown in Scheme 2. In the 2D circumstance, the dimensionless
velocity can be written as v = /#, and the corresponding coalescence time f can be written
ast = Ry /7. Assuming the coalescence time of a liquid droplet at the air-liquid interface to
be t and the coalescence time of the same liquid droplet at the liquid-liquid interface to
be t*, there is always * > t since the viscous force of the surrounding fluid exerted on the
droplet surface may remarkably reduce the flow velocity, indicating liquid droplets at the
liquid-liquid interface are intrinsically more stable than the liquid droplets at the air-liquid
interface. However, according to our observation, the interfacial liquid droplets, which rest
at the interface that composed of an upper viscous liquid and a lower liquid the same with
the droplet, are much more stable compared to the existing theoretical prediction.

Scheme 2. Illustration of the two-dimensional geometry of a liquid droplet with a viscosity 771 and a
radius of R in the early stages of the coalescence with a liquid reservoir of the same liquid. The liquid
droplet is sitting at the interface formed by the liquid reservoir and an external liquid with a viscosity
of 175. The liquid bridge that joins the droplet and the reservoir has a radius of g and a width of w.
The line of symmetry is represented by the z-axis.

Specifically speaking, we investigate the CC of a water droplet at the interface formed
by tetradecane (phase 2) and water (phase 1). The water droplet is generated by using a
micropipette, which is subsequently released and deposited onto the tetradecane/water
interface gently from a height of ~3 mm. The CC process of the droplet is recorded by
a high-speed camera. To minimize the viscous and gravity forces, the size of the water
droplet is set at 15 pL, corresponding to a Bo number of ~0.076 and an Oh number of ~0.003,
and a precision of ca. 0.1 pL can be achieved. The radius, Bo number, and Oh number of the
droplet are calculated by using Equation (1), Equation (2) and Equation (3), respectively.
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Both of the Bo and Oh numbers are dimensional-less and are used as indicators of the
importance of surface tension force against gravitational force and viscous force in general
fluidic mechanics, respectively. The Bo number is defined as the ratio of the gravitational
force to the surface tension force, and the Ok number is defined as the ratio of the viscous
force to the surface tension force. Both of the Bo and Oh numbers are important to the
CC process. For a liquid droplet of finite size, the values of its Bo and Oh numbers may
determine whether partial coalescence or total coalescence will occur. For large drops
where the gravitational force is dominant, the Bo number is the major determinant; for
small drops where the viscous force is dominant, the Oh number is the major determinant.

Typical coalescence processes of a 15 puL water droplet at the tetradecane/water
interface are shown in Figure 1. When being cast at the tetradecane/water interface, the
water droplet would rest at the interface as a result of the presence of a thin tetradecane
layer between the bottom of the droplet and the water reservoir (Figure 1a), which is
illustrated in Scheme 1 and can be a few microns thick [34]. The first step of the coalescence
cascade (CC) event initiates with the formation of highly curved liquid meniscuses between
the bottom of the droplet and the water surface, which are also called “liquid bridges”
(Figure 1b). The liquid bridges then drive the drainage of the water droplet into the water
reservoir, resulting in the widening of the meniscuses, which in turn generates capillary
waves converged at the summit of the droplet and can be seen as the small protrusion at
the top of the droplet (Figure 1b). Subsequently, the droplet is stretched upward, forming a
liquid cylinder, while the liquid bridges quickly narrow and vanish (Figure 1c), leaving a
daughter droplet with a smaller size resting at the interface (Figure 1d). In stage 1, it takes
~60 ms for the original water droplet to coalesce and form the daughter droplet. However,
the daughter droplet may repeat the same coalescence process until fully coalescence occurs;
due to the reduced size of the daughter droplet (hence enhanced AP), the coalescence may
proceed in a faster and faster manner (Figure 1: Stage 2 and Stage 3). For example, it takes
~40 ms for stage 2 to complete and ~20 ms for stage 3 to complete. After all, a total of six
stages can be observed; however, details of the rest of the stages are not recorded due to
limited frame rates. Compared to the CC of water droplets at the air-water interface, the CC
of water droplets at the oil-water interface shows three distinct aspects: (i) elliptical shape;
(ii) significantly longer coalescence time; and (iii) no pinch-off. The shape of the 15 pL
water droplet is remarkably deformed from sphericity at the tetradecane/water interface,
forming an elliptical shape at equilibrium (Figure 1a). However, the sphericity of the water
droplet is restored for the daughter droplets (Figure 1e,h). The phenomenon indicates that
the deformation is caused by the under-liquid pressure, as water droplets with smaller
sizes possess higher internal pressure to counterbalance the hydrostatic pressure exerted
by the surrounding fluid (tetradecane). On the other hand, gravity is not the cause of the
deformation, as the small Bo number of the 15 uL water droplet makes it negligible, and
the surrounding tetradecane may assist in counter-balancing gravity [35]. Moreover, it can
be predicted that water droplets with larger sizes may become more elliptical compared to
the smaller ones.

The propagating stages of CC can be readily observed by naked eyes as the 15 uL
water droplet is cast at the tetradecane/water interface (Video S1). However, when a
water droplet with the same volume is cast at the air/water interface, naked eyes can
only observe apparently full coalescence (Video S2). Indeed, the water droplet still goes
through a CC process at the air/water interface, but at a speed much faster than that
at the tetradecane/water interface. It has been reported that the coalescence time of the
first CC stage for water droplets with volumes around 15 pL at the air/water interface is
in the magnitude of a few milliseconds [26]. On the other hand, it may take a few tens
of milliseconds for the first CC stage of a 15 puL water droplet at the tetradecane/water
interface to complete, which is an order of magnitude longer than that at the air/water
interface. The coalescence between a liquid droplet and a liquid reservoir can be described
asymptotically by applying numerical methods to study the length scales and structures
of the liquid bridge formed at the early stage of the coalescence, which was proposed
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by Eggers and coworkers [33]. They concluded that there existed w « r%, and rp can be
described as a function of the coalescence time t as:

(a—1)

rp(t) ~ — tint 4)

27

Stage 2

Stage 3

Figure 1. The first three stages of the coalescence cascade (CC) process of a 15 puL water droplet
at the tetradecane/water interface. The first stage of CC is shown from (a—d), while the second
and third stages are shown from (e—g) and (h,i), respectively. The contours of the coalescing water
droplets are shown in (b,f), where the formation of liquid bridges between the droplet and the
reservoir at the tetradecane/water interface can be readily observed. The time gap between each
frame is 20 ms. Scale bar: 1 mm.

And there is « = 3 when the external fluid obtained a finite viscosity. Based on their
analysis, it can be estimated that the coalescence time of a liquid droplet may increase by a
factor of 4 in the presence of an external fluid with a finite viscosity. However, the coales-
cence time of the water droplet at the tetradecane /water interface would be remarkably
underestimated by using this model, which can be attributed to the underestimation of

« and rp. The fact that w ~ r% does not hold as rg — 0 for any external liquid of finite
viscosity indicates that the Stokes equations cannot describe the asymptotic dynamics
when rp — 0, where the surface tension force must be large enough to counterbalance the
inertial force and initiate the coalescence. To better describe the flow dynamics as rg — 0,
Paulsen et al. proposed a third inertially limited viscous regime between the inertial and
viscous regimes and further formulated the boundary condition of the transition from the
inertially limited viscous regime to the Stokes regime as [36]:

Oh o ]m(%)‘/\/ﬂ ®)

They verified the inertially limited viscous regime both numerically and experimen-
tally, showing that 75 / R should be sufficiently large to induce the inertially limited viscous-
to-Stokes transition, which can be satisfied when Oh >> 1. This theory is coincident with
the experimental results that the coalescence time of a 15 uL water droplet at the tetrade-
cane/water interface is much longer than the coalescence time predicted using Stokes
equations. Moreover, it is observed that the water droplets coalescence at the tetrade-
cane/water interface do not pinch off, which can be attributed to the damping of the
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up-propagating capillary waves from liquid bridges to the top of the droplet by the viscous
and inertial forces of the external tetradecane [23]. The existence of the inertially limited
viscous regime is further evidenced by replacing the water droplet with a viscous droplet.
The viscous droplet is pipetted from a viscous solution containing 0.4% polyethylene gly-
col 400 and 0.3% propylene glycol, and a viscosity of ~12.4 mPa-s and a surface tension of
~40 mN m~! can be obtained at 25 °C. Compared to the viscosity of water (~0.89 mPa-s
at 25 °C), the viscosity of the viscous droplet is one order of magnitude higher. In the
meantime, it is observed that the average resident time of the 15 puL viscous droplets at the
tetradecane/water interface is one order of magnitude higher than the resident time of the
water droplets with the same volume (~2.8 s), which can last for ~25 s before coalescence
(Figure 2a,b). However, as the length of the liquid bridge (rg) grows large enough, the
coalescence of the viscous droplet happens instantaneously, and the total coalescence pro-
cess finishes in 3.7 ms without leaving any trace of daughter droplets. This phenomenon
indicates the transition from the inertially limited viscous regime to the Stokes (viscous)
regime. The abrupt increase in the flow velocity during the transition can be explained
by the cross-over of the phase boundary between the inertially limited viscous regime to
the Stokes regime as rp is sufficiently large, and the creeping flow in the inertially limited
viscous regime would suddenly change to Stokes flow. The velocity scaling in the two
regimes can be properly described by the equations proposed by Paulsen et al. [37]:

3
Ulnertially—limited =~ ‘szr% (6)
r r
Ustates ~ 5 () In(g )| @

Figure 2. Coalescence of a viscous droplet at the tetradecane/water interface. Two distinct stages can
be identified for the coalescence process: (i) The creeping stage, where the liquid bridge is growing
slowly and the droplet is residing at the interface for a long duration without shape deformation,
as shown in (a,b). The time gap between (a) and (b) is ~25 s. (ii) The coalescence stage, where the
droplet suddenly deforms and merges into the water reservoir, leaving no trace of daughter droplets,
as shown from (b—m). Scale bar: 1 mm.

As a result of the relatively high viscosity, the horizontal pull at the tetradecane/water
interface is restricted, and the capillary wave traveling upwards is damped, while the
vertical collapse of the droplet is merely affected, as shown in Figure 2b—-m. In this regard,
no daughter droplets are formed, and the whole coalescence process is completed in a few
milliseconds due to the high velocity of the Stokes flow.
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2.2. Mass Transport in Interfacial Liquid Marbles at the Oil-Water Interface

To investigate the mass transport mechanism of interfacial liquid marbles, a 1 M
ferrous chloride (FeCl,) solution is used as the liquid phase of the marbles. Interfacial
liquid marbles are constructed according to reference [22]. Briefly speaking, 40 mL of
deionized (D.I.) water and 20 mL of tetradecane are subsequently added into a clean
100 mL glass beaker. Bubbles and curved interfaces may form during the mixing process
of the two immiscible liquid phases, which are removed and flattened using a clean glass
rod, and eventually a smooth and flat interface is formed between water and tetradecane.
A 30 or 60 pL droplet of 1 M FeCl, aqueous solution is transferred to the surface of a
hydrophobic polyvinylidene fluoride (PVDF) layer, rolling gently on the layer surface until
the droplet surface is fully covered by the PVDF powders. The PVDF-coated FeCl, liquid
marbles show a white color, which is subsequently transferred to the tetradecane/water
interface. Upon entering tetradecane, the PVDF coating quickly changes to transpar-
ent, making the original yellowish-green color of the FeCl, droplet readily observable
(Figure 3a). Six FeCl, interfacial marbles are laid at the tetradecane-water interface, forming
a triangular array. FeCl, marbles are chosen as the experimental models for investigating
the mass transport mechanisms at the tetradecane-water interface, as they can react with
oxygen molecules and generate reddish brown Fe(OH)s, acting as an indicator of oxygen.
While exposed to the ambient conditions, the FeCl, droplets quickly change their color
from yellowish-green to yellowish-brown within 24 h, and reddish-brown precipitates of
Fe(OH); are readily observed at the bottom of the droplets (Figure Sla,b). Eventually the
FeCl, droplets become dried, leaving reddish brown precipitates (Figure S1c—f).

— o d B—o |
(k) Air-oil interface
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Figure 3. Mass transport phenomena of interfacial liquid marbles at the tetradecane/water interface.
(a—f) Oxidation of an array of FeCl, interfacial liquid marbles at the deoxygenated water/tetradecane
interface in 168 h, images are taken at an interval of 24 h; the color bars below indicate the apparent
colors of the marbles in the above images. Scale bar: 1 cm. (g/h) No liquid transport takes place
between a FeCl, interfacial marble and an APS interfacial marble laid adjacent to each other from
0h (g) to 1.5 (h). (i,j) No liquid transports are observed between a FeCl, marble and the underneath
water phase before (i) and after (j) the addition of 1 M APS aqueous solution into the water phase.
(k) A schematic illustration of the mass transport mechanisms of an interfacial liquid marble at
the oil/water interface. The white layer represents the PVDF coating, red circles represent the gas
molecules, and the arrows indicate the mass-transport directions.
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To evaluate the air permeability at the tetradecane/water interface, FeCl, marbles are
placed at the interface, where the water phase is deoxygenated prior to bubbling argon for
30 min. However, it does not prevent the oxidation of the FeCl, into Fe(OH)s inside the
liquid marbles, as the marbles resting at the interface gradually change their colors from
yellowish-green to brown and eventually reddish brown in 7 days, indicating the supply of
oxygen from tetradecane and the atmosphere (Figure 3a—f). On the other hand, a slower
oxidation process is observed for the FeCl, marbles placed at the interface, where both
tetradecane and water are deoxygenated by bubbling argon (Figure S2), compared to the
control group, where both tetradecane and water are used as received (Figure S3). The mass
transport between interfacial liquid marbles is evaluated by placing a 30 pL FeCl, marble
and a 30 pL ammonium persulfate (APS) marble at the tetradecane/water interface side-
by-side without distorting the original curvature of the marbles (Figure 3g). Solid contacts
are established between the surfaces of the FeCl, and APS marbles, and the contacting
marbles are maintained static at the interface during the experimental observation due to
the presence of the protective coating layer composed of PVDF powders and the adsorbed
tetradecane molecules. The APS marbles are chosen because FeCl, can be readily oxidized
by APS. If there is any mass transport between the APS and FeCl, marbles, the color of
the FeCl, marble would change quickly. No mass transports are observed between the
FeCl, and APS marbles during the experiment (~3.5 h), and the two marbles show no
observable changes during the first 1.5 h (Figure 3h). However, the color of the FeCl,
marble turns quickly yellow upon the injection of 30 uL of 1 M aqueous APS solution, but
the color does not diffuse into the neighboring APS marble (Video S3). To evaluate the
mass transfer between the water reservoir and interfacial liquid marble, a FeCl, marble is
placed at the tetradecane/water interface (Figure 3i), and subsequently 1 mL of 1 M APS is
added into the lower water phase. No transports of APS from the water phase to the FeCl,
marble are observed during the experiment (Figure 3j), except the FeCl, marble gradually
becomes yellow after 3 h (Figure S4), as a result of the diffusion of oxygen molecules from
tetradecane and the atmosphere into the marble.

From the observations of the mass transport experiments, the mechanisms of mass
transport at the tetradecane/water interface can be clearly revealed: gas molecules, e.g., Oy,
can diffuse into the interfacial liquid marbles through Brownian motion; at static conditions,
no liquid transport could take place between two adjacent interfacial liquid marbles, and no
liquid transport could take place between the interfacial liquid marble and the underneath
liquid phase. Moreover, the curvature of liquid marbles may have a significant impact
on the interfacial mass transport process. Providing the Bo number of the marble is small
and the effect of gravity is negligible, the degree of curvature of the marble is inversely
proportional to its radius and size. Therefore, an interfacial liquid marble with a high
curvature may have a small size, thus a high specific surface area. In other words, the high-
curvature marble would have more interfacial area, where water molecules are oriented
in a low-entropy tetrahedral-like structure [38], and the diffusion of molecules and ions
through this water structure is impeded compared to the bulk water [39]. A schematic
illustration of the mass transport mechanisms at the tetradecane/water interface is shown
in Figure 3k.

2.3. Programmable and Versatile Microreactors Using Interfacial Liquid Marbles

Liquid marbles, which are constructed at the air-solid or air-liquid interface, have
found substantial applications in miniaturized microreactors and microbioreactors [40-43],
demonstrating unique features such as high interfacial area [44], oxygen permeability [45],
tunable shell function [46], and stimuli-responsiveness upon applied potential and heat [47].
Compared to liquid marbles, interfacial liquid marbles may obtain extraordinary morphol-
ogy and composition stability, durability, self-assembly, and transparency; the presence
of the upper liquid phase may seal the interfacial liquid marbles with the ambience, pro-
hibiting the evaporation of the encapsulated liquid and lowering the oxygen concentration

56



Molecules 2024, 29, 2986

at the surface of the marbles, making the marbles ideal microreactors for investigating
reduction reactions.

Various reduction reactions can be accomplished by the interfacial liquid marbles,
while state-of-the-art nanomaterials with structural and compositional uniformity can be
obtained. For example, graphene and palladium nanoparticles are obtained by reducing
graphene oxide (GO) and palladium chloride (PdCl,) in interfacial liquid marbles. For the
reduction in GO, a hexagonal marble array consisting of 42 interfacial liquid marbles is
fabricated on a hexane-water interface with an area of 19.5 cm? (Figure 4a). Each marble
contains 10 uL of 3 mg mL~! aqueous GO dispersion. When being cast at the hexane-water
interface, the marbles seek their positions spontaneously, driven by gravity and surface
tension, eventually assembling into an ordered hexagonal array. The reduction reaction is
triggered by adding 0.1 mL of hydrazine monohydrate into the lower water phase, which
generates reducing hydrogen molecules through the following reaction [48]:

HzNNHz — Nz(g) +2H2(g)

Intensity (a.u) @
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Figure 4. Interfacial liquid marbles as microreactors to synthesize nanomaterials with unique charac-
teristics. (a) Formation of a hexagonal array of interfacial liquid marbles at the hexane-water interface
by self-assembly. Each marble contains 10 L of 3 mg mL~! aqueous GO dispersion. (b) A hexagonal
array of Janus marbles containing rGO is formed after a 24 h reduction. (c) Formation of a triangular
array of interfacial liquid marbles at the hexane-water interface through self-assembly. Each marble
contains 10 uL of aqueous 0.1 mg mL~! PdCl, dispersion. (d) Dispersed Pd nanoparticles are formed
inside the marbles after an 18 h static reduction in the ambient conditions. Scale bar: 1 cm. (e-g) The
TEM image, SAED pattern, and XRD spectrum of the as-obtained rGO using interfacial liquid marbles
as the microreactors. The SAED pattern is taken from the red rectangular area in (e). (h) A TEM
image of the Pd nanoparticles obtained from the interfacial liquid marbles showed well-dispersed Pd
nanoparticles on spherical PVDF particles. (i) Magnified TEM image of Pd nanoparticles on PVDF,
showing the coexistence of hexagonal and octahedral nanoparticles. (j) EDX spectrum of the Pd
nanoparticles on PVDE.

The hydrogen gas can permeate into the interfacial liquid marbles and reduce the GO
into rGO (reduced graphene oxide). As shown in Figure 4b, phase separation and formation
of Janus marbles are observed in the interfacial liquid marbles after a 24 h reduction in
the ambient and static conditions. As the hydrophilic functional groups in the GO basal
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planes are replaced by hydrogen during the reduction, the as-obtained rGO becomes
more hydrophobic, which tends to nucleate and aggregate at the surface of the interfacial
liquid marbles, causing the formation of Janus marbles. Moreover, the unique reducing
environment of interfacial liquid marbles can be used to synthesize metallic nanoparticles.
For example, a triangular array containing six interfacial liquid marbles is assembled at the
hexane-water interface (Figure 4c). Each marble contains 10 pL of aqueous 0.1 mg mL~!
PdCl, dispersion, which is subsequently reduced by adding hydrazine monohydrate into
the lower water phase. Interestingly, no phase separations occur in the interfacial liquid
marbles after an 18 h reduction, despite the color of the marbles changing from light
yellow to black, as shown in Figure 4d. However, the absence of phase separation also
indicates a good dispersibility of the as-synthesized metal nanoparticles in the marbles.
rGO nanosheets with the coexistence of oxidized and unoxidized domains and highly
dispersed Pd nanoparticles can be readily obtained using the interfacial liquid marbles
as the microreactors. As shown in Figure 4e, few-layered rGO nanosheets with a planar
and uniform morphology can be obtained using the interfacial liquid marbles. From the
selected area electron diffraction (SAED) pattern in Figure 4f, the sharp spots corresponding
to the 1100-type and 2110-type reflections of single-layer GO sheets can be readily observed
with high contrast, indicating the existence of short-range order in the as-obtained rGO
sheets over the length scale of a few nanometers [49]. On the other hand, the shallower ring
patterns connecting the sharp spots indicate that the rGO sheets are stacking randomly
with respect to each other. The XRD spectrum of the as-obtained rGO sheets shows four
characteristic peaks at 260 = 12.9°, 24.7°, 40.5°, and 60.2°, respectively (Figure 4g). The peak
located at 20 = 12.9° corresponds to the (001) reflection of the hexagonal lattice of GO,
while the peak located at 260 = 24.7° corresponds to the (002) reflection of the hexagonal
lattice of rGO. Compared with ref. [50], the peak position of the (001) reflection of the
as-obtained rGO shifts to higher degrees, while the peak position of the (002) reflection
shifts to lower degrees, indicating a portion of GO is reduced to form rGO, accompanied
by the shrinkage of the lattice structure. On the other hand, the broadening of the (002)
reflection can be attributed to the large interlayer d-spacing of the rGO sheets and the
intralayer micro-strains [51]. Moreover, the splitting of the (10) and (11) reflections of the
graphene-like honeycomb lattice reveals the existence of a heterostructure, where oxidized
and reduced domains with sizes of a few nanometers co-exist in the rGO sheets [52].
Well-dispersed Pd nanoparticles can also be obtained from the interfacial liquid marbles
in ambient conditions without using any surfactants or external energies. As shown in
Figure 4h, Pd nanoparticles dispersed on the surface of the spherical PVDF particles can
be separated from the interfacial liquid marbles after an 18 h reduction process. The TEM
image shown in Figure 4i reveals that both hexahedral and octahedral nanoparticles co-exist
in the products of the reduction reaction, indicating inhomogeneous nucleation and growth
processes of the nanoparticles as compared to the uniform Pd polyhedrons synthesized
using capping agents [53]. The inhomogeneous growth of the Pd nanocrystals in the
interfacial liquid marbles can possibly be attributed to the local hydrophobic interaction
between the PVDF shell layer and Pd’ nuclei, resulting in spontaneous, unregulated
nucleation and inhomogeneous growth by Ostwald ripening. The energy dispersive X-ray
spectrum (EDX) of the nanoparticles (Figure 4j) shows that they are solely composed of
Pd atoms, despite the signals from PVDF and the copper grid (peaks at 8 and 9 keV).
The as-obtained Pd nanoparticles are polycrystalline, as indicated by the ringed SAED
pattern (Figure S5).

3. Materials and Methods
3.1. Materials

Polyvinylidene fluoride (Kyrlar® 761A, Arkema, Shanghai, China), tetradecane (99%,
Rhawn™, Shanghai, China), n-hexane (99%, Acros Organics, Shanghai, China), iron (II)
chloride tetrahydrate (99%, Sinopharm Chemical Reagent, Shanghai, China), palladium
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chloride (99.9%, Alfa Aesar, Shanghai, China), and ammonium persulfate (98%, Sigma
Chemical, Shanghai, China). All chemicals are used as received.

3.2. Coalescence Cascade of Water Droplets at the Tetradecane/Water Interface

Before each measurement, a micropipette (Eppendorf, Shanghai, China, 2-20 pL) is
calibrated to obtain a precision of ca. 0.1 pL. The water droplet is generated by using the
calibrated micropipette, which is subsequently released and deposited onto the tetrade-
cane/water interface gently from a height of ~3 mm. The tetradecane/water interface is
constructed by placing 20 mL of tetradecane on top of 50 mL of D.I. water in a precleaned
glass beaker. The CC process of the droplet is recorded by a high-speed camera with a
frame rate of 4000 frames per second. The temperature of the surrounding environment
is ~20 °C.

3.3. Reduction in Graphene Oxide and Palladium Chloride in Interfacial Liquid Marbles

Graphene oxide is prepared by using a modified Hummers’ method [54]. The as-
obtained graphene oxide powder is weighted and dispersed in D.I. water to make a
3 mg mL~! dispersion. A total of 10 uL of the graphene oxide dispersion is fetched by
using a calibrated micropipette, which is subsequently transferred to the surface of a PVDF
powder layer, rolling gently on the layer until the droplet surface is fully covered by PVDF
and no liquid residues are formed. The liquid marble is then loaded onto a stainless-steel
lab spoon and transferred to the hexane/water interface by gently releasing it from near
the surface of the liquid phase. The liquid marble would head towards the hexane/water
interface under gravity while its surface became transparent due to the formation of
a thin PVDF coating. Multiple liquid marbles can be cast simultaneously, which may
spontaneously self-assemble into ordered patterns at the hexane/water interface, driven
by the interfacial tension. Afterwards, 0.1 mL of hydrazine monohydrate is injected into
the water reservoir to initiate the reduction reaction, which is allowed to proceed for 24 h
at room temperature under static conditions. The reaction is terminated after 24 h, and the
products inside the interfacial liquid marbles are extracted by using medical syringes for
further characterization. The reduction process of PdCl, in the interfacial liquid marbles
is identical to that of graphene oxide, except that (i) the dispersion is obtained by 1 h
sonication and (ii) the reaction time is 18 h.

4. Conclusions

In conclusion, interfacial liquid marbles possess unique internal and external features,
making them promising models and versatile tools for the investigation of different in-
terfacial phenomena. The extremely long life expectancy of the interfacial liquid marbles
originated from the unexpectedly long coalescence time of the liquid droplet at the liquid-
liquid interface, revealing the existence of a third inertially limited viscous regime when
rg — 0. The mass transport from the droplet to the underlying reservoir can be prohibited
by coating the droplet with hydrophobic or amphiphilic particles. While the transport of
liquid mass is prohibited, the interfacial liquid marbles are permeable to gases. Moreover,
the oxygen density at the surface of the interfacial liquid marbles is much lower than that at
the air-liquid interface, making the marbles a green and cost-effective solution for conduct-
ing reduction reactions. After all, the miniaturized, transparent, versatile, and long-lasting
interfacial liquid marbles may find important roles in a wide range of applications, from
fluid physics to microreactors to biomolecular condensates.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules29132986/s1, Figure S1: Oxidation and evaporation of
aqueous FeCl, droplets in the ambient conditions; Figure S2: Oxidation of the FeCl, interfacial liquid
marbles at the deoxygenated tetradecane/water interface; Figure S3: Oxidation of the FeCl, interfacial
liquid marbles at the pristine tetradecane /water interface; Figure S4: Photograph of the FeCl, interfacial
liquid marble sitting at the tetradecane/water interface with the addition of ammonium persulfate;
Figure S5: TEM image and SAED pattern of the as-synthesized Pd nanoparticles. Video S1: Coalescence
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cascade of a 15 puL. water droplet at the tetradecane/water interface; Video S2: Coalescence of a 15 pL
water droplet at the air/water interface; Video S3: Color change of a 30 uL FeCl, marble upon injecting
30 uL 1 M APS solution.
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Abstract: Amidation of lactobionic acid with N,N-dimethylaminopropyltriamine was conducted
to obtain N-(3'-dimethylaminopropyl)-lactamido-3-aminopropane (DDLPD), which was quater-
nized with bromoalkanes of different carbon chain lengths to synthesize double-stranded lactosy-
lamide quaternary ammonium salt N-[N'[3-(lactosylamide)]propyl-N’-alkyl] propyl-N,N-dimethyl-
N-alkylammonium bromide (C,DDLPB, n = 8, 10, 12, 14, 16). The surface activity and the adsorption
and aggregation behaviors of the surfactants were investigated via equilibrium surface tension,
dynamic light scattering, and cryo-electron microscopy measurements in an aqueous solution. The
application properties of the products in terms of wettability, emulsification, foam properties, anti-
static, salt resistance, and bacteriostatic properties were tested. C,DDLPB exhibited a low equilibrium
surface tension of 27.82 mN/m. With an increase in the carbon chain length, the critical micellar
concentration of C,DDLPBD decreased. Cryo-electron microscopy revealed that all products except
CgDDLPB formed stable monolayer, multi-layer, and multi-compartmental vesicle structures in an
aqueous solution. C14DDLPB has the best emulsification performance on soybean oil, with a time of
16.6 min; C14DDLPB has good wetting and spreading properties on polytetrafluoroethylene (PTFE)
when the length of carbon chain is from 8 to 14, and the contact angle can be lowered to 33°~40°;
CnDDLPB has low foam, which is typical of low-foaming products; C¢DDLPB and C1yDDLPB both
show good antistatic properties. CsDDLPB and C14DDLPB have good salt resistance, and C;,DDLPB
has the best antimicrobial property, with the inhibition rate of 99.29% and 95.28% for E. coli and
Gluconococcus aureus, respectively, at a concentration of 350 ppm.

Keywords: surfactant; lactose amide; quaternary ammonium salts; surface activity; vesicle

1. Introduction

Among global environmental issues, carbon emissions have become a key issue that
has received a lot of attention [1,2]. Of particular note is China’s high level of carbon
emissions between 2009 and 2022 [3]. To address this challenge, China made a solemn com-
mitment at the 75th session of the United Nations General Assembly to adopt dual carbon
targets, i.e., carbon peaking and carbon neutrality, as a part of its core carbon reduction
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strategy. Owing to their green, environmentally friendly, and resource-saving characteris-
tics, biobased chemicals are in alignment with the “dual-carbon” policy development; these
chemicals are gradually becoming a new leading industry in the contemporary world of
scientific and technological innovation and economic development. China’s “13th Five-Year
Plan” and “14th Five-Year Plan” also clearly reveal that focus will be placed on the devel-
opment of biobased industries [4]. Biobased chemicals, which are derived from renewable
resources, are bulk chemicals and fine chemicals prepared from biomass as raw materials,
exhibiting several advantages such as carbon reduction and sustainability [5-7]. Biobased
chemicals produce very little waste during their production process, and most of this waste
can be recycled due to their green and healthy characteristics. Their easily degradable
nature also provides an effective way to solve the pollution problem of petroleum-based
plastics [8,9]. Sugars are typical representatives of biomass raw materials and prepared
from natural renewable resources such as starch, exhibiting not only abundant sources
but also cost-effectiveness [10]. The use of sugar groups as hydrophilic groups in surfac-
tants endows them with several advantages: (1) Sugar groups endow surfactants with
considerably good biodegradation performance and toxicological properties. Moreover,
they are mild and non-irritating to the skin and eyes as well as easily biodegradable under
anaerobic and aerobic conditions [11-13]. (2) Sugar groups contain multiple hydroxyl
groups, the oleophobicity and hydrophilicity of which is greater than those of conventional
polyoxyethylene ether surfactants; the oleophobicity of a sec-hydroxyl group is 4.5 times
greater than that of polyethylene oxide. In oil-water systems, sugar-based surfactants
exhibit better interfacial chemistry [14]. (3) Sugar groups exhibit higher resistance to hard
water because they can form complexes with metal ions such as Ca?* to form water-soluble
complex ions. (4) Sugar groups also endow surfactants with insecticidal and herbicidal
or antimicrobial activity [15-17]. Introducing sugar groups into the molecular structure
of cationic surfactants may improve their irritation, toxicity, biodegradability, water sol-
ubility, compatibility, etc. [18]. Various cationic surfactants derived from sugar groups
exhibit advantages, including green characteristics, natural and renewable raw materials,
facile biodegradability, and multifunctionality; these surfactants are also safe and mild for
human body. Therefore, these surfactants have globally attracted considerable research
attention [19-21].

Herein, a double-chain lactide amide quaternary surfactant (C,DDLPB), which com-
bines the advantages of a sugar group, an amide bond, and a cationic surfactant, was
synthesized via the amine ester reaction of lactobionic acid with an alkyl amine and then
quaternized with bromoalkanes (the reaction and synthesis routes are shown in Figure 1),
and the structures of the intermediates and products were characterized via Fourier trans-
form infrared (IR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and
mass spectrometry(MS). In addition, aggregation behavior and application properties of
C,DDLPB were also comprehensively investigated.

OH OH O
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Figure 1. Synthesis roadmap of double-chain lactosamine quaternary ammonium salts (C,DDLPB).
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2. Results and Discussion
2.1. Structure Identification

The chemical structures of the raw materials, synthesized intermediates, and target
compounds were characterized using FTIR, "H NMR, and '3C NMR spectroscopies as well as
other characterization methods. The spectra of all products are in the Supporting Information.

Figure Sla shows the FTIR spectrum of N,N-dimethyldipropylenetriamine. The peak
observed at 2931 cm ™! corresponds to the symmetrical telescopic vibration of C-H of
the methyl group, while the peak observed at 2762 cm~! corresponds to the symmetrical
telescopic vibration of C-H of the methylene group [22]. Figure S1b shows the FTIR
spectrum of lactose. A broad and strong absorption peak observed at 3400-3200 cm !
corresponds to the stretching vibration of the O-H group in lactobionic acid, the absorption
peak observed at 1730 cm ™! corresponds to the stretching vibration of the C=O bond in
lactobionic acid, and the strong peak observed at 1030 cm ™! corresponds to the C-O bond
stretching vibration.

In the spectrum of DDLPD in Figure Slc, absorption peaks corresponding to the O-H
group in lactobionic acid and C-H of N, N-dimethyldipropenyltriamine are observed; the
two strong characteristic absorption peaks observed at 1650 and 1540 cm ! correspond to
the telescopic vibration of the C=0O bond in amide groups and the bending vibration of
N-H, respectively, indicating that amide bonds are generated.

2.2. Electrospray Mass Spectrometry (EMS)

The synthesized glycosylamide quaternary ammonium salt was analyzed via ESI-MS,
and its composition was analyzed and identified according to its molecular weight: the
relative molecular mass of the expected product C1;DDLPB is 916. Figure S16 shows the
ESI-MS spectrum of the target product C;,DDLPB. The quaternary ammonium surfactant
C12DDLPB exhibits an (M-H)* quasimolecular ion peak at 915.35 (m/z). The quasimolecu-
lar ion is relatively stable after losing one electron; Br™~ is bombarded using the positive-ion
mode, and a strong [M-Br]* fragmentation peak is observed at m/z 836.86. The frag-
mentation peak of [M-Br- OH-OH]" is observed at m/z 746.88, the fragmentation peak
of [M-Br-CH30-C,H50,-O-O]* is observed at m/z 612.55, and the fragmentation peak
of [M-Br-CH3;0-C,H50,-OH-OH -H-H]" is observed at m/z 608.85. The m/z values of
the molecular ion peaks of CsDDLPB, C1DDLPB, C14DDLPB, and C14DDLPB are 803.49,
862.51, 974.38, and 1029.45, respectively, which are consistent with the expected molecular
masses of the products (Supplementary Material Figures S14-518) [23].

The combined FTIR spectroscopy, 'H NMR spectroscopy, '>*CNMR spectroscopy, and
ESI-MS results reveal that the double-stranded lactose amide quaternary surfactants are
successfully synthesized.

2.3. Surface Tension

The surface tension of C,,DDLPB was determined using the hanging drop method at
25 °C % 0.1 °C. The surfactant solution was prepared from RO water; the surface tension of
RO water was 72 + 0.3 mN/m. The surface tension versus concentration curve reveals an
inflection point in the concentration, corresponding to the critical micellar concentration
(CMCQ). Before the turning point is reached (Figure 2), a linear relationship between the
increase in the surfactant concentration and the decrease in surface tension is observed,
indicating that the surfactant molecules begin to arrange closely at the interface. After
reaching the CMC, the surface tension remains constant.

65



Molecules 2024, 29, 2749

C,DDLPB

0F ¢ Cy,DDLPB
C,,DDLPB

60 - C,,DDLPB

C,,DDLPB

Surface Tension (mN/m)

o
S
T

0.1 1 10

Concentration (mmol/L)
Figure 2. Surface tension of C,DDLPB in an aqueous solution as a function of concentration.
According to Equations (1)—(3) [24,25], the amount of adsorption at saturation at the

gas/liquid interface (I'max), cross-sectional area per molecule Ay, and surface activity
efficiency pCypg can be estimated:

B 1 oy
Fmax = =5 308nRT <Blgc)T @
1016
Amin - m (2)
pCyy = —logCy, 3)

where vy represents the surface tension, mN/m; T represents the absolute temperature, K;
and R represents the gas constant, 8.314 J/(mol-K). Moreover, the value of n for an ionic
surfactant type 1-1 is considered to be 2, N represents the Avogadro constant, and Cypg
represents the concentration of the surfactant required to reduce the surface tension of
water by 20 mN/m.

CMC/Cy indicates the difficulty and simplicity of the surfactant adsorption and
micellization process. The higher CMC/Cyy, the easier the tendency for the surfactant to
adsorb on the interface than that to form a micelle.

The CMC values of the five double-chain lactose amide quaternary ammonium salts
(C,DDLPB) decrease in the order of CsDDLPB > C1yDDLPB > C1,DDLPB > C14,DDLPB
> C14DDLPB (Figure 3). Their CMC values decrease linearly with the growth of the
hydrophobic carbon chain [26]. This result is attributed to the fact that, when two carbon
chains of the surfactant molecule become longer, the space occupied by the molecules
arranged at the interface is saturated more rapidly. The larger the space occupied by the
two carbon chains of the surfactant molecules, the faster the molecules arranged at the
interface reach saturation; at the same time, the longer the carbon chains, the hydrophobicity
of the hydrocarbon bonds is gradually enhanced, indicating that the separation formed
between the hydrophilic head groups under the action of electrostatic repulsive force is
hindered, rendering a significant promotion effect on the development of aggregates in the
surfactants. The shorter the carbon chain, the lower the surface tension. The surface tension
of the CgDDLPB aqueous solution can be reduced to 27.82 mN/m. The inflection point of
CMC on the curve of the change in the surface tension with the C;sDDLPB concentration is
not extremely clear, which may be attributed to the fact that the two hydrophobic carbon
chains are extremely long and lead to poor solubility and a low surface activity.
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Figure 3. Dynamic surface tensions vs. surface age for 0.01 g/L-2 g/L C,DDDLPB.

With an increase in the length of the carbon chain, I'max decreases (Table 1). When the
carbon chain becomes longer, the obstruction of the molecules to occupy a position in space
increases. The possibility of the dense arrangement of molecules within the unit surface
decreases, and the cross-sectional area Amin per molecule increases. The pCyg value of
C10DDLPB is the highest, indicative of the higher adsorption efficiency at the interface.

Table 1. Surface adsorption and aggregation parameters of C,DDLPB in aqueous solution.

CMC l—‘cmc 1—‘max Amin AGomi AGO
Surfactant (mmol/L) (mN/m) PC20 CMC/Cy (mol-cm—2) (AZ) (K]~m(;171) (KJ.::;lfl)
CsDDLPB 0.333 27.82 4585 12.808 1.890 x 10~10 87.857 —59.96 —64.85
C10DDLPB 0.136 30.27 5.046 15.111 1.675 x 10710 99.15 —62.75 —67.05
C,DDLPB 0.12 36.11 4971 11.215 1.275 x 10~10 130.266  —64.66 —67.74
C14DDLPB 0.106 43.1 4343 2.335 1.198 x 10~10 138.603  —65.33 —67.12
C14DDLPB 0.103 59.09 2.356 0.023 8.365 x 1011 198509 —65.28 —66.81

2.4. Dynamic Surface Tension

Dynamic surface tension can be used to study the adsorption-diffusion kinetics of
surfactants at the air-water interface. In this study, the dynamic surface tension changes in
C10DDLPB were measured in the concentration range of 0.01 g/L-2 g/L by the suspended
droplet method, and the dynamic surface tension of C,DDLPB with five different carbon
chain lengths at a concentration of 1 g/L (25 °C) was measured in detail.

Figure 3 demonstrates the dynamic surface tension curves of C;DDLPB at different
concentrations, from which it can be seen that the surface activity increases with increasing
concentration, and the higher the concentration, the faster the adsorption rate.

Figure 4 demonstrates the surface tension versus surface age plots of C,DDLPB with
different carbon chain lengths at 1 g/L concentration. With the increase in surface age, the
surface tension of each surfactant gradually decreased and finally reached a stable value.
This indicates that the C, DDLPB molecules undergo the process of diffusion-adsorption,
reaching a steady state at the liquid surface. The ability to reduce the surface tension has
a tendency to increase with the decrease in carbon chain length, which may be related
to the fact that the shorter carbon chain molecules are easier to be arranged and form a
compact structure at the interface. However, it is noteworthy that the adsorption rates of
the surfactants increased with decreasing carbon chain length, except for CsDDLPB, for
which this anomaly may be attributed to the shorter hydrophobic chain.
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Figure 4. Dynamic surface tensions vs. surface age for 1 g/L C,DDDLPB.

2.5. Aggregation Behavior in Aqueous Solutions

The aggregation behavior of C,DDLPB at a concentration of 5 g/L in aqueous solution
was observed using cryo-transmission electron microscopy (Cryo-TEM) at a magnification
of 92,000 times, as shown in Figure 5. Except for CsDDLPB, which forms ordinary micelles
with a diameter of approximately 20 nm in an aqueous solution, the other samples form
single-layered, multi-layered, or multi-compartmental vesicle structures, with vesicle
diameters ranging from approximately 100 to 400 nm. Among them, C;DDLPB and
C1,DDLPB formed multi-compartmental vesicles, and C;4DDLPB and C1,DDLPB formed
single-layer vesicle structures. Figure 5b,c and Supporting Information Figure S19b,c show
the cryogenic transmission electron microscopy images of C;)DDLPB samples kept for
1 month and 24 h, respectively. The magnification of the cryo-electron microscope in the
Supporting Information is 45,000 x. With an increase in the time of placing the samples,
more vesicles are formed, indicating that the vesicle-forming system is more stable with
an increase in the sample storage time and that more vesicles are aggregated to form a
multi-compartmental vesicle structure. The results reveal that the vesicle-forming system
is more stable with an increase in the sample storage time.

The appearance of the prepared solutions also reveals that CgDDLPB is a translucent
light gray solution and that C;DDLPB-C4DDLPB is a light blue solution. During vesicle
formation, surfactant molecules aggregate at the water—oil interface and form a closed
structure with hydrophobic chains inside and hydrophilic chains outside. The length of the
hydrophobic chains is critical to the stability of the vesicles. Surfactant molecular structures
with two hydrocarbon chains and large head groups are prone to spontaneous vesicle
formation [27-29]. The molecular structure of the surfactant synthesized herein (C,DDLPB)
is in agreement with such features. However, in case of a short-carbon chain, sufficient
hydrophobic forces cannot be provided to maintain the stability of vesicles, resulting in
the facile rupture of vesicles. In addition, surfactant molecules with a short-carbon chains
exhibit a high degree of expansion in an aqueous solution, indicating that the formation
of tight aggregation structures by these short-carbon chains is difficult and that water
molecules cannot be wrapped effectively to form complete vesicle structures.
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Figure 5. Aggregation behavior of C,DDLPB under cryo-electron microscopy.

The mechanism of C,,DDLPB solution vesicle formation is shown in Figure 6: (1) First,
C,DDLPB surfactant molecules are dissolved in water, and the hydrophilic head interacts
with water molecules and is surrounded by them, which are dispersed in solution as
monomers. (2) Formation of micelles: at the water/oil interface or water/air interface, the
hydrophobic tails of the surfactant molecules interact with the oil or air phase, leading to
the adsorption of the molecules on the interface. Formation of a stable interface: when the
solution concentration reaches the CMC, the active molecules form monolayer micelles [30].
(3) Formation of flexible bilayers: With an increase in the concentration, the micelles begin
to disperse and reorganize into flexible bilayer structures. With an increase in the size of
the molecular films, they begin to inwardly bend spontaneously to form curved structures
to reduce edge energy; this closure can be facilitated by hydrophobic forces between the
hydrophobic tails [31,32]. (4) Unstable vesicles: when the bilayer is completely closed,
small unstable vesicles are formed [33]. (5) Formation of stable large vesicles: Over time,
multiple small vesicles merge with each other to form a stable large vesicle [34,35]. The
ultimate stability of a vesicle depends on the balance between hydrophobic effects and
surface tension. The stronger the interaction force of the hydrophobic tail, the higher the
stability of the vesicle. At the same time, the film formed by surfactant molecules at the
interface can also reduce the surface energy of the system and make the vesicle structure
more stable. C;DDLPB and C;,DDLPB exhibit the best balance of the hydrophobic effect
and surface tension, which are more likely to aggregate on the membrane surface and
induce the neighboring layers to come closer together, leading to the gradual stacking of
the membrane layers to form multi-layer and multi-compartmental structures.

Most cationic surfactants cannot spontaneously form vesicles. Therefore, C,DDLPB
with a long-carbon chain demonstrates good application prospects in slow-release drug car-
riers, template agents, biofilm mimicry, microreactors, and the cosmetic and food industries.
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Figure 6. Schematic diagram of the vesicle formation of C,DDLPB.

Figure 7 shows the particle size distribution of the 5 g/L C,DDLPB sample. C,DDLPB
exhibits a single-peak particle distribution, and the overall particle sizes range from 20 nm
to 1000 nm. The particle sizes of C1sDDLPB and C;1)DDLPB exhibit a narrower distribution
between 50 nm and 400 nm (Figure 7a,d), indicating that the diameters of the formed
aggregates are mainly concentrated in this range. The particle size distribution of the
C14DDLPB solution becomes narrower between 50 nm and 380 nm (Figure 7b), indicating
that the distribution is more concentrated. The particle size distribution shown in Figure 7c
is between 50 nm and 700 nm, which is a wider particle size distribution than those of other
samples, indicating that the size of the formed aggregates is larger. As shown in Figure 7e,
the particle size of this solution is mainly distributed between 20 nm and 80 nm, indicating
that larger aggregates are not formed, which is consistent with the TEM results, and the
system only forms micelles without vesicle formation.
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Figure 7. Particle size distributions of (a) C;sDDLPB, (b) C14DDLPB, (c) C1,DDLPB, (d) C1(DDLPB,
and (e) CgDDLPB.
2.6. Wetting Ability

The changes in contact angles between different concentrations of C,DDLPB and
PTFE over time are illustrated in Figure 8. It is evident from the graph that the contact
angles of C,DDLPB on the surface of PTFE decrease with the increasing concentration.
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Figure 8. The effect of surfactant concentration on the contact angle of PTFE surface: (a) CsDDLPB,
(b) C10DDLPB, (c) C12DDLPB, (d) C14DDLPB, and (e) C16DDLPB.

In this study, CsDDLPB, C;iDDLPB, C;,DDLPB, and C14DDLPB have demonstrated
favorable wetting properties on the PTFE surface, with contact angles reducing to 33°~38°.
Particularly, C¢DDLPB and C;9DDLPB exhibit the ability to reduce the surface tension
of water to 27.82 and 30.27 mN/m, respectively. Conversely, C;cDDLPB shows the least
wetting ability, with a contact angle only decreasing to 78° within 110 s. Its equilibrium
surface tension value is measured at 59 mN/m. These findings suggest that the wetting
effect of CyDDLPB on the PTFE surface is closely associated with its capability to lower
the surface tension of water. Moreover, the impact of hydrophobic chain length in the
hydrophobic group is notable [36,37].

2.7. Emulsifying Ability

The emulsification capacity test results for soybean oil are shown in Figure 9. As
the carbon chain length increases, the emulsification capacity initially increases and then
decreases. Specifically, C14DDLPB exhibits the best emulsification performance with an
emulsification time of 16.6 min, while the emulsification effect is poorest with a carbon
chain length of eight. Furthermore, when the hydrophobic chain length becomes too long,
as in the case of C;,DDLPB, the emulsification ability also weakens. This trend parallels that
observed for the single-chain glucose acylamide quaternary ammonium salt C, DGMAPB
synthesized by our research group [38]. The hydrophobic chain length of C,DDLPB
significantly influences the emulsification capacity of soybean oil. Poor emulsification
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performance is observed with hydrophobic chain lengths of 8 and 16, whereas a moderate
hydrophobic chain length demonstrates good emulsification.
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Figure 9. Emulsification time of soybean oil by surfactants: (a) 1227, (b) 1231, (c) HACC, (d) CsDDLPB,
(e) CloDDLPB, (f) ClzDDLPB, (g) C14DDLPB, and (h) C16DDLPB.

2.8. Foam Properties

The foam performance of C,,DDLPB surfactants in deionized water was evaluated
using the Ross-Miles method, and the results are shown in Figure 10. From the graph,
it is evident that C1,DDLPB surfactant exhibits superior foamability, with a foam height
reaching 67 mm. After 30 s, the foam height decreases by only 1 mm, and there is no
further change in foam height over the subsequent 5 min, indicating excellent foam stability.
However, compared to common anionic surfactants (foam height of >100 mm), it belongs
to the category of low-foaming surfactants. CgDDLPB, C1oDDLPB, and C14,DDLPB initially
exhibit similar foam heights of 25 mm, 25 mm, and 22 mm, respectively, indicating relatively
poor foamability. On the other hand, the foam generated by CgDDLPB and C;,DDLPB
dissipates rapidly, classifying them as low-foaming surfactants overall. These surfactants
hold promise for applications in low-foam detergents and related products.
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Figure 10. Graph of the foam properties of C,DDLPB surfactants.
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2.9. Antistatic Performance

The surface resistivity of polyester fabric before and after treatment was measured
using a high-resistance meter, with the effectiveness of the surfactant’s antistatic properties
evaluated based on the magnitude of the decrease in surface resistivity logarithm values
(Algps). A higher Algps value indicates better antistatic performance. A series of synthe-
sized lactose-based quaternary ammonium salt surfactants and commercially available
antistatic agent, dihydroxyethyl stearylamine nitrate (SN), were tested, and the experi-
mental results are presented in Table 2: at a concentration of 0.35 g/L, SN > CsDDLPB >
C1oDDLPB > C1,DDLPB > C14,DDLPB > C1,DDLPB, with CgDDLPB exhibiting the largest
Algps among the C,DDLPB surfactants, thereby indicating the best antistatic effect. The
antistatic effects of CsDDLPB and C19DDLPB are approaching those of SN. Additionally,
there is a trend of decreasing antistatic performance with increasing carbon chain length
in C,DDLPB.

Table 2. Antistatic properties of C,DDLPB surfactant.

Sample Name Concentration (g/L) Rs/Q) Lg (Rs/QY) Algps

Blank Control 0.35 2.70 x 10713 13.43 0
CgDDLPB 0.35 2.52 x 10710 10.32 3.115
C,0DDLPB 0.35 2.29 x 10710 10.36 3.075
C,DDLPB 0.35 493 x 10712 12.68 0.75
C14DDLPB 0.35 1.99 x 10~ 13 13.2 0.235
C14DDLPB 0.35 2.63 x 10713 13.42 0.01
SN 0.35 3.41 x 10710 10.3 3.13

From Table 2, it can be observed that the maximum adsorption (I'max) of C,DDLPB
decreases with the increase in carbon chain length. Among the synthesized surfactants,
CgDDLPB and C19DDLPB exhibit the highest I'max values, which are 1.890 x 10~° mol-cm ™2
and 1.675 x 107! mol-cm~2, respectively. These results suggest that their antistatic effects
may be related to their adsorption on the fabric surface.

2.10. Salt-Resistant Performance

This study investigated the salt resistance of DDAC and synthesized C,,DDLPB surfac-
tants at different concentrations in various salt environments, as shown in Tables 3-5. When
the concentration of sodium chloride added was 50 g/L, CgDDLPB and C14,DDLPB exhib-
ited transmittance rates of 94.19% and 99.08%, respectively, with excellent transmittance
and no precipitation, indicating good salt resistance. In the presence of 35 g/L sodium
chloride in the C1,DDLPB solution, the transmittance was 93.76%, demonstrating some
degree of salt resistance.

Table 3. Permeability of surfactant solutions with NaCl concentration.

C"“C(eg‘/‘gat“’“ DDAC  CsDDLPB  C;DDLPB  C;;DDLPB  CyDDLPB  CiDDLPB
0 100% 100% 100% 100% 100% 100%
10 precipitates 96.83% precipitates 100% 100% 90.16%
20 precipitates 96.38% precipitates 100% 100% 69.98%
25 precipitates 95.72% precipitates 98.86% 100% precipitates
30 precipitates 95.72% precipitates 98.17% 100% precipitates
35 precipitates 95.06% precipitates 93.76% 99.08% Pprecipitates
40 precipitates 95.06% precipitates 64.57% 99.08% precipitates
45 precipitates 94.62% precipitates  precipitates 99.08% precipitates
50 precipitates 94.19% precipitates  precipitates 99.08% precipitates
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Table 4. Permeability of surfactant solutions with CaCl, concentration.

C°“C(egr/‘£r)a“°“ DDAC CsDDLPB  C;DDLPB  C;,DDLPB Ci,DDLPB  C;sDDLPB
0 100% 100% 100% 100% 100% 100%
10 precipitates 96.83% precipitates 100% 100% 90.16%
20 precipitates 96.38% precipitates 100% 100% 69.98%
25 precipitates 95.72% precipitates 98.86% 100% precipitates
30 precipitates 95.72% precipitates 98.17% 100% precipitates
35 precipitates 95.06% precipitates 93.76% 99.08% precipitates
40 precipitates 95.06% precipitates 64.57% 99.08% precipitates
45 precipitates 94.62% precipitates  precipitates 99.08% precipitates
50 precipitates 94.19% precipitates  precipitates 99.08% precipitates

Table 5. Permeability of surfactant solutions with MgSO, concentration.

C"““("gr/‘ga“““ DDAC  CsDDLPB  CyDDLPB  Cp,DDLPB  CiyDDLPB  C;DDLPB
0 100% 100.00% 100.00% 100.00% 100.00% 100.00%
10 99.77% 99.54% precipitates  precipitates 85.70% precipitates
20 67.92% 99.54% precipitates  precipitates 86.30% precipitates
25 precipitates 99.54% precipitates  precipitates 86.30% precipitates
30 precipitates 99.54% precipitates  precipitates 86.50% precipitates
35 precipitates 99.54% precipitates  precipitates 87.30% precipitates
40 precipitates 99.54% precipitates  precipitates 84.53% precipitates
45 precipitates 99.54% precipitates  precipitates 87.90% precipitates
50 precipitates 99.54% precipitates  precipitates 86.90% precipitates

At a concentration of 50 g/L magnesium sulfate, C¢DDLPB and C14DDLPB maintained
transmittance rates of 99.54% and 86.90%, respectively, indicating strong salt resistance.
In the presence of NaCl, CaCl,, and MgSO,4, CsDDLPB consistently exhibited excellent
salt resistance.

In comparison with DDAC, the series of C,DDLPB synthesized in this study have
lactose-based hydrophilic groups containing numerous hydroxyl groups with strong nega-
tive polarity. Compared to micelles, these groups can readily attract more metal cations,
resulting in a significant reduction in the concentration of unbound counterions in the
solution, thereby hindering the formation of precipitates to some extent.

2.11. Antibacterial Performance

In this study, Gram-positive bacteria (Staphylococcus aureus) and Gram-negative bacte-
ria (Escherichia coli) were used as samples to assess the antibacterial efficacy of C;,DDLPB
and C14DDLPB. Each group selected an appropriate dilution gradient for antibacterial rate
calculation, utilizing the following formula:

C-E

Antibacterial Rate(%) = c X 100% (4)

where C denotes the average bacterial count of the control sample, and E denotes the
average bacterial count of the experimental sample.

Quaternary ammonium salt surfactants carry a positive charge in water, allowing
them to interact with negatively charged microbial surfaces, leading to adsorption and the
formation of small aggregates that adhere to the cell wall. This process inhibits microbial
growth. Additionally, the hydrophobic groups of these surfactants interact with the hy-
drophilic groups of microbial cells, altering the permeability of the cell membrane. This
results in membrane damage and leakage of intracellular substances. Furthermore, the
abundance of positive charges can coagulate and denature proteins within microbial cells,
affecting cell metabolism and achieving disinfection and antibacterial effects [39].

From Tables 6 and 7, it can be observed that at a concentration of 350 ppm, C;,DDLPB
exhibits excellent antibacterial performance against Escherichia coli and Staphylococcus aureus,
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with antibacterial rates reaching 99.29% and 95.28%, respectively. Conversely, C14DDLPB
demonstrates poorer antibacterial efficacy, with antibacterial rates against Escherichia coli
and Staphylococcus aureus at 73.20% and 76.91%, respectively. The antibacterial effect is
more pronounced when the hydrophobic chain length is 12, which aligns with the previous
literature [40]. Therefore, C;;DDLPB holds promise as a novel disinfectant product for
potential applications.

Table 6. Inhibition of Escherichia coli by C;DDLPB and C14,DDLPB.

Dilution Average Antibacterial
Sample Name Sample Number Factor CFU Prorata Value Rate
Escherichia colil 1.00 x 108 2.15 x 1010
Control Group Escherichia coli2 1.00 x 108 243 x 1010 2.26 x 1010 0
Escherichia coli3 1.00 x 108 2.20 x 1010
Escherichia coli C12-1 1.00 x 10° 1.47 x 108
C1,DDLPB Escherichia coli C12-2 1.00 x 106 2.01 x 108 1.60 x 108 99.29%
Escherichia coli C12-3 1.00 x 10° 1.31 x 108
Escherichia coli C14-1 1.00 x 107 4.89 x 10°
C14DDLPB Escherichia coli C14-2 1.00 x 107 6.86 x 10° 6.06 x 10° 73.20%
Escherichia coli C14-3 1.00 x 107 6.42 x 10°

Table 7. Inhibition of Gluconococcus aureus by C;,DDLPB and C14,DDLPB.

Sample Dilution Average Antibacterial
Name Sample Number Factor CFU Prorata Value Rate
Staphylococcus aureusl 1.00 x 107 3.07 x 107
Control 7 9 9
Group Staphylococcus aureus2 1.00 x 10 3.01 x 10 3.06 x 10 0
Staphylococcus aureus3 1.00 x 107 3.10 x 10°
Staphylococcus aureus C12-1 1.00 x 106 1.41 x 108
C1u,DDLPB  Staphylococcus aureus C12-2 1.00 x 10° 1.37 x 108 1.44 x 108 95.28%
Staphylococcus aureus C12-3 1.00 x 10° 1.55 x 108

Staphylococcus aureus C14-1 1.00 x 107 5.40 x 108
C14DDLPB  Staphylococcus aureus C14-2 1.00 x 107 7.50 x 108 7.07 x 108 76.91%
Staphylococcus aureus C14-3 1.00 x 107 8.30 x 10°

3. Experimental
3.1. Materials and Instruments

Lactobionic acid (99%) was purchased from Aldrich, and chemically pure octyl bro-
mide, decyl bromide, dodecyl bromide, tetradecyl bromide, and hexadecyl bromide were
purchased from Shanghai Bohua Biochemical Reagent Co. Ltd., Shanghai, China, and
N,N-dimethyl dipropylenetriamine (99.15%) was purchased from Guangdong Swell River
Chemical Reagent Co. Ltd., Wengjiang, China. Deuterated dimethyl sulfoxide [DMSO]
(99.9%) was purchased from Shanghai McLean Biochemical Technology Co., Shanghai,
China. Didecyldimethylammonium chloride [DDAC] (95%) was purchased from Shanghai
McLean Biochemical Science and Technology Co., Shanghai, China. Dodecyldimethyl-
benzylammonium chloride [1227] (99%) and dodecyltrimethylammonium chloride [1231]
(99%) were purchased from Shanghai McLean Biochemical Science and Technology Co.,
Shanghai, China.

FT-IR spectrometer, model VERTEX 70 (Bruker, Saarbriicken, Germany); nuclear mag-
netic resonance (NMR) instrument, model AVANCE III (Bruker, Germany); electrospray
ionization mass spectrometer, model Q Exactive (Thermofisher, Waltham, MA, USA); vac-
uum drying oven, model DZF-0B (China Yuejin Medical Equipment Co., Ltd., Shanghai,
China); automatic surface tension meter, model KRUSS-Tensiio (KRUSS, Germany); drop
shape analyzer, model DSA25B (KRUSS, Hamburg, Germany); cryogenic transmission
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electron microscopy, model Talos F200C (Thermo Fisher, Waltham, MA, USA); and dy-
namic light scattering instrument, model JEM-1011EX (China Baxter Instruments Co., Ltd.,
Dandong, China), were utilized.

3.2. Synthesis of the Intermediate N-(3'-dimethylaminopropyl)-lactamido-3-aminop-ropane (DDLPD)

Lactobionic acid (0.1 mol) and N,N-dimethyldipropylenetriamine (0.12 mol) were
added to 200 mL of methanol, and the reaction was conducted under reflux conditions for
2 h. After completion of the reaction, the heating was stopped, and the reaction was allowed
to cool. The solvent was evaporated using a rotary evaporator, and the resulting product
was washed thrice with ether to remove the residual N,N-dimethyldipropylenetriamine,
followed by drying under vacuum until a constant weight was obtained, affording the
intermediate DDLPD.

3.3. Synthesis of N-[N’[3-(lactosyl amide) Jpropyl-N"-alkyl]propyl-N,N-dimethyl-N-alkylammonium
Bromide (C,,DDLPB)

First, DDLPD (0.05 mol), bromoalkane (0.15 mol), and 200 mL of anhydrous methanol
were added in a 250 mL three-neck round-bottom flask equipped with a thermometer and
a spherical condenser tube. Second, the reaction was performed under reflux conditions
for 10 h. After completion of the reaction, the heating was stopped, and the reaction was
allowed to cool. The solvent was evaporated using a rotary evaporator, and the product was
washed thrice with ether and dried under vacuum until a constant weight was obtained,
affording the product C,DDLPB.

3.4. Characterization of C,DDLPB

The samples to be tested were tested using a VERTEX 70 Fourier transform infrared
(FTIR) spectral analyzer, and the samples to be tested were pressed with KBr, which was
mixed homogeneously with an appropriate amount of the samples to be tested. The raw
materials N,N-dimethyldipropylenetriamine, lactobionic acid, DDLPD, and C,DDLPB
were scanned in the wavelength range of 500-4000 cm ™!, and the structure of the prod-
ucts was characterized by observing the characteristic peaks of the IR spectra generated
after scanning.

The synthesized products were subjected to 'H-NMR and '*C-NMR measurements
(internal standard was tetramethylsilane (TMS), and solvent was deuterated dimethylsul-
foxide (DMSO)) using an AVANCE III NMR spectrometer, and the molecular structure of
the synthesized compounds was analyzed by NMR spectroscopy:.

The synthesized compounds were detected using Q Exactive electrospray ionization
mass spectrometer and identified and analyzed by ESI-MS spectra.

3.5. Surface Tension

The surface tension of CyDDLPB was determined using a completely automated
surface tension meter (KRUSS-Tensiio type) according to the hanging drop method. The
prepared solutions to be tested with different concentration gradients were allowed to
stand for at least 24 h before the test and then measured after a constant temperature of
20 min was achieved at 25 °C [41].

3.6. Dynamic Surface Tension (DST)

A DSA25B tensiometer (Kriiss Company, Hamburg, Germany) was used at 25.0 £ 0.1 °C
to record dynamic surface tension (DST) data. The effective surface ages were within the
range of 10 ms to 200 s, with an accuracy of £0.01 mN/m.

3.7. Cryogenic Transmission Electron Microscopy (Cryo-TEM)

First, an aliquot of 3.5 puL solution (3.0 mg/mL or 1.0 mg/mL) was applied to glow-
discharged Quantifiol R 2/1 holey carbon grids and blotted for 3 s under a humidity of
100% at 4 °C before being plunged into liquid ethane using a Vitrobot Mark IV (Thermo
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Fisher Scientific, Waltham, MA, USA). The sample structure was immobilized in ice in
a glassy state, and then, the sample attached to the copper mesh was transferred to a
cryogenic transfer sample rod, followed by TEM imaging to observe the morphology of the
5 g/L solution of C,DDLPB during a stationary 2-week period [42].

3.8. Dynamic Light Scattering (DLS)

Reverse osmosis (RO) water was used to prepare 5 g/L of C,DDLPB (n = 8§, 10, 12,
14, and 16) samples for measurement. The configured solution needed to be stable and
homogeneous, and the temperature was set to 25 °C. An appropriate cuvette was selected,
the angle of incident light and other parameters of the instrument were set, the solution
(height of 1-1.5 cm) to be measured was added into the cuvette, and it was placed into the
sample tank to start the measurement [43,44].

3.9. Wettability Study

According to the seated-drop method, the C,,DDLPB solutions of various concentra-
tions were aspirated using a micro-syringe at 25 °C and dropped onto a polytetrafluo-
roethylene (PTFE) film. The contact angle was measured using a contact angle meter, and
photographs were taken, and the contact angle was recorded at 10 s intervals [45].

3.10. Emulsifying Performance

Emulsification performance analysis testing is commonly conducted using the cylinder
method. In a 500 mL iodine flask, 40 mL of the test solution (1.0 g/L) and an equal volume
of edible soybean oil are added. The mixture is vigorously shaken up and down five times,
followed by a 1 min static period. This process is repeated five times. After completing the
aforementioned steps, the mixture is quickly transferred to a 100 mL graduated cylinder,
and timing begins immediately. The timing stops when 10 mL of water appears in the
lower layer. The time taken for this process is recorded. This experiment is repeated five
times to obtain the average value [46].

3.11. Foam Morphology Characterization

According to the Ross—Miles method, the foam performance of C,DDLPB was evalu-
ated. The prepared solution (1 g/L) was placed in a constant-temperature water bath at
(30 £ 0.5) °C for preheating for 30 min. Subsequently, the prepared solution was measured
using a foam analyzer. The foam stability was determined based on the initial foam height
and the subsequent change in foam height over a specified duration [47].

3.12. Antistatic Performance

The antistatic performance can be tested and analyzed according to GB/T 16801-2013.
First, it is necessary to take the fabric finishing agent test solution to pre-treat the polyester
fabric samples. Before and after the fabric samples are pre-treated, the surface resistivity is
measured using a high resistance meter. The antistatic performance of the fabric finishing
agent is evaluated based on the change in surface resistivity or its logarithmic value.

3.13. Salt-Resistant Performance

Prepare a 0.5 g/L solution of the surfactant. Transfer 10 mL of the solution into
a test tube, followed by the addition of varying amounts of salt to create solutions of
different concentrations. Allow the solutions to stand for 24 h. Subsequently, measure the
transmittance of the solutions at 700 nm using a UV-Vis spectrophotometer [48].

3.14. Antibacterial Performance

Prepare a 35% drug stock solution using sterile water and sterilize it by filtration for
subsequent use. Streak the tested Staphylococcus aureus and Escherichia coli on TSA plates
and incubate them overnight at 37 °C until visible colonies appear. Select an appropriate
quantity of colonies and transfer them to 5 mL of TSB liquid medium for incubation
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at a constant temperature of 37 °C for approximately 7 h, or until reaching an OD600
of approximately 0.6. Once the OD600 reaches 0.6 after adjustment with physiological
saline, transfer the culture at a 0.1% ratio to TSB solution and incubate it at 37 °C for
18 h. Following incubation, dilute the treated bacterial suspension with PBS, and apply
100 pL of the diluted suspension onto TSA plates. Incubate the plates at 37 °C for 16 h,
then photograph and count the colonies for quantification. Select an appropriate dilution
gradient from each group for calculating the antibacterial rate.

4. Conclusions

In this study, double-chain lactobionic amide quaternary ammonium salts were syn-
thesized by the amidation of lactobionic acid with N-N-dimethyldipropyltriamine to obtain
glycosylamides, followed by quaternization with bromoalkanes of different chain lengths.
The raw materials, intermediates, and target products were analyzed by Fourier transform
infrared (FTIR) spectroscopy, proton nuclear magnetic resonance (\H NMR) spectroscopy,
(13C NMR) spectroscopy, and electrospray ionization mass spectrometry (ESI-MS). The
results indicated the successful synthesis of the target product. Through measurements
including equilibrium surface tension, dynamic light scattering, and transmission electron
microscopy, the surface activity, adsorption, and aggregation behavior of these compounds
in aqueous solutions were investigated. Additionally, their application properties such as
wetting ability, emulsification capability, foamability, antistatic performance, salt tolerance,
and antibacterial activity were analyzed.

The CMC values of the five double-chain lactose amide quaternary ammonium salts
(ChDDLPB) decreased in the order of CsDDLPB > C1(DDLPB > C;,DDLPB > C4,DDLPB
> C14DDLPB. With the growth of the carbon chain, the CMC of the lactose amide quater-
nary ammonium salts (C,DDLPB) decreased, and the products exhibited a good surface
activity, which can reduce the surface tension of water to 27.82 mN/m. The solutions of
compounds with carbon chain lengths ranging from 8 to 14 demonstrate favorable wetting
and spreading properties on PTFE, with contact angles decreasing to 33°~40°.TEM images
revealed that, except for CsDDLPB, the other products could form stable vesicle systems in
an aqueous solution.

In terms of applications, C14DDLPB exhibits the best emulsification performance on
soybean oil, with a time of 16.6 min. The foaming properties of C,DDLPB are generally low,
characteristic of typical low-foaming products. Both CgDDLPB and C1iDDLPB demon-
strate excellent antistatic properties, comparable to the commonly used antistatic agent SN.
CgDDLPB and C14DDLPB show good salt tolerance to NaCl, CaCl,, and MgSO;, with light
transmittance exceeding 85% at a salt concentration of 50 g/L. Particularly, C;,DDLPB dis-
plays excellent antibacterial activity against Escherichia coli and Staphylococcus aureus, with
inhibition rates reaching 99.29% and 95.28%, respectively, at a concentration of 350 ppm.

Therefore, this product is a novel glucosamine-based cationic surfactant characterized
by low foaming, antibacterial properties, antistatic properties, salt resistance, and the ability
to form stable vesicular systems. It holds promise pertaining to applications in various
fields such as drug delivery carriers, biomimetic membranes, microreactors, daily chemical
industry, and food industry in the future.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ molecules29122749 /51, Figure S1: FT-IR spectra of (a) N-N-
Dimethyldipropyltriamine, (b) Lactobionic Acid, (c) DDLPD; Figure S2: "H-NMR spectra of DDLPD;
Figure S3: 'H-NMR spectra of CsDDLPB ; Figure S4: 'H-NMR spectra of C;9DDLPB ; Figure S5:
TH-NMR spectra of C;,DDLPB ; Figure $6: 'H-NMR spectra of C14DDLPB ; Figure S7: 'H-NMR
spectra of C1sDDLPB; Figure S8: '3C-NMR spectra of DDLPD ; Figure S9: '3C-NMR spectra of
CgDDLPB; Figure S10: 13C-NMR spectra of C1gDDLPB ; Figure S11: 13C-NMR spectra of C;,DDLPB;
Figure S12: 13C-NMR spectra of C14DDLPB ; Figure S13: '>*C-NMR spectra of C;sDDLPB ; Figure S14:
ESI-MS spectra of CsDDLPB ; Figure S15: ESI-MS spectra of C1)DDLPB ; Figure S16: ESI-MS spectra
of C1DDLPB ; Figure S17: ESI-MS spectra of C14,DDLPB; Figure S18: ESI-MS spectra of C;4DDLPB;
Figure S19: cryo-EM spectra of C,DDLPB.
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Abstract: In this work, the dispersive solid phase extraction (dSPE) of melatonin using graphene
(G) mixtures with sepiolite (SEP) and bentonite (BEN) clays as sorbents combined with fluorescence
detection has been investigated. The retention was found to be quantitative for both G/SEP and
G/BEN 4/96 and 10/90 w/w mixtures. G/clay 4/96 w/w mixtures were selected to study the
desorption process since the retention was weaker, thus leading to easier desorption. MeOH and
aqueous solutions of the nonionic surfactant Brij L23 were tested as desorbents. For both clays and an
initial sample volume of 25 mL, a percentage of melatonin recovery close to 100% was obtained using
10 or 25 mL of MeOH as desorbent. Further, using a G/SEP mixture, 25 mL as the initial sample
volume and 5 mL of MeOH or 60 mM Brij L23 solution as the desorbent, recoveries of 98.3% and
90% were attained, respectively. The whole method was applied to herbal tea samples containing
melatonin, and the percentage of agreement with the labeled value was 86.5%. It was also applied
to herbal samples without melatonin by spiking them with two concentrations of this compound,
leading to recoveries of 100 and 102%.

Keywords: melatonin; graphene; clays; dispersive solid phase extraction; fluorescence; surfactant

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine), a derivative of the essential amino acid
tryptophan, is a hormone secreted by the enigmatic pineal gland in response to dark-
ness. It has numerous roles related to circadian rhythm control, and it directly influences
metabolism, the immune system, and the somnus [1]. It has also been proved that mela-
tonin alleviates neurodegenerative illnesses such as Alzheimer’s and Parkinson’s [2] and
has anti-inflammatory effects and anticancer properties [3]. In addition, it is a powerful
antioxidant agent; it can scavenge free radical species (both reactive oxygen species (ROS)
and reactive nitrogen species (RNS)) and stimulate the activity of antioxidant enzymes [4].
Outside the Animal Kingdom, melatonin was first discovered in an alga in 1991 [5]. Since
then, many studies have reported the presence of melatonin in plants in concentrations
ranging from picograms to micrograms per gram of plant [6]. It has also been found in
fruits, including grapes, apples, pineapples, tomatoes, bananas, and cherries [7], in olive
oil, and in beverages such as wine. Given the importance of melatonin, accurate analytical
methods together with suitable extraction protocols to determine it in fruits and plants are
needed. Nonetheless, the analysis of melatonin in these samples is challenging due to the
broad range of concentrations among the different fruit (or plant) types, the difficulty in
choosing the appropriate extraction solvent, and the instability of melatonin owed to its
strong antioxidant capability since it reacts speedily with other food components [4].
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Melatonin can be detected by several methods, including radioimmunoassay (RIA) [8],
enzyme-linked immunosorbent assay (ELISA), gas chromatography-mass spectroscopy
(GS-MS) [9], and high-performance liquid chromatography (HPLC) with an electrochemical
detector (HPLC-ECD) [10], fluorescence detector (HPLC-FD) [11], or coupled to mass
spectrometry (HPLC-MS) [12]. These methods differ in their sensitivity and specificity.
Chromatographic methods have been the most widely used for melatonin determination
in recent years since they offer high sensitivity and excellent detection selectivity. Some
results have been reported when analyzing the same fruit varieties using different detection
methods [10,13]. The concentrations of melatonin found in Montmorency are 12.3 and
13-19ng g~!, and in Balaton Tart Cherries, are 2.03 and 2.9 ng g~ 1.

Also, melatonin shows native fluorescence due to the presence of the indole group
in its chemical structure, which makes it suitable for direct analysis by fluorescence. This
technique has been widely used owing to its high sensitivity and selectivity, easiness, speed-
iness, and low solvent consumption, and has been applied to different types of samples,
such as pharmaceutical preparations and urine [14], biological [15], and food /beverage sam-
ples [16]. In the presence of cyclodextrins, the fluorescence of melatonin is enhanced [17],
while reagents such as 2,3-naphthalenedialdehyde provide a fluorescent product of the
reaction with melatonin, which is measured by absorbance and fluorescence [15]. Other
systems, such as metal-organic frameworks (MOFs) encapsulated into molecularly im-
printed polymers (MIPs) (MOF@MIP), have been utilized for developing a sensor with
luminescence detection [16]. Thus, Zr-based MOF as nanoparticles were incorporated
into the MIP to obtain a composite with the target analyte in its structure (the template).
Upon extraction of the melatonin, a selective material for the molecular recognition of this
compound was obtained.

Due to its low concentration (usually from picograms to micrograms) and serious
matrix interferences in plants, foods, and biological samples, solid-liquid extraction (SLE)
with Nap,COj and diethyl ether has been typically used for the analysis of melatonin by
HPLC in complex matrices. Further, SLE with HCIO, or acetone/methanol followed by
solid phase extraction (SPE) in a C18 cartridge for purification and subsequent measurement
via HPLC and ELISA immunoassay has also been applied [18]. SPE has been applied using
different cartridges and solvents for elution [19]. On the other hand, melatonin in mulberry
leaves has been determined via both SPE and liquid-liquid extraction (LLE) prior to its
quantification by HPLC with fluorescence detection (HPLC-FD) [20]. Other solid phase
extraction modalities have been developed, such as dispersive solid phase extraction
(dSPE), which is based on the addition of a sorbent directly into the analytical solution
followed by shaking, thus favoring the contact between the sorbent and the analytes [21].
Once the dispersion process is completed, the sorbent, with the analytes retained on its
surface, is separated by a mechanical process, such as centrifugation or filtration. The
most important advantage of dSPE is that the contact between the solid sorbent and the
analyte is significantly more efficient than that of the SPE method. After the adsorption
step, an appropriate solvent is needed for the analyte desorption. In this regard, the
proper selection of the sorbent in SPE and dSPE is decisive to attain high selectivity. Many
materials have been tested as sorbents, including MIPs, MOFs, mesoporous silica, and
magnetic nanoparticles [22]. Carbon nanomaterials such as fullerenes, quantum dots
(QDs), carbon nanotubes (CNTs), and graphene (G) have been used as sorbents in sample
pretreatment [23] owed to their high specific surface area for analyte adsorption.

Graphene (G), a 2D carbon nanomaterial, has attracted significant attention due to
its outstanding physical and chemical properties since it was first introduced in 2004 [24].
Its huge specific surface area and high chemical and thermal stability, combined with
its electron-rich and hydrophobic properties, have made graphene an excellent sorbent
for cleaning and preconcentration of target analytes [25]. Furthermore, G can interact
strongly via 7-7t stacking interactions with compounds that contain aromatic rings owed
of its large delocalized 7-electron system. However, it is typically challenging to use
G in this technique since it is an ultra-light material. In addition, it easily experiences
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irreversible aggregation in the packed cartridges during the SPE process, which would lead
to reduced sorption capacity and extraction efficiency [26]. To address the abovementioned
issues, novel approaches have been designed, such as the preparation of G-based magnetic
materials [25] and the immobilization of G on the surface of silica [27].

Nanoclays such as sepiolite (SEP) and bentonite (BEN) are highly porous materials that
have also been used as nanometric sorbents in dSPE. SEP (Si1,MggO30(OH)4(H;0O)4-8H,0)
is a hydrated magnesium silicate with a fibrous morphology, very high aspect ratio, and
good mechanical properties, making it ideal for the development of hybrid materials [28].
Conversely, BEN (Al;H,;NayO135i4) is composed mainly of the clay mineral smectite. Its
structure comprises octahedral sheets of aluminum and tetrahedral sheets of silica, and
it shows a layer-like or tissue-like texture. In previous studies, our research group has
developed methods for the determination of riboflavin, polycyclic aromatic hydrocarbons,
and tryptophan based on dSPE using sepiolite and mixtures of sepiolite and bentonite
clays with graphene as solid sorbents [29-31]. In the present work, G/SEP and G/BEN
mixtures at different weight ratios have been prepared in order to obtain nanomaterials
with different polarities, and they have been used as sorbents for melatonin extraction
prior to their determination by fluorimetry. Methanol, aqueous solutions of hexadecyl
trimethyl ammonium bromide (CTAB) (a cationic surfactant), and polyoxiethylen-23-lauryl
ether (Brij L23) (a nonionic surfactant) were used for melatonin desorption. The developed
method has been successfully applied to the determination of this analyte in herbal tea
samples in a fast and sustainable way.

2. Results and Discussion

The solid phase extraction sorbents used in this work (G/SEP and G/BEN mixtures)
were prepared as described in the experimental section and were characterized by trans-
mission (TEM) and scanning electron microscopy (SEM).

2.1. Electron Microscopy Analysis of Graphene/Clay Mixtures

To obtain information about the surface morphology of sepiolite, bentonite, and their
mixtures with graphene, the samples were observed by SEM and TEM, and representative
micrographs are displayed in Figure 1 and Figure S1, respectively.

BEN 4%G | f) BEN 10%G

Figure 1. TEM images of neat SEP and BEN as well as G/clay mixtures with G percentages of 4 and
10 wt% at a magnification of 10,000x.

Regarding G/BEN mixtures, randomly alternated sheets of both compounds can be
clearly observed. The most rigid platelets correspond to BEN, while the most flexible
and thinnest sheets correspond to G. Also, good interaction between both compounds is
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suggested. In the mixture with 4 wt% G (Figure 1d), most of the flakes show diameters
smaller than 30 nm since graphene intercalates within the bentonite lamellar structure,
inducing the exfoliation of the flakes. The mixture with 10 wt% G (Figure 1f) shows less
dense and more flexible structures, with many graphene sheets wrapping around the
bentonite flakes, which are even thinner.

In the TEM image of pristine SEP, smooth, thin, rigid fibers can be observed (Figure 1a).
They are aggregated in needles typically 50-100 nm in thickness. On the other hand, the
TEM micrograph of neat BEN shows numerous rigid and quasi-spherical-shaped dark
flakes (Figure 1b). Upon mixing with graphene, the sepiolite fiber bundles become thinner
(Figure 1c,e), which is in agreement with the observations from the SEM analysis. Similarly,
the bentonite flakes are more separated in the presence of graphene (Figure 1d,f), though
in this case, it is more difficult to observe the graphene flakes since they are much lighter.
Overall, microscopic observations reveal a uniform dispersion of both graphene and clay
in the mixtures, thereby increasing their specific surface area, which is advantageous for
application as sorbents in dSPE.

In the SEM images, pristine SEP fibers show a needle-like morphology, with sizes of
40-70 nm in diameter and >1 um in length, Figure Sla. The fibers formed bundles-like
aggregates by surface interaction between the hydroxyls (silanol groups, Si-OH) located at
their external surface. Conversely, bentonite shows a lamellar structure composed of rigid
individual nanoplatelets with thicknesses ranging from 30 to 50 nm (Figure S1b).

The images of the G/SEP mixtures show the graphene nanosheets randomly in-
tercalated within the sepiolite nanofibers, suggesting a good interaction between both
compounds. In the mixture with 4 wt% G (Figure Slc), the SEP nanofibers show diameters
in the range of 30-50 nm, hence appear more separated than in pristine sepiolite due to
the presence of graphene that inserts within the fiber aggregates and causes a debundling.
This effect is even more pronounced in the sample with 10 wt% G (Figure Sle), in which
more graphene flakes and fewer sepiolite fibers can be observed, and the fibers are much
more separated.

2.2. Analysis of Melatonin in Different Media by Fluorescence
2.2.1. Fluorescence Spectra of Melatonin in Different Media

The fluorescence spectra of melatonin were recorded in different media, such as
ultrapure water, for measuring the retention percentage and in methanol, sodium dodecyl
sulfate (SDS), Brij L23, and CTAB as possible desorbents. Fluorescence contour graphs were
obtained for a melatonin concentration of 80 ug L~!. The maximum excitation wavelength
of melatonin is 280 nm for all the media studied, but the maximum emission wavelength
depends on the medium. Figure 2 shows the fluorescence contour graphs of melatonin in
the different media, namely water, methanol, and aqueous solutions of surfactants (SDS,
CTAB, and Brij L23) at a concentration of 20 mM, which is above their critical micelle
concentration (CMC).

As can be observed in Figure 2, the emission wavelength of melatonin in water is
358 nm, about 20 nm higher than that found in methanol (337 nm). This shift in the
wavelength is attributed to the different polarity of the solvents. The higher polarity of
water results in a higher emission wavelength due to the more polar microenvironment of
melatonin in this solvent. The dipole moment of a fluorophore in the excited state is larger
than in the ground state. Following excitation, the solvent dipoles can reorient or relax
around the molecule dipole, which lowers the energy of the excited state. As the solvent
polarity is increased, this effect becomes larger, resulting in emission at lower energies
or longer wavelengths [32]. In the presence of surfactants, the fluorescence intensity
changes depending on the interaction with micellar aggregates [33]. When the polarity
of the molecule is low, it is highly soluble in the micelle aggregates, which results in
a higher fluorescence intensity as occurs for pyridoxine and riboflavin and fat-soluble
vitamins [34,35]. In the surfactant solutions, the emission wavelength of melatonin is
between those of water and methanol, attributed to the interaction of melatonin with the
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aqueous micelles that leads to a more hydrophobic microenvironment than in water, but
less than in methanol. Regarding the fluorescence intensity, the maximum value is observed
in Brij L23 aqueous solution, followed by CTAB and methanol, while the minimum is found
in water.
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Figure 2. Fluorescence contour graphs of melatonin in water, methanol, and 20 mM aqueous solutions
of SDS, CTAB, and Brij L23.

Given that the strongest fluorescence intensity of melatonin is achieved in the nonionic
surfactant Brij L23, this medium was chosen to study the influence of the solvent concentra-
tion since the maximum fluorescence intensity (F) increases with increasing concentration.
The fluorescence contour graphs of melatonin in 40, 60, and 80 mM Brij L23 are shown in
Figure S2. As depicted in the figure, all the spectra are very similar, with a slight increase
in F upon increasing surfactant concentration.

The fluorescence intensity of melatonin 80 ug L~! was recorded in 1 and 20 mM SDS,
in 0.5,1, 5, 10, and 20 mM CTAB, as well as in 0.05, 1, 5, 10, 20, 30, 40, 60, and 80 mM Brij
L23. The excitation and emission wavelengths remain constant for all the concentrations of
each surfactant. Figure 3 shows the change in melatonin fluorescence as a function of the
surfactant concentration for excitation/emission wavelengths of 280/343 nm.

Regarding Brij L23, F rises by a factor of 1.98 from the value in the water solution
([Brij L23] = 0) up to a concentration of 20 mM and increases slightly at higher surfactant
concentrations. In the case of CTAB, it continuously grows with increasing concentration,
showing a 1.55-fold increase at a concentration of 20 mM. It is important to note that the
CMC of Brij L23 is 0.09 mM while that of CTAB is about 10 times higher; therefore, the F
value increases for both surfactants above the CMC. The fluorescence intensity of melatonin
is significantly higher in Brij L23 solutions than in CTAB and SDS. The anionic surfactant
leads to lower F values. Hence, it was discarded as desorbent in the following stages of
this study.
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Figure 3. Change in the fluorescence intensity of melatonin as a function of the SDS, CTAB, and Brij
L23 concentration. Aexc/Aem = 280/343 nm.

2.2.2. Analytical Characteristics of Melatonin Analysis in Water and Desorbents

The analytical characteristics of the fluorescence analysis of melatonin were investi-
gated in water to determine the retention of melatonin in the G/C solids as the difference
between the initial concentration and that in the supernatant after the retention process. For
this purpose, four calibration curves were carried out using the external standard method.
Table 1 shows the sensitivity, limit of detection, limit of quantification, robustness, and
reproducibility.

Table 1. Analytical characteristics of the fluorescence determination of melatonin in methanol and

Brij L23.
Water MeOH Brij L23 60 mM Brij L23 80 mM

Linear range, pg L1 12-215 11-215 12-220 13-220

r 0.9996 0.9997 0.9996 0.9995
Sensitivity, L ug ™! 2.35 3.61 3.78 3.89

Limit of detection (LOD), pg L1 442 32408 35+04 39+05

Limit of quantification (LOQ), pg L1 12+3 11+3 12+1 13+2
Robustness, %RSD (n = 4) 5.27 8.02 1.45 2.76
Reproducibility, %RSD (1 = 4) 80 pg L1 4.15 3.24 3.10 1.58
Reproducibility, %RSD (1 = 4) 120 ug L1 3.05 3.88 3.45 1.81

Prior to determining the accurate recovery percentage of melatonin with the chosen
desorbents (MeOH and Brij L23 solutions), the analytical characteristics of the fluorescence
analysis in these media (MeOH and 60 and 80 mM Brij L23) were also determined and are
shown in Table 1.

The sensitivity was found to be higher in 80 mM Brij L23, which is in agreement with
the fluorescence contour graphs. For the three media, the limit of quantification is very
low, ranging between 11 and 13 pg L~!. The robustness is systematically lower than 10%
and lower than 5% for the two concentrations of Brij L23. Overall, the good analytical
characteristics of the method corroborate its suitability for the analysis of melatonin.

A very good sensitivity and a low quantification limit have been obtained, allowing
to determine melatonin concentrations higher than 12 ug L. Further, the robustness is
acceptable (around 5% RSD).
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2.3. Retention of Melatonin in Graphene/Clay Solid Mixtures

Melatonin retention was studied in two G/clay mixtures (4/96 and 10/90 w/w). Its
initial concentration in aqueous medium was set as 80 pg L~!. The retention was found to
be quantitative for both clays (SEP and BEN) combined with G (4/96 and 10/90 w/w).

The desorption of melatonin could be carried out using the two mixtures prepared
herein since both show a retention percentage of 100%. However, the desorption is easier
with the 4/96 w/w mixture since the retention is weaker due to its higher polarity. Therefore,
this solid mixture was chosen to investigate the desorption process.

2.4. Desorption of Melatonin from Graphene/Clay 4/96 w/w Mixture with Different Desorbents

Melatonin desorption after retention in the 4/96 w/w mixture was carried out using
three different media as desorbents: methanol (an organic solvent) as well as aqueous
solutions of the cationic surfactant CTAB and the nonionic surfactant Brij L23. Both sepiolite
and bentonite clays were used to prepare the solid mixture. The percentage of recovery
was calculated by comparing the fluorescence intensity of melatonin in each desorbent
with that measured initially (prior to the extraction process).

2.4.1. Desorption with CTAB

Two CTAB solutions (10 and 20 mM) were used for the desorption of melatonin
(80 ug L1), and a recovery of 73% was attained for both concentrations in duplicate.
Thus, the amount of melatonin desorbed from the solids hardly changes with increasing
surfactant concentration. In addition, CTAB solutions are difficult to prepare due to solid
precipitation below 20 °C.

2.4.2. Desorption with Brij L23

In order to study the potential of Brij L23 as a desorbent for melatonin, three different
concentrations of this surfactant were tested (40, 60, and 80 mM), and the recoveries
obtained are shown in Figure 4. The highest recovery (98.5%) was attained from the mixture
comprising sepiolite clay using 60 mM Brij L23 as a desorbent. Thus, this surfactant solution
has been chosen for the following experiments. Nonetheless, it should be noted that the
recovery from mixtures comprising either SEP or BEN was also high (about 84.3%) for a
surfactant concentration of 80 mM.

OG/SEP 4/96
OGI/BEN 4/96

100
90
80
70
60
50
40
30
20
10

% RECOVERY

40 mM 60 mM 80 mM
[Brij L23], mM

Figure 4. Percentage of melatonin recovery from G/clay (4/96 w/w) mixtures using different
concentrations of Brij L23 as desorbent.

2.4.3. Desorption with Methanol

The fluorescence intensity of melatonin in MeOH is slightly lower than that in Brij
L23, though it is also high. The ability of this organic solvent to recover compounds in SPE
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is very useful due to its intermediate polarity; hence, the desorption with this solvent was
carried out and compared with the surfactant solutions. The recovery was quantitative for
both G/SEP and G/BEN (4/96 w/w) mixtures using an initial and final solvent volume of
25mL.

2.4.4. Comparison of the Extraction Recovery with MeOH, CTAB and Brij L23

The different media used for melatonin desorption were compared. The highest
recovery attained for CTAB solutions (10 and 20 mM) was 73%, irrespective of the surfactant
concentration. Further, as mentioned above, the recoveries were lower than those obtained
with MeOH and Brij L23; hence, CTAB solutions were discarded as desorbents.

Both Brij L23 aqueous solutions and MeOH provide excellent recoveries, up to 98.3%,
using 25 mL of desorbent. With the aim to preconcentrate the melatonin in the desorbent,
lower volumes of MeOH were used. Figure 5a shows the recoveries from graphene mixtures
with both clays, sepiolite, and bentonite, obtained with 25, 10, 5, and 2 mL of MeOH as
desorbent. As can be observed, melatonin can be preconcentrated with the extraction
process up to 5 and 2.5 times using sepiolite and bentonite mixtures, respectively.
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Figure 5. Percentage of melatonin recovery from G/clay 4/96 w/w mixtures using different volumes
of MeOH as desorbent in sepiolite and bentonite (a) and using different volumes of MeOH and Brij
L23 60 mM (b). Initial sample volume of 25 mL.

In the desorption process, for MeOH volumes lower than 5 mL, the percentage of
melatonin recovery decreases to 76% and 45% using 2 mL of SEP and BEN mixtures,
respectively. A very high recovery (98.3%) from G/SEP (4/96 w/w) mixture has been
attained using 5 mL of MeOH as desorbent, which implies a preconcentration factor of 5.

The percentage of recovery for different volumes (25, 10, 5, and 2 mL) of 60 mM
Brij L23 solution as desorbent was comparatively analyzed (Figure 5b). For this purpose,
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G/SEP 4/96 w/w was also selected since this clay systematically provides better results
than BEN. The recovery decreased slightly upon decreasing the desorbent volume to 78%
for 2 mL. The comparison of the recoveries obtained for different volumes of MeOH or
60 mM Brij L23 as desorbents, using G/SEP 4/96 w/w mixture, is shown in Figure 5b.

The recoveries were high and quite similar for both desorbents. Since methanol is
more dangerous than Brij L23, and the surfactant solutions are prepared in water, the most
sustainable solvent, these were chosen to carry out the desorption process.

When the desorption volume decreased, the capacity of the desorbent remained
unchanged up to a volume at which it could not desorb because of the impossibility of
interacting with the molecules retained in the solid. Hence, it cannot solubilize the retained
molecules. The process is a sum of different equilibria. On the one hand the interactions
between melatonin and G/clay via 7-7t stacking between the aromatic rings and H-bond
formation must be broken because of the stronger interaction between the desorbent and
melatonin. In this regard, a higher desorption volume can solubilize the melatonin better
(it gives a lower concentration), but in an analytical process, it is interesting to decrease the
desorption volume in order to increase the preconcentration factor. Therefore, the influence
of the desorption volume was studied, and the one that led to the lowest volume combined
with the highest recovery was chosen. The best results were obtained for 25 mL of a sample
volume in a G/SEP 4/96 w/w mixture as sorbent and 5 mL of 60 mM Brij L.23 solution
as desorbent. Hence, these were chosen as the optimal conditions for carrying out the
experiments with real samples.

2.5. Analysis of Melatonin in Herbal Tea Samples

Melatonin content in herbal tea samples cannot be directly measured by fluorescence
in aqueous solutions due to the interferences of the matrix. Therefore, the dSPE developed
a method using a G/SEP (4/96 w/w) mixture as sorbent needs to be applied to efficiently
separate the melatonin from the matrix prior to the fluorescence analysis. The results from
the dSPE extraction combined with fluorescence measurement have been compared with
those obtained with the dSPE method combined with a reference method (HPLC). This
method was chosen as a reference since it can separate melatonin from other extracted
compounds and determine its concentration, though it consumes high amounts of organic
solvents such as methanol, which is not environmentally friendly.

Melatonin levels in the herbal samples were too high when an entire tea bag was used.
Therefore, 8 mg of herbal tea bags were weighed and subsequently prepared as described
in the experimental section. The limit of quantification calculated in the solid sample
prepared in this way was found to be 0.4 mg g~ !. The results obtained for both methods
were compared. The standard deviations compared by the F test are statistically equal for
a 95% confidence level (F = 0.63). For equal standard deviations, the comparison of the
means using the Student’s f-test demonstrates the absence of statistical differences between
them for the same confidence level and a p-value of 0.35. The amount of melatonin found
in the herbal tea samples via fluorescence in the liquid extract is 50 + 9 ug L1, which
corresponds to 1.6 & 0.3 ug g~ ! in the solid sample and is 44 + 7 pg L~ through HPLC,
which corresponds to 1.4 4+ 0.2 ug g~ . The amount labeled is 1.85 ug g~ !. Therefore,
the percentage of recovery using the fluorescence method considering the labeled value
is 86.5%, which can be regarded as very high, taking into account the inhomogeneity of
the sample.

Fluorescence measurements are faster, cheaper, and more environmentally friendly
than HPLC. Hence, the developed method is a good alternative to determinate melatonin
in real samples.

Another herbal tea sample without melatonin was chosen in order to demonstrate
the accuracy of the developed method. This sample was spiked with two melatonin
concentrations (8 and 10 ug L~1) below the LOQ of the fluorescence method (13 ug L.
In this solid sample, from 5 mg of the sample extracted with 250 mL of water, the LOQ is

0.63mg g 1.
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The dSPE process combined with fluorescence allows the quantification of low levels
of melatonin thanks to the desorption and preconcentration step using 10 mL of 60 mM
Brij L23. To check for reproducibility, the experiments were carried out in quadruplicate on
different days. For both spiked concentrations, the reproducibility is 5.0 and 5.9 as RSD
for 8 and 10 pg L~ !, respectively, which demonstrates the good precision of the developed
method. The melatonin concentration found for the two concentrations added and the
percentage of recovery using the whole method of analysis (ASPE extraction combined with
fluorescence) is shown in Table 2. Results demonstrate the high accuracy of the method
since the recovery is very high (100 and 102% for spiked concentrations of 8 and 10 ug L1,
respectively).

Table 2. Melatonin concentration in herbal tea samples spiked with two concentrations below the
LOQ of the fluorescence method, obtained using 60 mM Brij L23 as desorbent (1 = 4).

[MEL] Added, ng L1 [MEL] Found, pg L1 % Recovery
8.0 8.0£04 100
10.0 10.2 £ 0.6 102

In these conditions (sample mass and water volume for SLE), the whole method can
accurately determine melatonin as it has been explained above, but higher sample mass or
lower water volumes may make it difficult to determine.

3. Materials and Methods
3.1. Reagents and Chemicals

Sepiolite (Mg4(SigO15)(OH),-6H,O, purity > 95%), a hydrated magnesium silicate
with a very large surface area (close to 300 m? g~!) comprising 60.2 wt% SiO5, 26.1%
MgO, 1.7% Al,O3, and minor amounts of Fe,O3, CaO, NayO, and K,O, was provided by
Sepiol SA (Azuqueca de Henares, Spain). Few high-purity graphene layers in powder
form, with a layer thickness smaller than 2 nm, a surface area close to 500 m? g_l, and
a low oxygen content (<5 wt%), were supplied by Avanzare Innovacion Tecnoldgica,
SL (Logrofo, Spain). Melatonin (C13H14N»O,, purity > 98%, My, = 2323 g mol~1) and
hexadecyltrimethylammonium bromide (CTAB), with a formula of C19H4pBrN, critical
micelle concentration of 0.9 mM and My, of 364.5 g mol~! were purchased from Merck
(Darmstadt, Germany). Polyoxyethylene-23-lauryl ether (Brij L23) with a formula of
C12Hp5(OCH,CH3)230H, critical micelle concentration of 91 uM and My, 0of 1198.6 g mol 1)
and sodium dodecylsulfate (SDS), with a formula of C1,H,50,SNa, M, of 288.4 g mol *,
and critical micelle concentration of 8.3 mM) were provided by Sigma (Madrid, Spain).
Methanol (CH;OH) with a density of 0.79 g cm 2 and M, of 32.04 g mol ! was provided
by Scharlau (Barcelona, Spain). All the reagents were of high purity grade and used as
received. Aqueous solutions were prepared in ultrapure water obtained from a Milli-Q
system (Millipore, Milford, MA, USA). A stock solution of melatonin with a concentration
of 20 mg L~! was initially prepared, and the subsequent solutions were obtained by dilution
and then stored in the dark at 4 °C. Herbal tea samples were obtained from a local store
(Alcala de Henares, Spain).

3.2. Instrumentation

Fluorescence spectra were obtained with an LS-50B fluorescence spectrophotome-
ter (Perkin-Elmer, Hopkinton, MA, USA) incorporating a Xe lamp and thermostatised at
25 £+ 1 °C with a Braun Thermomix BU bath (Analytical Instruments LLC, Minneapolis,
MN, USA). For the measurements, quartz cuvettes with a conventional 1 cm path length
were used at a speed of 500 nm min~!. The thickness of the excitation and emission slits
was 5 nm, and FLWin Lab software was used for data treatment. A chromatographic
system incorporating a Flexar binary LC Pump (PerkinElmer, Hopkinton, MA, USA)
with vacuum degasification, a manual Rheodyne injection valve, 6-port, with a loop of
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20 pL, and a Jet-Stream Plus thermostatic column (Knauer, Berlin, Germany), combined
with a programmable fluorescence detector (Perkin-Elmer, Hopkinton, MA, USA) was
used to perform the reverse-phase high-performance liquid chromatography (RP-HPLC)
measurements. Chromatographic data acquisition and treatment were performed with
TotalChrom WS software version 6.3.2 (Perkin-Elmer, Hopkinton, MA, USA). The ana-
lytical column, with dimensions of 5 pm, 150 x 4.6 mm, was a Chromaphase RP-18 pro-
vided by Scharlab (Barcelona, Spain). Measurements were performed using MeOH/H,O
50/50 v/v as the mobile phase at 25 °C and a flow rate of I mL min~!. The peak of melatonin
was observed without any interference at a retention time of 3.5 min. pH measurements
were performed using an InoLab pH meter (Mexico DF, Mexico). The mixtures were
shaken with a mechanical stirrer (Selecta, Barcelona, Spain) and subsequently centrifuged
with a refrigerated centrifuge (Digicen, Ortoalresa, Madrid, Spain). A UP400S ultrasonic
probe (Hielscher Ultrasonics GmbH, Teltow, Germany), integrating a titanium sonotrode
(¢ =3 mm; 1 = 100 mm) was used for sample ultrasonication. Transmission electron mi-
croscopy (TEM) micrographs at an amplification of 50,000 x were obtained with a Zeiss
EM-10 C microscope (Oberkochen, Germany) working at an acceleration voltage of 60 kV.
Scanning electron microscopy (SEM) images at an amplification of 20,000 x were acquired
with a Zeiss DSM-950 microscope (Oberkochen, Germany), working at 15.0 kV. Statgraphics
Centurion program, version XVII 17.0.16, was used for statistical analysis of the images.

3.3. Experimental Procedure
3.3.1. Preparation of Graphene/Clay Mixtures

In order to attain materials with different polarities, several graphene/clay (G/C) mix-
tures (4/96 and 10/90 w/w, 100 mg) were prepared by weighing the necessary amounts of
both solids and mixing them in 50 mL of distilled water. To attain homogenous dispersions,
the mixtures were then subjected to sonication for 10 min with an ultrasonic probe at a
power of 160 W, centrifuged for 5 min at a speed of 2598 g, and filtered with a cellulose
filter (o = 0.45 um). The resulting solids were finally dried under ambient conditions and
stored for the subsequent extractions. A diagram showing the entire procedure for the
synthesis of the graphene/clay mixtures is shown in Figure S3.

3.3.2. Scanning and Transmission Electron Microscopies

Both the raw clays and the different graphene/clay mixtures mentioned above were
analyzed by transmission electron microscopy (TEM) and scanning electron microscopy
(SEM). Regarding TEM analysis, a small amount of the solid sample was pulverized and
suspended in water. Then, a drop of the dispersion was placed onto a cooper grid with
carbon formvar and dried under ambient conditions afterward. With regard to SEM
analysis, the pulverized samples were fixed onto a metallic sample holder with double-
sided tape and then covered with a thin film of gold to prevent charging upon irradiation.

3.3.3. Fluorescence Analysis of Melatonin Aqueous Solutions

Fluorescence contour graphs on melatonin (MEL) aqueous solutions with a concen-
tration of 80 pg L~! were registered to assess the fluorescence intensity (F) as well as
the maximum excitation and emission wavelengths. MEL spectra were also registered in
methanol and in aqueous solutions of CTAB and Brij L23 surfactants, which were explored
as desorbing agents. The calibration curves in all the indicated media were recorded at
the maximum excitation and emission wavelengths. The external standard method was
applied to validate the developed methodology. The sensitivity, limit of detection (LOD),
limit of quantification (LOQ), robustness, linear range, and precision of the method using
Brij L23 and MeOH as desorbing agents were assessed using just the fluorescence method
as well as together with the dSPE process. The sensitivity was obtained from the calibration
curve as the ratio of the change in the concentration to the change in the fluorescence
intensity. The LOQ and LOD were calculated as the concentration matching the intercept
plus ten or three times the standard deviation of the intercept, respectively. The robustness
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was calculated as the relative standard deviation of the slopes of the calibration curve
obtained on four different days. The intra-day precision (repeatability) and inter-day preci-
sion (reproducibility) were estimated, respectively, as the relative standard deviation of
four measurements carried out within the same day or on different days.

3.3.4. Extraction of Melatonin Using Graphene/Clay Mixtures as Sorbents

The extraction of MEL was first carried out by mixing 10 mg of the graphene/clay
solid mixture with 25 mL of a melatonin solution at a concentration of 80 pg L=!. The
mixture was agitated for 15 min and then centrifuged at a speed of 2598 g for the same
period. Upon elimination of the supernatant, fluorescence measurements were performed
at excitation and emission wavelengths of 280 and 340 nm, respectively. The retained MEL
was calculated as the difference between the final and the first concentration measured.
After solid isolation, the tube containing the solid was mixed with 25 mL of the solution
containing the desorbing agent (MeOH, CTAB, or Brij L23), agitated for 15 min, and finally
centrifuged under the identical conditions to those mentioned for the extraction stage.
The desorption volume varied from 25 mL to 5 mL with MeOH and Brij L23, respectively.
Finally, the supernatant was measured by fluorescence at the indicated excitation and
emission wavelengths.

3.3.5. Melatonin Extraction and Determination in Real Samples

Melatonin concentration in herbal tea samples was determined by fluorescence mea-
surements after the dSPE process, and the results were compared with a reference method
(HPLC). 8 mg of the herbal tea bags were treated with 100 mL of ultrapure water and
heated for 10 min at the boiling point. The solution was filtered, and the dSPE method was
applied using 25 mL as sample volume with 5 mL of desorption volume (preconcentration
factor of 5). The supernatant obtained was separated and measured by fluorescence and
HPLC. The results from both methods were compared by a statistical t-test comparison.

Another herbal tea sample without melatonin was spiked with low concentrations
of the analyte. In total, 5 mg of the herbal tea were weighed, the appropriate volumes
of a 20 mg L~ ! melatonin stock solution were added to the solid, and they were treated
with 250 mL of ultrapure water followed by heating for 10 min at the boiling point. The
melatonin concentrations in the extract were 8 and 10 pug L~ 1. In total, 25 mL of the super-
natant was extracted and desorbed with 5 mL of Brij L23 60 mM by dSPE and measured by
fluorescence. The melatonin concentration was quantified after a preconcentration in the
dSPE extraction step with 60 mM Brij L23.

4. Conclusions

In this work, an easy and cheap method for the direct determination of melatonin that
combines a dSPE stage with fluorescence analysis has been developed. G/SEP and G/BEN
4/96 and 10/90 w/w mixtures have been tested as sorbents for the extraction step, and
the retention has been found to be quantitative for the mixtures with both types of clays.
Hence, both can be used in the dSPE process. The desorption was found to be easier for the
4/96 w/w mixtures. Hence, they were chosen to investigate the desorption process. The
percentage of melatonin recovery in these mixtures was very high (>90%) using MeOH
and 60 mM or 80 mM Brij L23 as desorbents, though it was slightly lower for G/BEN
than for G/SEP. Very high recoveries and a preconcentration factor of up to 5 have been
achieved using the G/SEP mixture as sorbent and MeOH or 60 mM Brij L23 as desorbents.
The optimal extraction conditions were a G/SEP (4/96 w/w) mixture as sorbent and a 60
mM Brij L23 solution as desorbent. A preconcentration factor of up to 5 with very good
recovery (90.9%) can be attained by reducing the final volume of the extract to 5 mL.

In herbal tea samples containing melatonin, the results obtained via dSPE extraction
combined with fluorescence measurement and with the HPLC method were statistically
equal. The percentage of agreement between the melatonin concentration obtained by
the whole developed method and the labeled value is 86.5%. Another herbal tea sample
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without melatonin was spiked with two concentrations below the limit of quantification of
the fluorescence method, leading to very high recoveries (100 and 102%) that demonstrate
the accuracy of the method developed herein.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /molecules29112699/s1, Figure S1: SEM images of different G/C
mixtures with a magnification of 5000 x. Figure S2: Fluorescence contour graphs of MEL in different
concentrations of Brij L23. Figure S3: Preparation of Graphene/Clay mixtures for dispersive solid
phase extraction.
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Abstract: Protocell models play a pivotal role in the exploration of the origin of life. Vesicles are
one type of protocell model that have attracted much attention. Simple single-chain amphiphiles
(SACs) and organic small molecules (OSMs) possess primitive relevance and were most likely the
building blocks of protocells on the early Earth. OSM@SAC vesicles have been considered to be
plausible protocell models. Pyrite (FeS;), a mineral with primitive relevance, is ubiquitous in nature
and plays a crucial role in the exploration of the origin of life in the mineral-water interface scenario.
“How do protocell models based on OSM@SAC vesicles interact with a mineral-water interface
scenario that simulates a primitive Earth environment” remains an unresolved question. Hence,
we select primitive relevant sodium monododecyl phosphate (SDP), isopentenol (IPN) and pyrite
(FeSy) mineral particles to build a protocell model. The model investigates the basic physical and
chemical properties of FeS, particles and reveals the effects of the size, content and duration of
interaction of FeS; particles on IPN@SDP vesicles. This deepens the understanding of protocell
growth mechanisms in scenarios of mineral-water interfaces in primitive Earth environments and
provides new information for the exploration of the origin of life.

Keywords: vesicle; single-chain amphiphiles; pyrite; solid-liquid interface; protocell

1. Introduction

“How does life originate? How can non-living inorganic matter transform into organic
life forms through complex systems? Do humans have the ability to create life from scratch?
Can we control complex systems like cells?” were identified as some of the world’s 125
most cutting-edge major scientific questions, as published in the journal Science in 2021 [1].
The origin of cellular life remains elusive, with no definitive answer. Primitive life depends
on the self-organizing properties of its constituent parts, as well as on the input of energy
and matter from the environment, to execute the most fundamental cellular processes [2].
Protocells, regarded as the earliest life-like entities, are hypothesized to consist of three
essential components: membrane-forming molecules, information molecules and catalytic
molecules [3]. In the origin of life, energy supply was imperative. In 1988, Wichtershduser
postulated the hypothesis of the origin of life within an iron-sulfur environment [4,5],
arguing that at the origin of life, energy supply was primitive autotrophic metabolism [6].
The energy sources hypothesized to have driven the origin of life included iron sulfides
and other minerals (e.g., pyrite). The energy released from the redox reactions of these
metal sulfides could have facilitated the synthesis not only of organic molecules but also
of oligomers or polymers. These systems could have developed sets of autocatalytic
systems capable of self-replication, as well as living and independent entities capable of
metabolizing life forms prior to those known to us today [4]. In contemporary geochemical
environments, the population of prokaryotic cells within biofilm communities residing
at mineral-water interfaces surpasses by orders of magnitude those inhabiting water
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environments, owing to the manifold metabolic and protective functions these interfaces
offer [7-9]. Hence, it is a plausible conjecture that protocells on the primordial Earth were
in proximity to mineral-water interfaces [10-13].

Through the compositional analysis of meteorite extracts [14,15] and experiments
simulating primordial Earth environmental conditions [10,11], researchers have identified
a range of organic molecules pertinent to early Earth conditions: (1) lipid-like compounds
capable of forming protocell structures, consisting of simple single-chained amphiphilic
molecules (SCAs) such as fatty acids, alkyl keto acids and monoalkyl phosphates [16-22];
(2) organic small molecules (OSMs) containing L-amino acids, purines, pyrimidines, D-
ribose and isoprenoid derivatives, etc. [23-25]. It can be deduced that these SCAs and OSMs,
demonstrated to possess primitive relevance, were probably constituents of protocells
during the early stages of Earth. SCAs have been extensively employed as modeling units
for protocell membranes in studies on the origin of life [26-29] It has been shown that
specific minerals can play some key roles as catalysts [30-33]. For instance, they have
been shown to catalyze the formation of RNA polymers [34] and peptides [35], while
minerals can enhance the initial assembly rate of amphiphiles into vesicles, ultimately
contributing to the formation of protocell membranes [36,37]. The iron group elements
Fe, Co and Ni serve as the most effective and versatile catalysts of life, and Fe is the most
prominent and has the greatest geochemical abundance. The most stable compounds
of the iron family elements and the most prominent iron compounds under anaerobic
conditions are sulfides [38]. The transition from inanimate to living matter may result from
the self-assembling properties of organic molecules and their interaction with the chemical
diverse inorganic environment [2]. So, what kind of “sparks” can collide between minerals
of primordial relevance and the “OSM@SCA vesicle” protocell model?

In this study, we select primitive relevant sodium monododecyl phosphate (SDP),
isopentenol (IPN) and pyrite (FeS;) mineral particles to establish a protocell model. We in-
vestigate the fundamental physical and chemical properties of FeS; particles and reveal the
effects of the FeS, size, content and duration of interaction on IPN@SDP vesicles. Through
simulating scenarios of the mineral-water interface in the primitive Earth environment,
the changing rules of morphology, size and structure of the protocell model system are
explored to provide information for the exploration of the origin of life.

2. Results and Discussion
2.1. Basic Physical and Chemical Properties of FeS;

From scanning electron microscope (SEM) (Figure 1a) and optical microscope (OM)
(Figure 1b) observations, FeS,-1 is an irregularly shaped massive particle with a size of
~1 um. The peak of its dynamic light scattering (DLS) size distribution is located at ~830 nm
(Figure 1c), which is consistent with the results of the electron microscopy observations.
FeS,-60 is an irregularly shaped massive particle (Figure 1d,e) with a size of 60 £ 15 um.
The isoelectric point of FeS, particles in water is ~6.6 (Figure 1f), which is consistent with the
values reported in the literature [39]. The pK, (Where Kj is the acid dissociation constant)
values of SDP are 2.85 (pK,1) and 7.35 (pK,2) [40]. The pH of the SDP/IPN/H;O homoge-
neous solution is measured as 6.30-6.50, close to pKy, (7.35). This indicates that under the
studied conditions, the main forms of SDP are C1,Hy5s0OP(OH)O,Na and C1,H50PO3Nay,
with trace amounts of C;oH50P(OH),. Under this circumstance, those FeS; particles
should be slightly positively charged. The contact angles of water on the surfaces of
FeS;-1 and FeS,-60 particles are 48 & 3° and 47 & 3°, respectively (Figure 1g/h), indicating
that surfaces of FeS, mineral particles are hydrophilic. Type IV adsorption isotherms
and H3-type hysteresis loops are obtained through nitrogen adsorption and desorption
measurements (Figure 1i,j). Combining the results of the Barrett-Joyner—-Halenda (BJH)
pore-size distributions, it is revealed that the FeS; particles construct few slit mesopores
by particle stacking. The Brunauer-Emmett-Teller (BET) specific surface areas of FeS;-1
and FeS,-60 are 1.2 + 0.1 m?/g and 0.3 + 0.1 m?/g, respectively, with the former being
~4 times that of the latter.
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Figure 1. (a,d) SEM images, (b,e) OM images, (c) DLS size distributions, (f) zeta potential versus pH
curves (25.0 + 0.5 °C), (g,h) contact angles of water on the surface of FeS, particles and (i,j) nitrogen
adsorption—desorption isotherms for (a—c,f,g,i) FeS,-1 and (d,eh,j) FeS;-60, with the inset in e being
a histogram of the size distribution of FeS,-60, and the insets in (i,j) being the pore size distributions
of BJH.

2.2. Effect of FeS; Particles on Vesicles

The vesicle phase is detected in the SDP/IPN/H;O ternary system in the water-rich
zone (Figure S1). The concentrations of SDP and IPN are quite low, and the appearance of
the vesicle solution is clear and transparent (Figure 2a). The appearance of the FeS;-vesicle
solutions turns turbid upon the interaction time increasing (Figure 2a,b). The transmittance
of the FeS,-vesicle solution decreases gradually from ~99% to ~83% and ~94% with the
addition of FeS,-1 and FeS;-60 (Figure 2c), respectively, and reaches a constant in ~12 h.
In contrast, the supernatants of FeS,-H,O show no change at all for the transmittance test.
FeS, particles with smaller size enhance the turbidity of the FeS;-vesicle solution more
significantly than the case of FeS,-60, which may be attributed to its higher specific surface
area (Figure 1i,j).
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Figure 2. (a,b) Photographs of the appearance and (c) transmittance curves (25.0 + 0.5 °C) of
FeSy-vesicle solutions at different times. Transmittance is the average of three measurements.
(a) FeS;-1-vesicle, (b) FeS,-60-vesicle.

The spherical IPN@SDP vesicles are observed by negative staining transmission
electron microscopy (NS-TEM) (Figure 3a). After the addition of FeS,, the vesicles vary
gradually from spherical to dumbbell-shaped, then to ellipsoidal, and finally to spherical
vesicles again, but with larger sizes (Figure 3c—e,i—k). According to the results of size
distribution, the vesicle size distribution peak is initially located at ~150 nm (Figure 3b).
Upon the interaction between FeS; particles and vesicles, a new peak appears at 500-600 nm
(Figure 3£ 1), probably representing the size peak of the dumbbell-shaped vesicles. Then,
the peak area of the new peak gradually increases, and the peak of the size distribution is
located at ~400 nm. This may result from the fusion of the two spheres in the dumbbell-
shaped vesicles, namely ellipsoidal vesicles (Figure 3g,m). Ultimately, the size distribution
peak is located at ~300 nm, corresponding to the spherical vesicles with larger sizes
than the vesicles without FeS, particles (Figure 3h,n). The DLS results generally agree
with the NS-TEM observations. In summary, the FeS; particles induce the morphology
transition of sphere-dumbbell-ellipsoid-larger sphere vesicles, which may be the intrinsic
reason for the increase in the turbidity of the vesicular solution under the effect of FeS;
particles. This transition takes 12 h to establish a dynamic equilibrium state, which is
also consistent with the results of turbidity tests (Figure 2). Compared to the original
pyrite samples, the water contact angles (6y,) of the FeS, mixed with vesicle solution are
decreased from 47-48° to 26-27° (Figure S2a,b), respectively. The decrease in 6,, is probably
attributed to the adsorption of the amphiphilic bilayer [41-43] on the particle surface.
Moreover, the 6y, values of FeS, samples that interact with the vesicle solutions increase
to 46-48° when they are subjected to ultrasonic treatment in water (Figure S2¢,d), which
are almost the same values as the original FeS, particle samples (Figure 1g,h). Therefore,
it is reasonable to believe that the desorption of SDP or IPN molecules on the FeS,—water
interface could be induced and accelerated by certain energy inputs (e.g., shaking, stirring
and ultrasonic agitation) [44,45]. The dynamics of the adsorption-desorption equilibrium
on the water—FeS; interface probably play an important role in this required time (12 h) to
establish the apparent equilibrium states of the FeS,-vesicle samples.
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Figure 3. (a,c—e,i-k) NS-TEM images and (b,f-h,1-n) DLS size distributions of (a,b) vesicle,
(c—h) FeS,-1-vesicle and (i—n) FeS,-60-vesicle solutions at different times. (o) DLS size distri-
bution of FeS;-vesicle solutions as a function of time. (c,fil) 3 h; (d,g,j,m) 6 h; (e,hkn) 12 h.
Scale bar: 500 nm.

Further, the increase in vesicle size after interaction with FeS;-1 is more pronounced
than the one with FeS,-60 (Figure 30), presumably due to the larger specific surface area
of FeS,-1. In addition, there is no significant change in the appearance, morphology and
size of IPN@SDP vesicles after storage at 25.0 + 5.0 °C for 6 months (Figure S3), which is
similar with those solid interface-induced, simple single-chained amphiphilic molecule
(SCA) vesicles in our previous study [12,42].

2.3. Influence of FeS; Particle Content

Varying amounts of FeS, particles are introduced into the vesicle solution to investigate
the effect of FeS, particle content on the vesicles. As the FeS, content increases, the
appearance of the FeS;-vesicle solution (Figure 4a,b) varies from clear to turbid gradually.
With the same content, the appearance of the vesicle solution with FeS;-1 is more turbid than
that of the one with FeS,-60. Transmittance results (Figure 4c) show that the transmittance
of the FeS;-vesicle solution decreases with the increase in the content of FeS, particles,
whereas there is no change in the transmittance of FeS,-water under the same conditions,
which is ~99.9%. This excludes the possibility of residual FeS, particles in the FeS;-vesicle
solution. With the same content, FeS;-1 reduces the transmittance more strongly than
FeS,-60, which is consistent with the variation in appearance (Figure 4a,b). In addition,
the decrease in the transmittance of the FeS,-1-vesicle solution is 1.6-3.7 times that of the
FeS;-60-vesicle solution over a range of contents. This can be attributed to the fact that the
specific surface area of FeS,-1 is larger than that of FeS,-60, and the interfacial adsorption
and enrichment are more effective.
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Figure 4. (a,b) Photographs of the appearance and (c) transmittance of FeS,-vesicle solutions at
different particle contents (24 h). Transmittance is the average of three measurements. (a) FeS,-1-

1
cFesz (gl L)

vesicle, (b) FeS,-60-vesicle.

NS-TEM results show that the morphology of these vesicles does not change, but the
size of the IPN@SDP vesicles grows gradually with the increase in FeS, particle content
(Figure 5a-d,i-1). The DLS results indicate that the size of the vesicles in FeS;-1-vesicle
solution increases from ~158 nm to ~332 nm, while that in the FeS;-60-vesicle solution
increases to ~298 nm gradually (Figure 5e—h,m—p). This is consistent with the TEM results.
As shown in Figure 6, the trend of FeS;-1 in inducing a vesicle size increase is greater than
that of FeS,-60 particles, which is consistent with the variation in effects on the turbidity
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and the appearance (Figure 6).
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Figure 5. (a-d,i,j) NS-TEM images and (e-h,m—p) DLS size distributions of (a—h) FeS,-1-vesicle and
(i-p) FeS,-60-vesicle solutions at different particle contents (24 h): (a,e,im) 0.5 g/L; (b,fjn) 1 g/L;
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Figure 6. Variation in the DLS size distribution of FeS,-vesicle solutions as a function of FeS; content.

In short, the total surface area of FeS, particles in the systems also gradually increases
upon increasing FeS, content, which might lead to more remarkable bilayer adsorption and
enrichment on the interface of FeS; particles; in other words, the matrix effect is enhanced.
This may be the main reason why the vesicle size grows gradually with the increase in
FeS, content.

2.4. Mechanism of FeS, Particle-Vesicle Solution Interaction

Optimized by Gaussian generalization theory, the length of the SDP molecule is
1.92 nm [46]. The small-angle X-ray scattering (SAXS) curves (Figure 7) of both the vesicle
solution and FeS;-vesicle solution samples show lamellar periodic diffraction peaks, indi-
cating the presence of a vesicular bilayer structure. The thickness of the vesicle bilayer is
about 3.70 nm (Figure S4), which is less than twice the length of the SDP molecule. This
reveals that an interdigitated structure is adopted between the alkyl chains in the vesicular
bilayers [46—48], with an interdigitated degree of 4.4% (Figure S4). The thicknesses of the
vesicle bilayers shift to 3.74 nm and 3.76 nm through the interaction with FeS,-1 (Figure 7a)
and FeS,-60 (Figure 7b), with interdigitated degrees of 3.1% and 2.5%, respectively. In fact,
the thickness and interdigitated degrees of the vesicle membranes vary very slightly via
the interaction with FeS, particles.
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Figure 7. SAXS patterns of (a) FeS;,-1-vesicle and (b) FeS,-60-vesicle samples.
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Some simple single-chained amphiphilic molecules (SCAs) such as fatty acids [49,50],
dodecylhydrogen sulfate [51] and monoalkyl phosphates [22,52,53] can form vesicles
spontaneously in water close to their apparent pK,. The structures of those SCA
hydrogen bonding dimers play an important role in this vesicle formation process. As
shown by the electrospray ionization mass spectrometry (ESI-MS) results (Figure 8),
both FeS;-1 and FeS;-60 interact with vesicles and show peaks at m/z of
~289.15 (C12H25OP(OH)02Na), ~459.25 (C5H90H---C12H25OP032’Na+-~~C5H90H) and
~577.30 (C12H50OP(OH)O;Na- - -C1pHps OP(OH)O;Na). This indicates the presence of an
SDP monomer, SDP-SDP dimer and IPN-SDP-IPN trimer (Table S1). Compared to the ESI-
MS results of the vesicle solution (Figure S5), it is worth mentioning that the FeS;-vesicle
solution exhibits a new peak at m/z of 799.50, which indicates the generation of a new
hydrogen-bonded trimer (SDP-SDP-SDP). It has been reported that minerals with prebiotic
availability may have facilitated prebiotic chemistry by protecting organic molecules from
UV radiation and thermal decomposition, concentrating them through adsorption and,
finally, catalyzing polymerization reactions [3,54,55]. In this context, the presence of an
SDP trimer reveals that pyrite mineral particles have the potential to induce the genera-
tion of new substances in simulated primitive Earth environments, which provides new
possibilities for exploring the origin of life at the mineral-water interface.
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Figure 8. ESI-MS spectra of (a) FeS,-1-vesicle and (b) FeS,-60-vesicle samples (24 h). The insets in
(a,b) are magnifications of the square part of the pink dashed line.

The self-assembly morphology of amphiphilic molecules is determined by their ge-
ometrical parameters, which are usually described by the molecular stacking parameter
(P) defined as P = vg/as Iy [56,57], where v is the volume of the hydrophobic chain of the
amphiphilic molecule, [j is the length of the hydrophobic chain, and as is the area occupied
by the polar headgroups on the surface of the aggregate. In general, spherical micelles are
favored when P < 1/3, columnar micelles are favored when 1/3 < P < 1/2 and bilayers or
vesicles are favored only when 1/2 < P < 1. Hydration and electrostatic repulsion between
the headgroups can lead to large a5 values of amphiphiles, whereas the strong adsorption
of amphiphiles on solid surfaces through electrostatic interactions, hydrogen bonding and
van der Waals forces can significantly reduce the hydration of the headgroups, impede
electrostatic repulsion between the headgroups and reduce the a5 values in amphiphilic
molecular aggregates [12,58]. Based on the above background, we propose a possible
mechanism of interaction of FeS; particles affecting the vesicle structure (Figure 9). The
SDP headgroups are negatively charged, while the FeS, particles are positively charged.
The electrostatic interactions allow the SDP monomers and bilayers of SDP/IPN vesicles to
be adsorbed onto the surface of these FeS; particles, which reduces the interfacial energy of
liquid—solid. This electrostatic adsorption behavior brings about two principle impacts: the
fusion of bilayer membranes between vesicles and the growth of vesicles.
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Figure 9. Schematic diagram of FeS,-vesicle solution interaction mechanism.

(1) Fusion of bilayer membranes between vesicles. The electrostatic adsorption and the
matrix effect [43] of the FeSy—water interface increase the probability of contact between
the vesicular bilayers. The “fast exchange” and “flip-flop” characteristics [59] of vesicles
enable the contact or near enough area of the bilayer membranes to fuse with each other.

(2) Growth of vesicles. The FeSy—water interface induces the dehydration of the SDP
polar headgroups significantly and impedes electrostatic repulsion between the headgroups.
It results in the diminution of the cross-sectional area (as) occupied by the SDP polar
headgroups on the surface of the vesicle structures [12,58]. The reduced as decreases
the curvature of the bilayer membranes, which leads to a lager radius of the vesicles.
Cooperating with the fusion between vesicular bilayers, it results in the fusion—growth
of vesicles.

As this process is repeated, the vesicles fuse and grow gradually until they reach
the equilibrium of their transition (sphere-dumbbell-ellipsoid-larger sphere vesicles)
(Figure 5). During this process, the FeS,—water interface drives the formation of brand new
hydrogen-bonded trimers (SDP-SDP-SDP) (Figure 8). Furthermore, the dumbbell-shaped
and elliptical vesicle structures observed during this process (Figure 3) also corroborate
this speculation.

In conclusion, based on the results of DLS, NS-TEM and ESI-MS (Figures 3, 5 and 8), the
electrostatic adsorption between positively charged FeS, particles and negatively charged
SDP molecules drives the vesicles to be adsorbed and enriched on the interface of FeS,
particles, which further fuse and grow into vesicles with larger sizes. The vesicle fusion—
growth process is influenced simultaneously by the electrostatic adsorption, matrix effects
and the dehydration effects of the solid interface.

3. Materials and Methods
3.1. Materials

All chemicals used were of analytical reagent grade and utilized as received. Sodium
monododecyl phosphate (SDP) was procured from TCI (Shanghai) Development Co., Ltd.,
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Shanghai, China. Isopentenol (IPN) and natural pyrite (FeS;) were sourced from Macklin
Biochemical Technology Co., Ltd., Shanghai, China. Ultrapure water was obtained using a
Hitech-Kflow water purification system (Hitech, Shanghai, China).

3.2. Size Regulation of FeS, Particles

Natural pyrite was ground into a granular form using an agate mortar and pestle.
Pyrite particles with sizes ranging between the 200-mesh screen and the 290-mesh screen,
corresponding to a size range of 60 = 15 um, were selected and designated as FeS;-60.
Additionally, pyrite was ground into a powder form, sieved through a 2800-mesh screen
and characterized using a nanoparticle sizer and an optical microscope, revealing a size of
approximately 1 um, and it was recorded as FeS;-1.

3.3. Preparation of Vesicle Solutions

Accurately weighed SDP was mixed with a designated amount of water, and a desired
mass of IPN was added to the SDP/H,0 mixture. The sample was homogenized by
shaking and vortexing and then kept at 25.0 & 0.5 °C for 48 h to achieve equilibrium before
measurements. The composition of the SDP/IPN/H,O vesicular solution was fixed to be
0.30 wt% SDP (~10 mM) and 5.00 wt% IPN hereinafter if not otherwise specified.

3.4. Preparation of Particle-Solution Complexes

The FeS, particle was introduced into the SDP /IPN/H,O solution and subjected to
mixing by shaking and vortexing. The supernatant was investigated through centrifugation
at 2000 rpm for 3 min using a high-speed centrifuge. If not otherwise indicated, FeS, was
incorporated into the solution at a content of 3 g/L, and the vesicle solution was sampled
with a composition of 0.30 wt% SDP and 5.00 wt% IPN. The resultant supernatant after
interaction with the FeS, particle was noted as the FeS;-vesicle solution. The FeS,-vesicle
solutions were kept at 25.0 & 0.5 °C for at least 24 h after the addition of FeS, particles for
the experiments in Section 2.3.

3.5. Characterization and Measurements
3.5.1. Scanning Electron Microscopy (SEM)

SEM images of samples were acquired using a Gemini 300 field-emission scanning
electron microscope (Zeiss, Oberkochen, Germany) operated at an accelerating voltage of
3 kV. The sample solution was freeze-dried in a vacuum freeze dryer at approximately
—40°. Subsequently, the freeze-dried samples were mounted on a 200-mesh C-coated grid
and coated with a 5 nm thick layer of Pt using sputter coating.

3.5.2. Optical Microscope (OM)

An XPF-800C optical microscope (Tianxing, Shanghai, China) was employed to ex-
amine the morphology of the samples. Subsequently, the acquired images were processed
using Nano Measurer 1.2 software to conduct size analysis and generate a histogram
depicting the sample size distribution.

3.5.3. Dynamic Light Scattering (DLS) Measurements

The size distribution and average hydrodynamic diameter (Dy},) of the aggregates
were assessed using a Zetasizer Nano ZS90 dynamic light scattering instrument (Malvern,
Worceterhire, UK) featuring a He-Ne laser (633 nm, 4 mW). Each sample underwent three
measurements at 25.0 £ 0.5 °C.

3.5.4. Zeta Potential Measurement

A ZetaNano ZS-type zeta potential analyzer (Malvern, Worceterhire, UK) was em-
ployed to investigate the variation in zeta potential with pH in FeS, aqueous suspensions.
The pH of the FeS; particle-water suspension was adjusted using diluted hydrochloric acid
or sodium hydroxide, with the FeS; content set at 3 g/L. Temperature control achieved
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using a thermostatic water bath maintained at 25.0 + 0.5 °C. Measurements were conducted
three times concurrently, and the average values were calculated.

3.5.5. pH Measurement

A pH meter (Mettler Toledo, Shanghai, China) was utilized to measure the variation
in pH of the sample solution. Measurements were performed three times concurrently, and
the average value was calculated.

3.5.6. Contact Angle Meter

The water contact angle (6w) of the samples was determined by the sitting drop
method using a DSA25 contact angle meter (KRUSS, Hamburg, Germany). Firstly, the
powder was pressed into a disc with a thickness of 1-2 mm under a pressure of 15 MPa,
and then placed on the sample stage. The computer controlled the speed and volume of
the droplets of the micro-syringe, and the droplets were dropped after stabilization, and
the values of the droplet contact angle were photographed and recorded after equilibrium
for 10 s. Each sample was tested three times, and the average value of the three tests was
taken.

The FeS, particle-vesicle solution complexes were centrifuged at 2000 rpm for 3 min
to remove the supernatant at 25.0 &= 0.5 °C. FeS, particles were washed 3 times by adding
ultrapure water, and then air dried and recorded as FeS; mixed with vesicle solution. The
dried FeS, samples were subjected to ultrasonic treatment in ultrapure water for 5 min, and
then were centrifuged and air dried, noted as FeS, with ultrasonic treatment. The water
contact angles of FeS; particles, FeS, mixed with vesicle solution and FeS, with ultrasonic
treatment were measured separately.

3.5.7. Specific Surface Area and Pore Size Analyzer

The specific surface area and pore size distribution were obtained using an ASAP2460
specific surface area and pore size analyzer (Micromeritics, Norcross, USA) to determine
the nitrogen adsorption-desorption isotherms of the samples under the condition of liquid
nitrogen, and the specific surface area and pore size distribution were determined by using
the BET method and BJH model. The samples were degassed under vacuum and 100 °C
for 3 h before testing.

3.5.8. Ultraviolet Spectrophotometer (UV-Vis)

The transmittance of the samples was measured at a wavelength of 500 nm using a
model 1800 UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan) maintained at a constant
temperature of 25.0 £ 0.5 °C. Quartz cuvettes with plastic caps were employed to prevent
sample evaporation during analysis. Each liquid sample was placed in a quartz cuvette
with a plastic lid to ensure sample integrity. Measurements were conducted three times
concurrently, and the average value was calculated.

3.5.9. Negative Staining Transmission Electron Microscopy (NS-TEM)

The morphology of the aggregates was observed using uranyl acetate negative staining
on a JEM-1011 transmission electron microscope (JEOL, Tokyo, Japan) operated at an
accelerating voltage of 100 kV. A 10 uL aliquot of the sample was applied onto a carbon
support film copper grid with a mesh size of 200 and allowed to settle for 2 min. Excess
sample was blotted away using filter paper, followed by the addition of 7.5 uL of a 1.2%
uranyl acetate ethanol solution. After 30 s, excess solution was removed by blotting with
filter paper. Subsequently, the copper grid was dried under an infrared lamp for 30 min
before the sample was transferred to a desiccator for electron microscope observation.
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3.5.10. Small-Angle X-ray Scattering (SAXS)

The SAXS patterns were obtained using a SAXSess system (Anton-Paar, Graz, Austria)
equipped with Cu Ka radiation and operated at 50 kV and 40 mA. Prior to measurements,
the samples underwent freeze-drying under vacuum conditions.

3.5.11. Electrospray lonization Mass Spectrometry (ESI-MS)

Mass spectrometry data were acquired in positive ion mode using a Bruker Impact
M1 ultra-high performance liquid chromatography-quadrupole time-of-flight mass spec-
trometer (Bruker, Karlsruhe, Germany).

3.5.12. Molecular Dynamics Simulation

The molecular modeling and theoretical investigation for SDP dimers and trimers were
carried out with LDA-DFT as implemented in the Dmol3 package provided by Materials
Studio 2019. The local functional for the exchange correlation potential is LDA-PWC.
The basis set is DND with unrestricted spin, minimum basis set, 3.5 basis files and fine
cut-off [60]. The convergence tolerances for energy change, maximum force and maximum
displacement between optimization cycles were set as 1.0 x 10~° Ha, 0.002 Ha A~! and
0.005 A, respectively [61].

4. Conclusions

In summary, we selected primitive relevant compounds (SDP, IPN and FeS;) to con-
struct a protocell model in water. The addition of FeS, particles enables the fusion and
growth of IPN@SDP vesicles, induces the morphology transition of sphere-dumbbell-
ellipsoid-larger sphere vesicles and reaches the kinetic equilibrium in ~12 h. The mediating
behavior of pyrite solid-water interfaces increases the vesicle size from ~150 nm to ~300 nm,
and the transmittance decreases gradually from ~99% to 94-83%. In particular, the pyrite
solid-liquid interfacial mediating capacity of pyrite particles with small particle sizes
(~1 pm, FeS;-1) is more significant than the larger one (~60 pm, FeS;-60), which may be
due to the larger specific surface area of FeSy-1. As the FeS, particle content increases,
the total surface area increases, and the more pronounced the matrix effect at the solid—
liquid interface is, inducing an increase in vesicle size. Briefly speaking, the matrix effect,
intermolecular hydrogen bonding, and electrostatic interaction is demonstrated to be the
main driving force for the fusion—growth behavior of the vesicle, the process in which
the FeS,—water interface drives the formation of the new substance (hydrogen-bonded
trimers). This opens up the possibility for the generation of new substances in the prebiotic
solid-liquid interface scenario. We expect this work to provide important insights into the
effect of the solid-liquid interface on the self-assembly chemistry of SCAs and OSMs with
primitive relevance in bulk solution, which, in the long run, may shed some light on the
establishment of the model systems of early cell membranes for exploring the origin of life.
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surface of (a,b) FeS, mixed with vesicle solution and (c,d) FeS, with ultrasonic treatment. (a,c) FeS,-1,
(b,d) FeS;-60; Figure S3: (a,d) Photographs, (b,e) NS-TEM images and (c,f) DLS size distribution in
(a—c) FeSy-1-vesicle and (d—f) FeS,-60-vesicle at 25.0 + 0.5 °C over six months. Scale bar: 200 nm;
Figure S4: SAXS patterns of vesicle samples; Table S1: Chemical structures corresponding to different
m/z in ESI-MS spectra; Figure S5: ESI-MS spectra of vesicle samples (24 h).
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Abstract: Two series of sugar esters with alkyl chain lengths varying from 5 to 12 carbon atoms, and
with a head group consisting of glucose or galactose moieties, were synthesized. Equilibrium surface
tension isotherms were measured, yielding critical micellar concentration (CMC) surface tensions at
CMC (yemce) and minimum areas at the air—water interface (Amin). In addition, Krafft temperatures
(Tks) were measured to characterize the ability of molecules to dissolve in water, which is essential in
numerous applications. As a comparison to widely used commercial sugar-based surfactants, those
measurements were also carried out for four octyl D-glycosides. Impacts of the linkages between
polar and lipophilic moieties, alkyl chain lengths, and the nature of the sugar head group on the
measured properties were highlighted. Higher Tk and, thus, lower dissolution ability, were found for
methyl 6-O-acyl-D-glucopyranosides. CMC and 'ycmc decreased with the alkyl chain lengths in both
cases, but Amin did not appear to be influenced. Both yemc and Amin appeared independent of the
ester group orientation. Notably, alkyl (methyl «-D-glucopyranosid)uronates were found to result
in noticeably lower CMC, possibly due to a closer distance between the carbonyl function and the
head group.

Keywords: sugar esters; carbohydrate-based surfactants; glycolipids; physicochemical parameters

1. Introduction

Glycolipids are often considered safe alternatives to petroleum-based surfactants due
to their renewable origin, high biodegradability, and low toxicity. Their surface-active
properties make them highly interesting in a wide range of fields such as food, cosmetics,
pharmaceuticals, and detergent industries [1-5]. These amphiphilic molecules comprise
a saccharidic polar head group linked to a lipophilic chain. Depending on the linkage,
its orientation and position, the length and degree of saturation of the alkyl chain, the
sugar residue and its size, etc., a wide variety of sugar-based amphiphiles can be designed.
Despite the fact that many studies have focused on relationships between their chemical
structures and surface properties, important gaps remain, owing to the structural versatility
of sugar-based surfactants [6-9]. Filling those gaps (regarding the knowledge of structure—
property relationships) will help identify and anticipate trends, with the final aim of
designing green bio-based surfactants for specific applications.

The structures of sugar-based surfactants are diverse (including glyco-amides, glyco-
esters, glycosides, and other derivatives), and their properties also widely vary. For example,
in previous work [10], we synthesized various glyco-amides, bearing an octyl chain, which
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differed by the position and the orientation of the amide linkage on the sugar head-group
(Su-NHCO-R or Su-CONH-R), and measured significant differences for those molecules
in physicochemical properties, such as solubility or CMC, as well as in cytotoxic effects. In
particular, esterase enzymes found widely in nature can break down sugar esters, leading to
high biodegradability for this specific surfactant family, and making it relevant whenever
eco-compatibility is a concern [11]. Another advantage of sugar esters is the general ease
of their synthesis, as the ester linkage can be obtained by simple chemical [12-14] or enzy-
matic routes [15-18]. However, their ability to dissolve in water appears to be lower than
that of commercial alkyl glycosides, a difference observed across a diverse range of sugar
residues combined with ester linkages (alkyl uronates, alkyl aldonates, acyl oses, acyl itols,
etc.) [19-24]. Moreover, in most studies, mixtures of o and 3 isomers with an undetermined
ratio amount are reported, even though this structural parameter influences dissolution and
micellization [25-28]. As reported by Brown et al. [25], the solubility of octyl-B-D-glucoside
(C8BGlc) is about seven times larger than that of octyl-o-D-glucoside (C8«xGlc), due to the
latter’s more stable crystal structure. Consistently, glucosides with «-linkages are generally
believed to have higher Krafft temperatures (Tks) than those with 3-linkages [26]. Thus, it
is essential to know exactly the o/ 3 ratio or to protect the anomeric position to establish
structure/function relationships. It is also necessary to keep in mind that the replacement
of the anomeric -OH function with other groups should cause a decreased solubility of
the corresponding esters at 25 °C [20]. In 2016, we reported on the synthesis and physico-
chemical behavior of one family of sugar esters with well-defined anomeric configurations,
namely 1-O-methyl alkyl uronates (MexGlc, Mef3Gal, and MexMan derivatives) (Figure 1
left) [29]. This study revealed that, similar to corresponding alkyl polyglycosides or com-
mon polyoxyethylene nonionic surfactants, our newly synthesized sugar esters were able
to significantly reduce the surface tensions of aqueous solutions, at low concentrations.
Nevertheless, their solubility remained limited.

(@]
0 O-CpHan+1 )J\
0 0" "CyHan+1
HO
HO HO O
HO HO
OMe

HO
OMe
MeaGlc(C=0)OCn, n=6, 8,10, 12 MeaGlcO(C=0)Cn,n=5,7,9, 11
O
(@)
HO Oy 0-CqH M
% 8 HOO™  CsH4e
OMe @)
HO
HO H &/OM‘E
© HO
MepGal(C=0)OC8 MepGalO(C=0)C7

Figure 1. Structures of 1-O-methyl alkyl-D-glycuronates [29] (left) and methyl 6-O-acyl-D-
glycopyranosides (right). Each molecule is abbreviated with the code annotated below.

Thus, we synthesized and characterized close, but distinct sugar esters with well-
defined anomeric positions, derived from MexGlc and MefGal: methyl 6-O-acyl-D-
glycopyranosides (Figure 1 right). Their physicochemical properties were compared to
the corresponding 1-O-methyl alkyl uronates that we previously described. Thanks to
the homology of both families (the same nature and position of the linkage, and the same
anomeric configuration), the effects of other structural parameters, including the chain
length (hexyl to dodecyl derivatives), the orientation of the ester groups, as well as the
sugar head, can be directly compared.

Commercial alkyl oo/ -glycosides have been, by far, the most extensively investi-
gated sugar-based surfactants, making them relevant comparison models. Indeed, their
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structures are a straightforward combination of a typical sugar residue, such as glucose,
with an alkyl chain, i.e., a prototypical surfactant that can be imagined with sugar as a
polar head. Nevertheless, confidence in the available knowledge of their physicochemical
behavior is limited by significant inconsistency and discrepancy for the same structure
sometimes apparent within a large amount of published physicochemical measurements,
as we highlighted previously [30]. For example, in 1997, Sakya et al. showed—for the first
time—the phase diagram of octyl-p-D-galactoside (C8Gal), from which a Tk of 42 °C was
deduced by Hato et al. [31]. In parallel, several researchers have measured the surface
tension of C8PGal directly at 25 °C, assuming that the surfactant properly dissolves in
water at this temperature [32,33]. To clarify the observed discrepancies in the literature
regarding the structure—property relationships for alkyl glycosides, in the present study,
properties for two pairs of «/ 3 anomers, i.e., C8xGlc/C8BGlc and C8xGal/C83Gal, have
also been investigated (Figure 2).

OH OH OH
HO A HO Ho
(@) (@)

“CgH17 “CgHy7
C8uGlc C8uGal
OH OH OH
HO HO “CgHy7 HO HO “CgH17
C8BGlc C8pGal

Figure 2. Structures of octyl-«/3-D-glucosides (left) and octyl-a/ 3-D-galactosides (right). Each
molecule is abbreviated with the code annotated below.

2. Results and Discussion
2.1. Synthesis

Two families of sugar esters, alkyl (methyl D-glycopyranosid)uronates, and methyl
6-O-acyl-D-glycopyranosides, were synthesized. The uronates family was obtained using
the two-step procedure that we previously described [29]. For the methyl 6-O-acyl-D-
glycopyranosides, a known strategy ensuring regioselectivity on OH-6 [34] was success-
fully adapted and applied to methyl D-glycosides (Scheme 1). Firstly, x-methyl D-glucoside
was per-silylated by treating with N,O-bis(trimethylsilyl)acetamide (BSA) and catalytic
tetrabutylammonium fluoride (TBAF), and the more labile primary silyl ether was depro-
tected in a one-pot procedure during the work-up by the addition of K,COj3 to generate
methyl 2,3,4-tri-O-trimethylsilyl-«-D-glucopyranoside 1 with an 80% yield. Methyl 2,3,4-
tri-O-trimethylsilyl-3-D-galactopyranoside 2 was obtained with a 90% yield following
the same protocol, starting from 3-methyl D-galactoside. The TMS-protected derivative
was then coupled to the fatty carboxylic acid by esterification mediated by 1-ethyl-3-
(8-dimethylaminopropyl)carbodiimide (EDCI) and 4-(dimethylamino)pyridine (DMAP),
leading to methyl 6-O-acyl-2,3,4-tri-O-trimethylsilyl-D-glycopyranosides 3-7 with good to
excellent yields (70-88% yield, depending on the alkyl chain and the sugar head group).
After quantitative deprotection of the TMS groups using Dowex-H" resin and purification
on normal phase chromatography, methyl 6-O-acyl-«-D-glucopyranosides with C6, C8,
C10 and C12 alkyl chains 8-11 and methyl 6-O-octanoyl-3-D-galactopyranoside 12 were
obtained at the 2g-scale with good to excellent yields (71-83%). The high purity of each
intermediate and final compound was confirmed by 'H and '>*C NMR (reported in the
Supplementary Materials) and HRMS.
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Scheme 1. Synthesis of methyl 6-O-acyl-D-glycopyranosides.

For the sake of brevity, from now on, methyl 6-O-acyl-a-D-glycopyranosides will be
named MeaGlcO(C=0)Cn (n =5, 7, 9, 11) and MepGalO(C=0)C7, respectively, whereas
alkyl (methyl D-glycopyranosid)uronates will be called MexGlc(C=0O)OCn (n = 6, 8, 10, 12)
and MepGal(C=0)OCS.

2.2. Solubility

Apart from the alkyl chain length, a cornerstone surfactant characteristic, it is gener-
ally believed that for sugar-based surfactants in particular, variations in physicochemical
properties, including solubility, are often caused by differences in the molecular shape and
intra/intermolecular hydrogen bonding [35]. Tk represents the temperature above which
micelles can form. Below Tk, surfactants in hydrated solid form coexist with monomers at
their solubility limit, which is visually determined at the transparency limit of the observed
solutions. For example, for alkyl glucosides, the Tks of x-anomers are higher than those of
the f-anomers and the 3-anomers are much more soluble in water than the x-anomers [3].
Table 1 presents the results obtained from both the observation and DSC analysis. In Figure 3,
Tk is plotted vs. the alkyl chain length for the various studied surfactant families. The
results show that, although important, the alkyl chain length is far from the only relevant
factor in Tk values for sugar-based surfactants. Indeed, the configuration at the anomeric
center, as well as the relative orientation of one -OH of the polar head group can also have
an important impact.
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Table 1. Physical parameters related to the solubility properties (Krafft temperatures, solubility limits)

for all studied molecules.

Family Molecule Tk (°C) Solubility Limit (S/mM) State
insoluble at RT;
C8aGlc 39+1 ~100 at T > Tk Powder
Alkvl elveosides C8BGIc <4 >100 at RT Powder
Y 8y C8aGal <4 >100 at RT Highly viscous liquid
10 <S<20atRT;
C8pGal 29.0 + 0.5 ~100at T > Tk Powder
MeaGlc(C=0)0C6 <4 <50 at RT Wax
MeaGlc(C=0)OC8 <4 15~20 at RT Wax
Alkvl uronates MeaGle(C=0)OC10 <4 0.5~0.75 at RT Powder
y MeaGle(C=0)OC12 221+0.2 0.02~0.05 at RT Powder
insoluble at RT;
MepGal(C=0)OC8 31.6 £ 0.9 ~100 at T > Tk Powder
MeaGlcO(C=0)C5 <4 <40 at RT Oil
MeaGlcO(C=0)C7 <4 <10 at RT Powder
insoluble at RT;
Acyl glycosides MeaGlcO(C=0)C9 26.5+0.2 <1atT>Tk Powder
insoluble at RT;
MeaGlcO(C=0)C11 429 4+ 0.1 <01atT> Tk Powder
MepGalO(C=0)C7 <4 >100 at RT Powder
50 -
45 A M C8aGlc
|
A C8BGal
40 -
. O MeaGlc(C=0)OCn
G 35 B MeaGlcO(C=0)Cn
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6 7 8 9 10 11 12 13 14
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Figure 3. Tk as a function of alkyl chain length for studied molecules.

For commercial alkyl glucosides, the Tk decreases in the following sequence: C8xGlc >
C8pGal >> C8BGlc ~ C8uxxGal. All of them possess appreciable solubility limits above their
Tks. Many experimental investigations have reported that C83Glc is very soluble in water
and, therefore, it has a Tk below room temperature, as is also evidenced by our results.
The obtained Tk for C8xGlc is around 40 °C in accordance with previously published
values [31,36]. However, as determined by the same experimental protocol, the Tk for
C8pGal is about 29 °C, much lower than 42 °C derived from the phase diagram reported
by Sakya et al. [37] A possible explanation is that Sakya et al. synthesized and purified
C8pGal by themselves, whereas we carried our measurements on commercially purchased
C8PGal. Interestingly, in contrast with C8aGlc, C8Gal displays a marked solubility at
room temperature even if it is below its Tk. A solution containing 20 mM of C83Gal is
nearly transparent at room temperature, with only a very low turbidity. For this reason, we
assume that many researchers have been able to investigate their aqueous solutions at 25 °C,
as mentioned in the introduction. In addition, when cooling the previously heated solutions
with the same molecular concentration of 50 mM, we noted that C8xGlc precipitated much
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faster than C8pGal. The precipitation of C8xGlc took place within an hour, whereas no
change was observed over one month for the C83Gal solution. This may, to some extent,
be explained by a more favorable crystal structure for C8xGlc than C83Gal. With regard to
C8axGal, which is presented in commercial samples as a highly viscous liquid, we expect it
to have the weakest crystal structure and a very low Tk value. However, our experimental
methods cannot give its exact Tk. Accordingly, one important conclusion can be drawn
from our results: for the given type of octyl glycosides, a combination of “axial 4-OH and
axial 1-alkyl chain” or “equatorial 4-OH and equatorial 1-alkyl chain”, causes lower Tk
values. While a combination like “axial 4-OH and equatorial 1-alkyl chain” or “equatorial
4-OH and axial 1-alkyl chain” can generate higher Tk values. This observation suggests
that a different orientation for 4-OH and 1-alkyl chain promotes crystal packing.

After studying commercially available and well-known alkyl glycosides, we focused
on the synthesized sugar esters. The observed dissolution phenomena are harder to
interpret compared to commercial molecules. This can be a result of more structural
contributions such as axial/equatorial 4-OH and 1-OMe, as well as two possible ester ori-
entations. In the case of MexGlc-derived esters, the solubility decreases, as expected, with
the increase of the alkyl chain length. All molecules demonstrated the expected behavior of
a lower solubility above their Tk, compared to commercial C8xGlc and C83Glc. Moreover,
both octyl glucuronate (MexGlc(C=0)OC8) and octanoyl glycoside (MexGlcO(C=0)C7?)
derivatives showed lower Tk than C8xGlc. A possible interpretation is that compared to
the ether linker, the ester linker creates more disbalance toward hydrogen acceptor groups,
which would not find hydrogen donor partners in the crystal structure but would find
them in water, increasing aqueous solubility. As highlighted in Table 1, the alkyl (methyl
x-D-glycopyranosid)uronates tend to show lower Tk values than their homologous methyl
6-O-acyl-a-D-glycopyranosides. This result is also in accordance with how the molecule
presents when its pure form is exposed to some limited atmospheric water. Indeed, we
could expect that a molecule showing up as a liquid or paste will likely have a lower
Tk compared to a molecule presenting as a crystal in those circumstances. For instance,
MexGlc(C=0)OCS presents as a semi-solid grease while MeaxGlcO(C=0)C7 is a solid pow-
der. No obvious structural interpretation arises regarding this difference. One could specu-
late that the C=0 group in methyl 6-O-acyl-«-D-glycopyranosides is more available to form
tight hydrogen bonding networks compared to alkyl (methyl x-D-glycopyranosid)uronates,
where it lies closer to the hydrogen donors on the polar head.

For methyl 6-O-acyl-a-D-glucopyranosides, Tk is found to increase with the alkyl
chain length, as is the case for alkyl x-glucopyranosides [38]. Moreover, according to Otto
et al. [20], the 6-O-octanoyl-3-glucose, above its Tk, has a solubility limit of 25 mg/mL
(>80 mM), which is much higher than that of our MexGlcO(C=0)C7 (<10 mM). This
indicates that replacing the anomeric -OH of the glucose with a methyl ether group increases
hydrophobicity, making MeaGlcO(C=0)C7 less soluble in water.

In the case of Me3Gal-derived esters, both methyl octyl galacturonate (Me3Gal(C=0)OCS8)
and methyl 6-O-octanoyl galactoside (MeGalO(C=0)C7) derivatives have high solubility
limits above their Tks, not in line with MexGlc-derived esters.

The measured Tk for Me3GalO(C=0)C7 is a little higher than that of C83Gal. Note
that contrary to MexGlc-derived C7/C8 esters, a carbonyl group closer to the sugar residue
is associated with a lower ability to dissolve the molecule at room temperature. One
hypothesis is that the polar alcohol group in axial orientation leads to a more compact
polar head for Gal surfactants, shielding some polar surface area from contact with the
solvent. To have a molecular perspective on this hypothesis, we carried out a comparison
with the MeGlcO(C=0)C8 equivalent. Electrostatic potential maps were obtained with
Jmol software after a semi-empirical geometry optimization [39]. The results are displayed
in Figure 4.
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Figure 4. A 3D representation of (a) MeBGlcO(C=0)C8 and (b) MepGalO(C=0)CS8.

It can be seen that the polar head has a more compact shape; the axial OH is more
restricted and has less potential for solvent exposure, supporting a slightly higher hy-
drophobicity.

2.3. Surface Activity

The aqueous tensiometric properties of all the studied molecules are listed in Table 2.
CMCs are determined from the inflections in the plots of equilibrium surface tension
against the logarithm of the concentration. For the interested reader, the Gibbs-free energy
of micellization, AGpc, the Gibbs-free energy of adsorption, AG,4s, and the efficiency of
surfactant adsorption pCyy were calculated based on their definitions [40], as presented in
Table 2.

Table 2. Surface tension data at T > Tk for different molecules.

. CMC yeme Amin AGpic AG,q4s C20 T
Family Molecule (mM) (mN/m) (A%/molecule) (kcal/mol)  (kcal/mol) (mM) pC20 Q)

C8aGle 155+ 0.5 30.7 £ 0.3 43+18 —47 —-7.0 2.8 2.6 50

Alkyl C8BGlc 212+08 31.0 +0.15 385+19 —41 —64 2.7 2.6 25

glucosides C8aGal 517+ 15 295+ 0.2 45.8 +0.9 —-36 —6.4 3.8 2.4 25

C8pGal 2041 285+ 05 463+ 1.7 —44 7.1 32 2.5 40

MeaGle(C=0)OC6 5545 30.8 +0.8 39.2+29 36 —-59 5.9 22 25

Alkol MeaGle(C=0)OC8 6405 29.2 +0.35 4141 —48 -73 05 33 25

Y MeaGle(C=0)0OC10 0.65 + 0.5 28.1+0.1 424+2 —-59 —86 0.05 43 25

uronates  \fanGle(C=0)0C12  0.056 & 0.004 283403 45645 —-72 -10.1 0.004 5.4 25

MepGal(C=0)OC8 6.9 + 0.4 29.4 4+ 0.36 429 +39 —5.0 —74 12 2.9 40

MeaGlcO(C=0)C5 105+ 5 31+0.1 40.1+0.3 —-33 —56 11.2 2.0 25

Acyl MeaGlcO(C=0)C7 9.8+ 0.76 295+ 05 3942 —45 —69 1.0 3.0 25

lveosides  MeaGleO(C=0)C9 0.92 + 0.08 27.9 + 0.05 41.8+09 58 —8.4 0.08 4.1 30

&Y MeaGlcO(C=0)C11  0.08 + 0.005 26.7 + 0.25 45.8 +2.8 —7.7 ~104 0.007 5.1 50

MeBGalO(C=0)C7 85405 283+ 0.35 427 +24 —46 -73 0.7 3.1 25

Firstly, in the case of octyl D-glycosides, our measured CMC for C83Glc, 21.2 mM,
was consistent with the published values (18-26 mM), despite the numerous experimental
methods used by the different authors [41-45]. However, there were discrepancies in the
literature for C8xGlc, C8xxGal, and C83Gal regarding both CMC and ycmce. Matsumura
et al. [32] measured the static surface tension of C8«xGlc and C83Gal by the Wilhelmy
plate method at 25 °C. The authors have reported, respectively, CMC values of 12 mM and
16 mM. Both showed a yemc of 30.5 mN/m. We measured the CMC values of 15.5 mM
and 20 mM, respectively, higher than the published ones, as well as ycmce 30.7 mN/m and
28.5 mN/m, respectively, indicating a higher effectiveness of surface tension reduction for
C83Gal. We questioned their results as the measurements were performed below their Tk
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(39 °C and 29 °C, respectively, cf. Table 1). Schmidt-Lassen et al. [33] measured the CMC
values for C83Gal and C8xGal by using isothermal titration calorimetry (ITC) and found
that CMC values at 25 °C were 31.7 £ 0.7 mM for C83Gal and 30.2 4+ 0.4 mM for C8«xGal,
showing no evident anomeric effect on the CMC. In contrast, we found CMCs of 20 mM for
C8pGal and 51.7 mM for C8xGal, respectively, indicating that the anomeric orientation has
a significant impact on the CMC here. Because the limited aqueous solubility of C83Gal
was mentioned, again, we question the results published in their study.

After comparing our measurements with published ones, we focused on the structural
interpretations arising from our own measurements. The order of their CMC for the 4
octyl glycosides was: C8«xGal > C8Glc ~ C83Gal > C8xGlc. Here, even at a constant alkyl
chain length, a lower CMC correlates with a higher Tk. Apart from the alkyl chain length,
the most obvious factor, it is known that polar head hydrophilicity can also significantly
influence CMC, typically increasing it for more hydrophilic polar heads [6]. With all else
equal, a higher CMC leads to a decrease in Tk due to the thermodynamic relationship
between the two. Thus, the observed Tk could also reflect polar head hydrophilicity. As for
ycmge, it was found that octyl D-galactosides can more effectively reduce the surface tension
of pure water than octyl glucosides. Our Amin measurements suggest that the anomeric
effect is more evident for C8x- and C8pGlc than for C8«x- and C83Gal. In addition, the
latter shows a greater Amin than the former, in agreement with Razafindralambo et al. [14].
It was said that an axial -OH at the 4-position (Gal) gives a larger minimum area occupied
per molecule at the water surface. However, as the Amin depends strongly on the way
of plotting the y vs. log C curves, different authors have demonstrated different Amin
values. Matsumura et al. [32] reported a range of 47-54 A2/molecule for C8-C12 alkyl
D-glucosides and galactosides. Their study did not show any great difference between
their o- and 3-anomers but a slightly larger Amin for C8- and C10 3Gal than for the C8-
and C10«Glc. Kjellin et al. [23] showed an Amin of 38 A2 /molecule for C8BGlc whereas
an Amin of 42 A2 /molecule was given for C88Glc by Shinoda et al. [46]. Therefore, our
results seem to be in good agreement with the literature.

The influence of the head saccharidic group of our new surfactants on the surface
activity can also be analyzed. Figure 5 (top) represents the surface tension vs. log concen-
tration plots for both families of MexGlc-derived esters. Firstly, whatever the orientation
of the ester group (whatever the family studied), the esters of glucose can efficiently reduce
the surface tension of pure water with the obtained low ycmc values of 26-32 mN/m. It
seems that the ester group orientation does not impact yemc much. In general, it can be
seen that ycmc slightly decreases with the alkyl chain length. Those results are in line
with the identified trends [6] where ycmce appears to decrease asymptotically with the
alkyl chain length. The suggested explanation is that as the alkyl chain length increases,
alkyl groups get closer and closer to completely covering the surface, making it exhibit an
alkane-like ycmc. The only exception comes with MexGlc(C=0)OC12, which is very close
to that of MexGlc(C=0)OC10, very likely because it is challenging to measure a true ycmc
for MeaGle(C=0)OC12 as it precipitates easily. A similar phenomenon was observed by
Otto et al. [20], who reported a higher ycmc for 6-O-decanoyl-3-D-glucopyranose (C10)
than for 6-O-octanoyl-f3-D-glucopyranose (C8).

A common conclusion in the literature is that the alkyl chain length is not an important
factor in determining the Amin of n-alkyl glucosides at the air-water interface [3]. This
observation can probably be extrapolated to sugar esters. Nevertheless, even though Amin
is mainly decided by the hydrophilic group [47], the alkyl chain flexibility can contribute
to whether molecules loosely or compactly pack at the interface [48]. It is reasonable to
assume that given the higher number of rotational degrees of freedom, a longer saturated
alkyl chain is more flexible, and based on this argument, we hypothesize that surfactants
with longer alkyl chains at a constant polar head can exhibit the Amin increase. Our
measurements are consistent with such a hypothesis, with a slight increase of Amin with
alkyl chain lengths for both families. A similar trend was mentioned in the literature
for other surfactant families, such as bolaform quaternary ammonium surfactants for
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which the Amin increases with the increase in the spacer carbon number (n < 10) [49].
Nevertheless, it must be noted that for some polyoxyethylene alkyl ethers, Amin decreases
with an increasing carbon number but increases with the oxyethylene unit length [47,50,51].
Given that contrary to rigid polar rings of sugar-based surfactants, the polar heads of
polyoxyethylene alkyl ethers are themselves flexible, their conformation may change with
longer alkyl chains. Thus, the above analysis may not apply in their case.
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Figure 5. Surface tension as a function of concentration for methyl alkyl x-D-glucuronates at 25 °C

(empty markers, MeaGle(C=0)OCn, with n being an even number) and methyl 6-O-acyl-«-D-
glucosides (filled markers, MeaGlcO(C=0)Cn, with n being an odd number) at 25 °C (C5 and C7), 30
°C (C9) and 50 °C (C11) (top) and the variation of the log CMC with the carbon numbers of the alkyl
chain for alkyl methyl a-D-glucuronates (MeaxGlc(C=0)OCn, A) and methyl 6-O-acyl-&-D-glucosides
(MeaGlcO(C=0)Cn, ) (bottom). CMC is expressed in mol /L.
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When it comes to CMC, the alkyl chain length, as well-known for other surfactants [6],
is the most relevant structural parameter. The dependence of the log CMC on the number
of carbon atoms in the alkyl chain for two families, generally, obeys the expected empirical
equation [21]:

LogCMC = A —Bn @)

where n represents the carbon numbers (the length) in the alkyl chain; A and B are empirical
constants, which are, respectively, related to the contributions of the hydrophilic head group
and a single hydrophobic methylene group to the change in free energy for micellization.
Plots of log CMC values as functions of the alkyl chain length are depicted in Figure 5
(bottom).

The results show that a linear relationship between the alkyl chain length and the log
CMC exists for both ester families. For alkyl D-glucuronates derivatives (MeaGlc(C=0)OCn),
the values of A and B calculated are 0.5 and 1.7, while for acyl D-glucosides derivatives
(MeaGlcO(C=0)Cn), A is 0.5 and B is 1.5. The slightly higher B value in the case of alkyl
D-glucuronates suggests a more rapid decrease in CMC when one carbon is added. It is
important to note that the MexGlc(C=0O)OCn series shows even-numbered carbon atoms
while the MeaGlcO(C=0)Cn series has odd-numbered carbon atoms in the noted Cn part.
The amphiphilic molecules can be, in a simplistic way, depicted as the combination of
a polar head group with a lipophilic tail. In the case of both families, the ester linkage
is attributed to the polar moiety, even if it is not a part of the sugar: for acyl glycosides,
this functional group is not located on a carbon atom of the sugar, whereas for the alkyl
D-glucuronate, the saccharidic C6 is oxidized, leading to a difference in the structure (and
particularly in the number of carbon atoms) of the polar head. We assume that this slight
difference has a negligible effect on the hydrophilicity of the head group. On the other hand,
the alkyl D-glucuronates series (MexGlc(C=0)OCn) exhibits a slightly lower CMC and
ycme compared to the acyl D-glucosides series (MexGlcO(C=0)Cn), which can be partially
associated with the fact that the former always has one more carbon in its lipophilic moiety
than the latter.

Some published CMC values are also worth comparing to the measurements from the
present work. Otto et al. [20] obtained a CMC of 18 mM for 6-O-octanoyl-D-glucopyranose,
noticeably higher than the CMC of MeaGlcO(C=0)C7 (9.8 mM). In addition, Blecker
et al. [17] also reported a CMC of 10.68 mM for octyl D-glucuronate compared to the 6 mM
value we observed for the methyl octyl a-D-glucuronate (MeaGlc(C=0)OCS8). Both com-
parisons indicate that the nonpolar axial methyl group at the 1-position brings additional
hydrophobicity to the polar head.

For the first time, Razafindralambo et al. [52] studied the effect of the ester orientation
(Su-O-CO-R or Su-CO-0O-R) on the surface properties of similar molecules: D-glucosyl
octanoate and octyl D-glucuronate. Their analysis was that octyl D-glucuronate exhibits a
stronger hydrophobic character because its carbonyl group was closer to the head group,
making the head more polar and resulting in stronger intermolecular interactions between
the heads. The CMC values at 25 °C for octyl D-glucuronate and D-glucosyl octanoate
were reported to be 10.7 and 19.1 mM, respectively, which were almost twice as large as
the CMC values for MexGle(C=0)OC8 and MexGlcO(C=0)C7. It is worth noting that
the Razafindralambo molecules are a mixture of both « and § anomers, with the (3-D-
glucose derivative being more hydrophilic. In addition, they obtained a larger Amin for
octyl D-glucuronate, which was supported by a computational approach. Based on those
results, the authors suggested that a shorter distance between the carbonyl group and the
sugar head introduces a tilt between the polar head and the alkyl chain, resulting in looser
packing at the water surface. For the synthesized surfactants of this work, however, our
measurements do not evidence a significant influence of the ester orientation on Amin.
It is possible that the anomeric methyl group dilutes the influence of the mechanism
proposed by Razafindralambo et al. Nevertheless, their proposed mechanism itself remains
questionable as the surface is a dynamic environment where molecules not only take
different conformations but also different orientations. By comparing our results with
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other literature work, we note that the location of the ester group at the head group
also influenced the CMC: sugar esters with the carbonyl group located at the 3-position
appear more hydrophobic than those with the carbonyl group located at the 6-position.
For example, Gouéth et al. [19] reported that 3-O-octanoyl-D-glucopyranose, which is a
mixture of o and 3 anomers, had a CMC of 0.61 mM while Savellie et al. [21] reported
a CMC of 1.6 mM. Both studies evidenced a lower CMC than that for 6-O-octanoyl-f3-
D-glucopyranose and our octyl derivative esters, as discussed above. Moreover, these
molecules (MeaGlc-(C=0)OC8 and MeaGlcO(C=0)C7) show much lower CMC values
compared to the commercial C8xGlc and C83Glc, as shown in Figure 6. The results indicate
that both the methyl group at the 1-position and the transformation of 6-OH into the ester
group increase the hydrophobicity but do not influence ycmc significantly.
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Figure 6. Surface tension as a function of the concentration for «-octyl glucoside (C8xGlc, o) at 50 °C,
[-octyl glucoside (C8BGlc, o) at 25 °C, octyl x-methyl glucuronate (MexGlc(C=0)OCS8, <) at 25 °C
and 6-octanoyl-o-methyl glucoside (MexGlcO(C=0)C7, #) at 25 °C.

Our Amin measurements (see Table 2) indicate a more compact packing for the
synthesized esters at the interface of the air-aqueous solution. This might be related to the
stronger intermolecular interactions between their sugar heads due to the presence of the
ester group.

In the case of Mef3Gal-based esters derivatives (Figure 7), the octyl D-galacturonate
derivative (MepGal(C=0)OCS8) also showed a lower CMC than its homologous octanoyl
D-galactoside derivative (MepGalO(C=0)C7), which is consistent with MexGlc-derived
C7/C8 esters. Given that the actual alkyl chain of Me3Gal(C=0)OCS8 contains 8 carbons vs.
7 for Me3GalO(C=0)C7, and that the alkyl chain length is the major parameter relevant to
CMC, the observed CMC difference is in line with expectations. It can also be noticed that
the CMCs observed for the esters (6-9.8 mM) are lower than those of corresponding octyl
D-galactosides (20-51.7 mM). Given the higher observed Amin for octyl D-galactosides, the
shape of the esters’ polar heads may allow micellization more readily.
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Figure 7. Surface tension as a function of concentration for 3-octyl galactoside (C83Gal, o) at 40 °C,
a-octyl galactoside (C8xGal, o) at 25 °C, octyl B-methyl galacturonate (MepGal(C=0)OCS8, <) at
40 °C and 6-octanoyl-p-methyl galactoside (MeGalO(C=0)C7, #) at 25 °C.

Overall, the main conclusions that arise by comparing the solubility and surface
activity for all the synthesized C7/C8 esters are listed below:

— MepGal-based esters show a much larger solubility limit than MexGlc-based esters,
suggesting that the solubility strongly depends on the head group configuration;

—  Ester group orientation also influences the dissolution of MepGal-based esters and
MeaGlc-based esters;

— CMCis influenced by the ester orientation following the relationship: MexGle(C=0)OC8
<MepGal(C=0)OC8 < MepGalO(C=0)C7 < MeaGlcO(C=0)C7. The result suggests that
the uronates derivatives exhibit lower CMC values than the acyl D-glycosides derivatives.
The effect of ester group orientation on CMC was more evident for MeaGlc-derived
esters than for MepGal-derived esters;

— ycmc is very similar for all these esters, suggesting that the ester linkage orientation
does not play an important role in the effectiveness of reducing surface tension.

3. Materials and Methods
3.1. General

Octyl «-D-glucopyranoside (>99%) and octyl 3-D-glucopyranoside (>99%) were both
purchased from Anatrace (Maumee, OH, USA). Octyl a-D-galactopyranoside and octyl
-D-galactopyranoside were purchased from Carbosynth (Compton, UK). They were all
used without further purification. The deionized water with a resistivity of 18.2 Mcm
was produced by a lab purification chain provided by Aquadem/Veolia Water STI (Saint-
Maurice, France) and used to prepare all the solutions.

Alkyl (methyl D-glycopyranosid)uronates were synthesized using the two-step pro-
cedure developed in our lab, as previously described [29]. Briefly, the primary hydroxyl
group of free methyl D-glycopyranosides was selectively and quantitatively oxidized by
using 2,2,6,6-tetramethyl-1-piperidinyloxy free radical (TEMPO). Hydrophobic chains of
different lengths were then introduced by acid-mediated esterification with fatty alcohols
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(hexyl to dodecyl alcohols) leading to the desired alkyl uronates with moderate to good
yields (49-63%).

3.2. Synthesis of Methyl 6-O-acyl-D-glycopyranosides
3.2.1. General

All chemicals were purchased from Fisher Scientific (Illkirch, France), and Merck
Sigma Aldrich (St Quentin Fallavier, France), and used as received. Mass analyses were
performed on a Waters spectrometer (SINAPT TG2SI, Manchester, UK) using electrospray
ionization (Z-Spray). The NMR analysis was performed on a BRUKER NMR spectrometer
(Bruker, Wissembourg, France) operating at 400 MHz for 'H and 100 MHz for '3C. Samples
of silylated products were prepared in deuterated chloroform (CDCl;) while samples of
free esters were dissolved in DMSO-d6.

3.2.2. General Procedure for One-Pot Protection/Selective Deprotection

N,O-bis(trimethylsilyl)acetamide (28.7 g, 4.3 eq.) and tetrabutylammonium fluo-
ride (235 mg, 0.03 eq.) were added to a solution of methyl x-D-glucopyranoside (9.30 g,
32.9 mmol) in dry pyridine (7.5 mL). After 1.5 h of stirring at room temperature, the
reaction was quenched by adding isopropanol (6.25 mL) and methanol (450 mL). After
cooling to 0 °C, K,CO3 (2.28 g, 0.5 eq.) was added, the mixture was stirred for 30 min at
0 °C, and then neutralized with 2.5 mL of acetic acid. After concentration, the crude was
extracted with Et,O, washed with water, dried over NaySO4, and concentrated to give
methyl 2,3,4-tri-O-trimethylsilyl-o-D-glucopyranoside 1 as a white powder (10.94 g, yield
80%). The same procedure was applied to methyl 3-D-galactopyranoside affording methyl
2,3 4-tri-O-trimethylsilyl-3-D-galactopyranoside 2 as a white powder (12.13 g, yield 90%).

3.2.3. General Procedure for Esterification

To a solution of methyl 2,3,4-tri-O-trimethylsilyl-o-D-glycopyranoside 1 or 2 (7.00 g,
17.1 mmol) in anhydrous dichloromethane (80 mL), 4-dimethylaminopyridine (1.04 g, 0.5 eq.),
desired fatty acid (37.5 mmol, 2.2 eq.), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(5.29 g, 2 eq.) were successively added and the mixture was stirred at room temperature for
6 h. After concentration, the crude was purified by normal phase column chromatography
on silica gel (mobile phase: cyclohexane/EtOAc 9:1) to give corresponding silylated sugar
esters 3-7.

3.2.4. General Procedure for Deprotection

To a solution of the as-obtained silylated ester glycoside, 3-7 (6 g) in CH,Cl, /MeOH
1:1 (100 mL), 3 g of Dowex-H" resin was added. The suspension was stirred for 30 min
at room temperature, then the resin was eliminated by filtration, and the filtrate was
concentrated. The residue was purified by column chromatography on silica gel (mobile
phase: EtOAc/MeOH 98:2) to give pure corresponding methyl 6-O-acyl D-glycosides 8-12.

3.3. Compound Characterization Data

Methyl 2,3,4-tri-O-trimethylsilyl-a-D-glucopyranoside 1. White powder. Yield 80% from
methyl a-D-glucopyranoside following the general procedure. 'H and '3C NMR spectra in
accordance with the literature [53].

Methyl 2,3,4-tri-O-trimethylsilyl-B-D-galactopyranoside 2. White powder. Yield 90% from
methyl B-D-galactopyranoside following the general procedure. 'H and '3C NMR spectra
in accordance with the literature [54].

Methyl 6-O-hexanoyl-2,3,4-tri-O-trimethylsilyl-a-D-glucopyranoside 3. Colorless syrup.
Yield 72% from the methyl 2,3,4-tri-O-trimethylsilyl-a-D-glucopyranoside 1 following the
general procedure. 'H NMR (400 MHz, CDCl3), § 0.11-0.16 (m, 27H, (CHj3)3-Si), 0.90 (t,
ICH3,CH2 =6.9 Hz 3H, (CHz)-CH3), 1.30-1.35 (m, 4H, CHz-(CHz)z-CHg,), 1.60-1.68 (m, 2H,
CO-CH,-CHy), 2.35 (o, | = 7.7 Hz, 2H, CO-CH,-CHy), 3.35 (s, 3H, O-CH3), 3.42-3.49 (m,
2H, H-2,H-5), 3.68-3.76 (m, 2H, H-3, H-4), 4.03 (dd, 1H, Jyy ¢ p1.¢ = 11.9 Hz, iy 511.¢ =54 Hz
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H-6/), 4.40 (dd, 1H, ]H—6,H—6’ =119 HZ, ]H—5,H—6 =22 HZ, H-6), 4.70 (d, 1H, ]H—l,H—Z =37 HZ,
H-1). 3C NMR (100 MHz, CDCl3), 6 0.5-1.5 (3s, (CH3)3-Si), 13.9 (CH,-CHj), 22.3-31.3 (2s,
CH;-(CHy),-CH3), 24.5 (CO-CH,-CH-(CHy)y), 34.2 (CO-CH,-CHy), 54.8 (O-CHy), 63.3
(C-6), 69.4 (C-4),72.5 (C-2),73.7 (C-5), 75.1 (C-3), 99.8 (C-1), 173.6 (CO).

Methyl 6-O-octanoyl-2,3,4-tri-O-trimethylsilyl-a-D-glucopyranoside 4. Colorless syrup.
Yield 77% from the methyl 2,3 4-tri-O-trimethylsilyl-a-D-glucopyranoside 1 following the
general procedure. 'H NMR (400 MHz, CDCl3) 5 0.10-0.15 (3 s, 27H, (CHj3)3-Si), 0.85 (t,
]CHB,CHZ =69 HZ, 3H, CHz-CHz-CH3), 1.20-1.31 (1’1’1, 8H, CHz-(CH2)4—CH3), 1.58-1.63 (1’1’1,
2H, CO-CH,-CH,-CH,), 2.32 (m, 2H,CO-CH,-CH)), 3.32 (s, 3H, O-CH3), 3.42-3.48 (m, 2H,
H-2,H-5), 3.67-3.75 (m, 2H, H-3, H-4), 4.02 (dd, 1H, Jy ¢ p.¢ = 11.9 Hz, Jyy 5 11.¢ = 5.4 Hz H-
6'),4.37 (d, 1H, Jiy.6 1.6 = 11.8 Hz), 4.62 (d, 1H, Ji1 12 = 3.7 Hz, H-1). 13C NMR (100 MHz,
CDCl3) 6 0-1.5 (3s, (CH3)3-5i), 14.0 (-CH,-CHs), 22.5-31.5 (4s, CH,-(CH,)4-CH3), 24.8 (CO-
CH,-CH,-CH)), 34.2 (CO-CH,-CHy), 54.7 (O-CHy), 63.3 (C-6), 69.5 (C-4), 72.5 (C-2), 73.7
(C-5), 75.1 (C-3), 99.7 (C-1), 173.5 (CO).

Methyl 6-O-decanoyl-2,3,4-tri-O-trimethylsilyl-a-D-glucopyranoside 5. Colorless syrup.
Yield 88% from the methyl 2,3 4-tri-O-trimethylsilyl-a-D-glucopyranoside 1 following the
general procedure. 'H NMR (400 MHz, CDCl3) 5 0.11-0.16 (3 s, 27H, (CHj3)3-Si), 0.85 (t,
Jcns,chz = 6.9 Hz, 3H, CH,-CH3), 1.19-1.35 (m, 12H, CH,-(CHj)6-CH3), 1.55-1.65 (m, 2H,
CO-CH,-CHy), 2.37 (td, 2H, CO-CH,-CHy), 3.35 (s, 3H, O-CH3), 3.43-3.5 (m, 2H, H-2,H-5),
3.68-3.76 (m, 2H, H-3, H-4), 4.03 (dd, 1H, Jyy 4 ¢ = 11,8 Hz, Jyy5 4.6 = 5.3 Hz, H-6'), 4.37
(dd, 1H, Jiy611.¢ = 11.8 Hz, Ji.5 1.6 = 2.3 Hz H-6), 4.60 (d, 1H, Ji.1, 12 = 3.7 Hz, H-1). 13C
NMR (100 MHz, CDCl3) 6 0-1.5 (3s, (CH3)3-Si), 14.0 (-CH,-CH3), 22.5-32 (6s, CHp-(CHj)e-
CH3), 24,7 (CO-CH,-CH,-CHy), 34.2 (CO-CH,-CHy), 55.0 (O-CH3), 63.2 (C-6), 69.4 (C-4),
72.5(C-2),73.8 (C-5), 75.0 (C-3), 99.8 (C-1), 173.5 (CO).

Methyl 6-O-dodecanoyl-2,3,4-tri-O-trimethylsilyl-a-D-glucopyranoside 6. Colorless syrup.
Yield 70% from the methyl 2,3 4-tri-O-trimethylsilyl-a-D-glucopyranoside 1 following the
general procedure. 'H NMR (400 MHz, CDCl3) 5 0.14-0.19 (3s, 27H, (CH3)3-Si), 0.75 (t,
Jcns,caz = 6.9 Hz, 3H, CH,-CH,-CH3), 1.20-1.30 (m, 16H, CH,-(CHjy)s-CH3z), 1.61-1.64
(m, 2H,CO-CH,-CH,-CHy), 2.35 (td, 2H,CO-CHy), 3.35 (s, 3H, O-CH3), 3.43-3.49 (m, 2H,
H-2, H-5), 3.68-3.78 (m, 2H, H-3, H-4),4.05 (dd, 1H, Jiy ¢ 3¢ = 11.8 Hz, Ji15 5.4 = 5.4 Hz,
H-6"),4.39 (dd, 1H, iy ¢ = 11.8 Hz, J11.5 1.6 = 2.2 Hz, H-6), 4.62 (d, 1H, Ji.1 12 = 3.6 Hz,
H-1). 13C NMR (100 MHz, CDCl3) & 0-1.5 (3s, (CHz)3-Si), 14.0 (-CH,-CHj), 22.5-21.5 (8s,
CH»-(CH3)3-CH3), 24.5 (CO-CH,-CHy), 34.3 (CO-CHy), 55.0 (O-CH3), 63.2 (C-6), 69.5 (C-4),
72.6 (C-2),73.8 (C-5), 75.0 (C-3), 99.8 (C-1), 173.4 (CO).

Methyl 6-O-octanoyl-2,3,4-tri-O-trimethylsilyl-B-D-galactopyranoside 7. Colorless syrup. Yield
83% from the methyl 2,3,4-tri-O-trimethylsilyl-3-D-galactopyranoside 2 following the general
procedure. TH NMR (400 MHz, CDCls) & 0.12 (3s, 27H (CH3)3-5i), 0.85 (t, Jcnscre = 6.9 Hz,
3H, CH,-CHy-CH3), 1.20-1.31 (m, 8H, CH,-(CH,)4-CH3), 1.61 (p, 2H, | = 7.4 Hz CO-CH,-CH,-
CHy), 2.30 (t, 2H, ] = 7.5 Hz, CO-CH,-CH,), 3.40 (dd, 1H, Jyo 13 =9.3 Hz, [i3 1.4 = 2.7 Hz,
H-3), 3.47 (s, 3H, O-CH3), 3.64 (m, 2H, H-2,H-5), 3.74 (d, 1H, Jrr311.4 = 2.3 Hz, H-4), 4.06 (d,
1H, Juan2 = 7.5 Hz, H-1), 413 (dd, 1H, Ji4 ¢ = 11.0 Hz, Jusue = 6.5 Hz, H-6), 4.23 (dd,
H, Ji1e e = 11.0Hz, 5114 = 6.6 Hz, H-6'), ®C NMR (100 MHz, CDCl3) 5 0.6, 0.7, 0.8 (3s,
(CH3)3-51), 14.2 (-CHp-CH3), 22.7, 29.0, 29.2, 31.7 (4s, CH,-(CH;)4-CHj3), 25.1 (CO-CH,-CH,-
CHpy), 34.4 (CO-CH,-CHy), 57.2 (O-CH3), 63.0 (C-6), 71.9 (C-4), 72.0 (C-2), 72.2 (C-5), 75.1 (C-3),
105.0 (C-1), 173.6 (CO).

Methyl 6-O-hexanoyl-a-D-glucopyranoside 8. Colorless syrup. Yield 77% from the methyl
6-O-hexanoyl-2,3,4-tri-O-trimethylsilyl-«-D-glucopyranoside 3 following the general pro-
cedure for deprotection. 'H NMR (400 MHz, DMSO-d6) & 0.84 (t, 3H, Jcms,caz2 = 6.9 Hz,
CH,-CH3), 1.21-1.29 (m, 4H, -(CH,),-CHj3), 1.44-1.57 (m, 2H, CO-CH,-CHy), 2.28 (t, 2H,
Jcra,crz = 7.3 Hz, CO-CHy), 3.02-3.09 (m, 1H, H-4) 3.16-3.23 (m,1H, H-2) 3.25 (s, 3H,
0O-CHj), 3.35-3.41 (m, 1H, H-3), 3.48-3.53 (m, 1H, H-5) 4.01 (dd, 1H, Jjy4 ¢ = 11.6 Hz,
Jusne = 6.5 Hz, H-6'),4.29 (dd, 1H, [y ¢ ¢ = 11.6 Hz, Ji1.5 1.6 = 2.1 Hz, H-6), 452 (d, 1H,
Ju1,H2 = 3.7 Hz, H-1) 4.82 (d, 1H, Jop .o = 6.4 Hz, OH-2), 4.90 (d, 1H, Jou,n3' = 5.0 Hz,
OH-3), 5.15 (d, 1H, Jon, 54’ = 5.8 Hz, OH-4). 1*C (100 MHz, DMSO-d6) § 13.9 (-CH,-CHj),
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229, 24.3, 30.7 (3 s, -(CH,)3-CH3), 33.6 (CO-CH;-), 54.5 (O-CH3), 63.6 (C-6), 69.7 (C-5),
70.5 (C-4), 71.9 (C-2), 73.3 (C-3), 99.8 (C-1), 173.0 (CO). HRMS (ESI) 11/ z for C13H407Na*
[M + Na]* calcd 315.1420, found 315.1424.

Methyl 6-O-octanoyl-a-D-glucopyranoside 9. White powder. Yield 77% from the methyl
6-O-octanoyl-2,3,4-tri-O-trimethylsilyl-x-D-glucopyranoside 4 following the general pro-
cedure for deprotection. 'H NMR (400 MHz, DMSO-d6) & 0.84 (t, 3H, Jcns,ca2 = 7.3 Hz,
CH,-CH3), 1.17-1.30 (m, 8H, -(CH)4-CH3), 1.47-1.55 (m, 2H, CO-CH,-CH,), 2.28 (t, 2H,
Jemacrz = 7.3 Hz, CO-CHy), 3.02-3.09 (m, 1H, H-4) 3.16-3.23 (m, 1H, H-2) 3.25 (s, 3H,
0O-CHj), 3.35-3.41 (m, 1H, H-3), 3.50-3.56 (m, 1H, H-5) 4.01 (dd, 1H, Jj¢1.¢ = 11.7 Hz,
Jusne =67 Hz, H-6'),4.28 (dd, 1H, Jyy ¢ ¢ = 11.7 Hz, J5 1.6 = 1.9 Hz, H-6), 4.52 (d, 1H,
Jua1u2 = 3.6 Hz, H-1) 4.82 (d, 1H, Jopy 1.7 = 6.4 Hz, OH-2), 4.90 (d, 1H, Jop ns' = 4.9 Hz,
OH-3),5.15 (d, 1H, Jop,H.4’ = 5.8 Hz, OH-4). 13C (100 MHz, DMSO-d6) § 14.1 (-CH,-CHj),
222, 24.6, 28.5, 28.5, 31.2 (5 s, (CHy)5-CH3), 33.6 (CO-CH,-), 54.4 (O-CH3), 63.6 (C-6),
69.7 (C-5), 70.5 (C-4), 71.9 (C-2), 73.3 (C-3), 99.8 (C-1), 173.0 (CO). HRMS (ESI) m/z for
Ci15HpgO7Na™ [M + Na]* calcd 343.1733, found 343.1726.

Methyl 6-O-decanoyl-a-D-glucopyranoside 10. White powder. Yield 81% from the methyl
6-O-decanoyl-2,3 4-tri-O-trimethylsilyl-a-D-glucopyranoside 5 following the general proce-
dure for deprotection. 'H NMR (400 MHz, CD;0D) 6§ 0.89 (t, 3H, Jcus,chaz = 7.3 Hz, CH,-
CHj3), 1.24-1.39 (m, 12H, -(CHy)s-CH3), 1.62 (p, 2H, Jcracra = 7.2 Hz, CO-CHy-CHy), 2.35
(t, 2H, JcHz,cH2 = 7.4 Hz, CO-CH,-CHy), 3.27 (dd, 1H, Ji3,14 = 9.0 Hz, Ji4 115 = 9.9 Hz, H-
4) 3.37-3.42 (m, 4H, H-2, O-CH3), 3.61 (t, 1H, Jx-2 13 = Ju-3,1-4 = 9.3 Hz, H-3), 3.70 (ddd, 1H,
Jiams = 9.9 Hz, Jisp6 = 2.0 Hz, Jips ¢ = 6.0 Hz, H-5), 419 (dd, 1H, Jig ¢ = 11.8 Hz,
Juspe =6.0Hz, H-6"),4.38 (dd, 1H, [y ¢ 1.¢ = 11.8 Hz, Jy5 116 = 2.1 Hz, H-6), 4.65 (d, 1H,
Ju-1H2 = 3.7 Hz, H-1). 13C (100 MHz, CD50D) § 14.5 (-CH,-CHj3), 23.7, 26.1, 30.2, 30.4, 30.4,
30.6,33.0 (7 s, -(CHy)7-CH3), 35.0 (CO-CH>-), 55.6 (O-CH3), 64.7 (C-6), 71.0 (C-5), 71.9 (C-4),
73.4 (C-2),75.0 (C-3), 101.3 (C-1), 175.4 (CO). HRMS (ESI) m/z for C17H3O7Na* [M + Na]*
caled 371.2046, found 371.2046.

Methyl 6-O-dodecanoyl-a-D-glucopyranoside 11. White powder. Yield 71% from the
methyl 6-O-dodecanoyl-2,3,4-tri-O-trimethylsilyl-a-D-glucopyranoside 6 following the gen-
eral procedure for deprotection. 'H NMR (400 MHz, CD30D) 5 0.89 (t, 3H, Jems,cmz =7.3 Hz,
CH2'CH3), 1.24-1.40 (m, 16H, -(CHz)g-CH3), 1.62 (p, 2H, ICHZ,CHZ =72Hz, -CO-CHz-CHz),
2.35 (t, 2H, ]CHZ,CHZ =74 HZ, CO-CHz), 3.27 (dd, 1H, ]H-3,H-4 =9.0 HZ, ]H-4,H-5 =10.0 HZ, H-
4) 3.37-3.42 (1’1’1, 4H, H-Z, O-CHg), 3.61 (t, 1H, ]H-Z,H-?) = ]H—3,H—4 =93 HZ, H-3), 3.70 (ddd, 1H,
]H—4,H—5 =99 Hz, ]H—S,H—6 =2.0Hz, ]H-S,H-é/ =6.0 Hz, H-5), 4.19 (dd, 1H, ]H-G,H-6’ =11.8 Hz,
Jusne =6.0Hz, H-6'),4.38 (dd, 1H, Jyy ¢ 1.¢ = 11.8 Hz, J115 1.6 = 2.1 Hz, H-6), 4.65 (d, 1H,
Ju1H2 = 3.7 Hz, H-1). 13C (100 MHz, CD50D) § 14.5 (-CH,-CH3), 23.8, 26.1, 30.2, 30.4, 30.5,
30.6, 30.8, 30.8, 33.1 (9 s, -(CH;)9-CH3), 35.0 (CO-CH;-), 55.6 (O-CH3), 64.7 (C-6), 71.1 (C-5),
71.9 (C-4),73.5 (C-2), 75.0 (C-3), 101.3 (C-1), 175.4 (CO). HRMS (ESI) m/z for C19H3,07Na*
[M + Na]* calcd 399.2359, found 399.2361.

Methyl 6-O-octanoyl-p-D-galactopyranoside 12. White powder. Yield 83% from the methyl
6-O-octanoyl-2,3,4-tri-O-trimethylsilyl-3-D-galactopyranoside 7 following the general pro-
cedure for deprotection. 'H NMR (400 MHz, CD;0D) 5 0.89 (t, 3H, Jens,coe = 7.3 Hz,
CH,-CH3), 1.26-1.37 (m, 8H, CH»-(CH,)4-CHs), 1.57-1.65 (m, 2H, CH,-CH,-(CH,)4), 2.34 (t,
2H, ] = 7.4 Hz, CO-CH,-CH)), 3.44-3.51 (m, 2H, H-2, H-3) 3.50 (s, 3H, O-CH3), 3.71 (ddd, 1H,
]H—5,H—6 =73 Hz, ]H—S,H—6’ =5.0Hz, ]H-4,H—5 =1.0Hz, H-5), 3.79 (d, 1H, ]H—S,H—4 =2.0Hz, H—4),
412 (d, 1H, Jya,n2 = 7.5 Hz, H-1),4.21 (dd, 1H, Jy ¢ ¢ = 114 Hz, Jus ne = 5.0 Hz, H-6),
4.30 (dd, 1H, Jipe ¢ = 11.3 Hz, Jip511¢ = 74 Hz, H-6'), 3C NMR (100 MHz, CD30D) 6
14.4 (-CH,-CH3), 23.7, 26.1, 30.1, 30.2, 32.8 (5 s, -(CHj)5-CH3), 35.0 (CO-CH,-), 57.2 (O-CHy),
64.6 (C-6),70.3 (C-4), 72.3 (C-2), 73.9 (C-5), 74.7 (C-3), 105.9 (C-1), 175.3 (CO). HRMS (ESI)
m/z for C15HpgO7Nat [M + Na]* caled 343.1733, found 343.1743.
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3.4. Physicochemical Characterizations
3.4.1. Solubility

Water solubility reflects the ability of a particular molecule to dissolve and its in-
teraction with water. To characterize the water solubility of most amphiphile molecules,
especially the ionic surfactants, the Krafft point (Tk) is often used, referring to the critical
temperature above which micelles form or the melting point of the hydrated solid surfac-
tant. Two general approaches were used to measure the Tks of the molecules investigated
herein: (1) a visual examination of the dissolution phenomenon for binary molecule/water
systems, and (2) a quantitative measurement by using differential scanning calorimetry
(DSC) analysis. The visual observation procedure is detailed below. We start with adding
the molecule into 5-50 mL water, in a concentration range between 1072 mM and 10° mM
(corresponding to a range of a surfactant mass concentration well below 20%), keeping
the suspension under stirring for a certain time at room temperature (RT). Consequently,
molecules can be classified into two major types: those soluble in water at RT and others
insoluble at RT, with the solubility limit being called S (expressed in mM). The aspect of
the sample, either transparent or turbid, is determined by direct visual examination. Tk
determination with DSC is particularly applicable in the case of molecules insoluble at RT,
for which a concentrated binary molecule/water mixture with a mass fraction of 20% of
each molecule (C >> CMC in most cases) was prepared at 65 °C under stirring for 30 min to
obtain a homogeneous system. These pre-homogenized aqueous systems were cooled and
conserved in a refrigerator at 4 °C for a suitable period (>7 days), during which equilibrated
hydrated crystals formed and precipitated. Then, for each molecule, about a 200-400 mg
crystal sample was taken and put into the calorimeter cell. The first equilibrium phase was
programmed at 4 °C for 1 h, followed by a slow heating stage from 4 °C to 65 °C at a rate of
0.5 °C/min. Tk was determined based on the location of the endothermic peak on the DSC
curve, if any. All agitations were performed using a standard magnetic hotplate stirrer, MR
3001K (Heidolph Instruments, Schwabach, Germany). DSC curves were obtained from a
commercial uDSC7 evo calorimeter (SETARAM Instrumentation, Caluire-et-Cuire, France).
Tks are reported as the averages of at least two measurements as well as their standard
deviations.

3.4.2. Surface Activity

The surface activity reflects the amphiphiles” adsorption behavior on the air-aqueous
solution interface. The surface tension () was obtained using the Wilhelmy plate method
with a K100 Processor Tensiometer (KRUSS, Hamburg, Germany). Both the critical micellar
concentration (CMC) and equilibrium surface tension at the CMC (ycmc) were derived
from the typical plot of surface tension () against the logarithm of concentration (Log
C). The surface excess (I'max) and minimal area per molecule at the air-aqueous solution
interface (Amin) at different temperatures were calculated from the Gibbs adsorption

equation [3,46]:
1 dy
r = 2
max 2.303RT(dlogc) @
and 10
A gy — —m—
min NAl—vmax (3)

where R is the ideal gas constant, 8.31 J-mol~1.K~1; T is the measuring temperature, K; ¢
is the surface tension, N/m; c is the concentration, mol.L™!; A, is the minimal area per
molecule, A2, and N is Avogadro’s number, 6.022:10%% mol .

For each molecule, several solutions of a wide range of concentrations were prepared.
Before measuring, each solution was finely homogenized with the help of a magnetic
stirring bar. The stirring time was fixed at 30 min in all cases. For molecules with a
Tk below RT, the preparation was performed at environmental conditions, whereas for
molecules exhibiting a Tk higher than 25 °C, the aqueous mixtures were firstly heated and
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agitated at elevated temperatures (25-50 °C), depending on the corresponding Tk. Then,
measurements were performed once for each concentration, at the solution preparation’s
temperature, with an uncertainty of £1 °C.

4. Conclusions

Two series of methyl D-glycopyranoside-based esters, with different orientations of
the ester group, were compared in terms of solubility and surface adsorption properties.
This study, combined with a comparison of four well-studied commercial octyl glycosides
(C8aGlc, C8BGIc, C8axxGal, and C83Gal), allows for a careful exploration of how structural
features affect their physicochemical properties.

Commercial octyl D-glycosides presented high solubility limits although their Krafft
points were strongly influenced by the head group configuration. Only C8aGlc and
C8pGal were found to have Tks above room temperature. Specific structural features
causing differences in solubility were proposed for these molecules. For sugar esters
families, the ester group orientation had an obvious impact on the dissolution behavior of
the compounds.

With respect to the surface tension measurements, we observed, for both series of
ester surfactants, a clear linear decrease in the log CMC with the alkyl chain length, in line
with well-established surfactant science research. In addition, we could also evidence a
slight decrease in ycmc and Amin with alkyl chain lengths, consistent with literature-based
expectations for sugar-based surfactants. By comparing the commercial octyl D-glycosides
and all the synthesized C7/C8 esters, we found that the latter exhibits a noticeably lower
CMC. At a constant alkyl chain length, the various polar heads studied in this work did
not seem to impact ycmc significantly.

Overall, this work offers a refined understanding of the various factors involved in
the physicochemical properties of sugar-based amphiphiles. While being able to predict
structure-amphiphilic property trends should allow the design of greener surfactants in
a smarter way, it is obvious that predicting the solubility properties of new amphiphilic
molecules is tricky and challenging, as sugar-based surfactant solubility arises from a
delicate balance between three key factors—their crystal stability, hydrophilicity, and
self-assembling tendency. Further research on the structure—property relationships of
sugar-based surfactants are still needed to contribute to community knowledge and to
provide significant hope regarding the replacement of petroleum-based substances.
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Abstract: The organization of modifiable and functional building components into various super-
structures is of great interest due to their broad applications. Supramolecular self-assembly, based
on rationally designed building blocks and appropriately utilized driving forces, is a promising and
widely used strategy for constructing superstructures with well-defined nanostructures and diverse
morphologies across multiple length scales. In this study, two homogeneous organohydrogels with
distinct appearances were constructed by simply mixing polyoxometalate (phosphomolybdic acid,
HPMo) and a double-tailed zwitterionic quaternary ammonium amphiphile in a binary solvent of
water and dimethyl sulfoxide (DMSO). The delicate balance between electrostatic attraction and
repulsion of anionic HPMo clusters and zwitterionic structures drove them to co-assemble into
homogeneous organohydrogels with diverse microstructures. Notably, the morphologies of the
organohydrogels, including unilamellar vesicles, onion-like vesicles, and spherical aggregates, can be
controlled by adjusting the ionic interactions between the zwitterionic amphiphiles and phospho-
molybdic acid clusters. Furthermore, we observed an organohydrogel fabricated with densely stacked
onion-like structures (multilamellar vesicles) consisting of more than a dozen layers at certain propor-
tions. Additionally, the relationships between the self-assembled architectures and the intermolecular
interactions among the polyoxometalate, zwitterionic amphiphile, and solvent molecules were elu-
cidated. This study offers valuable insights into the mechanisms of polyoxometalate-zwitterionic
amphiphile co-assembly, which are essential for the development of materials with specific structures
and emerging functionalities.

Keywords: organohydrogels; supramolecular co-assembly; zwitterionic amphiphiles; polyoxometalates

1. Introduction

Molecular self-assembly represents a spontaneous natural process and a relatively
common strategy for creating highly ordered nano- to micro-architectures, fostering the
development of diverse functional materials with enhanced complexity, synergetic and
dynamic properties. Among these materials, supramolecular gels, resulting from the
self-assembly of low-molecular-weight gelators (LMWGs) through an array of supramolec-
ular noncovalent interactions, have garnered substantial research attention due to their
emerging application prospects such as biomaterials, sensing, stimulus-responsive and
self-healing materials [1-5]. Self-assembly represents an efficient and low-energy pathway
for the spontaneous generation of programmable and versatile nanostructures. By manipu-
lating the distinct moieties, such as hydrophilicity and hydrophobicity of building blocks,
along with the types of interactions between them, and controlling assembly conditions (sol-
vent polarity, pH, light, and temperature etc.), devisable and multitudinous assemblies can
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be achieved, including micelles, vesicles, liquid crystals, and fibers [6-9]. Currently, the en-
gineering of innovative and high-tech applications of conventional hydrogels has garnered
significant interest. Specifically, organohydrogels, prepared in the water-organic solvent
mixture, have attracted broad attention due to their intriguing properties, such as superior
freezing-resistance, anti-drying capacity, and enhanced mechanical performance [10-12].
Therefore, there is an urgent need to develop supramolecular organohydrogels based on
novel building blocks, which provide a straightforward strategy and fresh perspective for
constructing diverse microstructures with additional and specific functionalities.

Among the myriad building blocks and strategies employed in constructing functional
supramolecular gels, inorganic-organic co-assembly, merging the diversity of organic build-
ing blocks with the versatility of inorganic assemblies, has been considered as a promising
approach. Moreover, by tailoring the specific properties of individual components, the
intrinsic capabilities of resulting hybrid co-assembled systems can be precisely adjusted.
Furthermore, the co-assembling process serves as a valid strategy for organizing both inor-
ganic and organic building blocks into well-defined supramolecular nanostructures, which
greatly improves properties through forming local concentrated environment, such as
photochromism, luminescence, catalytic performance and antibacterial ability [13]. Various
inorganic materials including polyoxometalates (POMs), quantum dots (QDs), polyhedral
oligomeric silsesquioxane (POSS), have been widely employed as inorganic components to
create well-defined inorganic-organic hybrid materials [14-17]. Particularly, POMs, which
are anionic nanoscale inorganic clusters composed of early transition metal oxides in their
highest oxidation states, exhibit diverse compositions and structures as well as versatile and
tunable chemical properties, making them excellent candidates as inorganic building blocks
for the construction of inorganic-organic co-assembled materials [18,19]. Due to the anionic
characteristic of POMs in polar solvents, cationic amphiphiles or polymers are commonly
used to co-assemble with POMs through electrostatic interactions. Wu et al. reported that
nanodisks, nanocones, nanotubes, and onionlike hybrid nanostructures could be formed
in co-assembling systems of POM nanoclusters and cationic amphiphiles [20,21]. Hao
et al. studied that the co-assembly of double-tailed cationic surfactant possessing magnetic
properties and magnetic POM clusters, which led to the formation of supramolecular mag-
netic aggregate structures comprised of layered structures and virus-like particles [22,23].
However, because of strong electrostatic interactions, the aforementioned co-assembled
complexes are nearly insoluble in water and challenging to process into functional mate-
rials. Zwitterions, characterized by a covalently connected cation and anion, can interact
with various ionic species and co-assemble into diverse aggregates via electrostatic forces.
Recently, the delicate balance between electrostatic attraction and repulsion of zwitterionic
amphiphiles and POM clusters has been discovered, leading to the successful construction
of homogenous supramolecular hydrogel systems. In our previous studies, single-tailed
imidazolium-type zwitterions were commonly employed to co-assemble with POM clus-
ters, resulting in the observation that these systems exhibited a distinct tendency to form
well-organized wormlike micelles [24,25]. Consequently, appropriately designing the
structure of building blocks to regulate driving forces represents a rational strategy for
generating diverse assemblies and investigating the assembly mechanism.

In this work, we designed and synthesized a double-tailed zwitterionic quaternary
ammonium amphiphile (dioctylmethylammonium propanesulfonate, (C8),MeAS) for co-
assembly with Keggin-type POM clusters (phosphomolybdic acid, HPMo), followed by a
systematic investigation of their co-assembled characteristics. Leveraging the suitable ionic
interaction between zwitterionic amphiphiles and anionic POM clusters, (C8),MeAS and
HPMo clusters were able to co-assemble into supramolecular organohydrogels with tun-
able nanostructures in a binary solvent of water and dimethyl sulfoxide (DMSO) (4:1 v/v).
The morphologies of co-assemblies inside the supramolecular organohydrogels trans-
formed from onion-like vesicles to spherical aggregates as the molar ratio of (C8),MeAS to
HPMo varied from 10:1 to 6:1. The gelation behavior, gelation mechanism, and rheological
properties were detailed studied to reveal a theoretical comprehension of zwitterionic
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amphiphiles-POMSs co-assembly in the binary solvent. Zwitterionic amphiphiles signifi-
cantly broaden the scope of POM clusters’ applications as building blocks in the fabrication
of versatile co-assembled nanostructures and soft materials.

2. Results and Discussion
2.1. Phase Diagram and Morphologies of the Organohydrogels

The zwitterionic compound (C8),MeAS exhibits limited solubility in water because
of its two hydrophobic alkyl chains. To enhance the solubility of (C8),MeAS and induce
more complex co-assembly behavior, DMSO was used as a cosolvent [26,27]. To investigate
the co-assembling behavior of zwitterionic (C8),MeAS and anionic HPMo clusters in a
water-DMSO binary solvent, the phase diagram of (C8),MeAS/HPMo system at various
(C8),MeAS concentrations and varying (C8),MeAS/HPMo molar ratios in water-DMSO
binary solvent (4:1 v/v) was primarily examined. As illustrated in Figure 1, the phase
boundary was primarily determined through visual observation and the tube-inversion
method. (C8),MeAS cannot dissolve on its own in a mixture of water-DMSO mixed solvent
with the volume ratio of 4:1. The addition of hydrophilic HPMo clusters significantly
increases the solubility of (C8),MeAS, resulting in the formation of a homogenous solu-
tion. With the successive increase of HPMo concentration, planar lamellar phase (L),
gel phase and precipitate region was observed. The insets of Figure 1 demonstrate that
gels with (C8),MeAS/HPMo molar ratio from 7:1 to 12:1 exhibit good transparency, while
gels with (C8),MeAS/HPMo molar ratio of 5:1 and 6:1 are optically opaque. For a more
detailed examination of gel phase, representative samples with a fixed (C8),MeAS concen-
tration of 200 mM were initially chosen for specific analysis (depicted by orange points
in Figure 1). Optical photographs of organohydrogels, observed under crossed polariz-
ers, reveal a birefringent texture in samples with (C8),MeAS/HPMo molar ratios of 12:1,
10:1 and 8:1 (Figure Sla). Additionally, the phase transition of the samples at a constant
(C8),MeAS/HPMo molar ratio of 10:1 was investigated (indicated by the pink points in
Figure 1). When the concentration of (C8),MeAS is lower than 120 mM, a homogeneous and
transparent solution with no birefringence was obtained (Figure S1b). Optical photographs
of organohydrogels with (C8)2MeAS concentration of 130 mM and 150 mM observed under
crossed polarizers show birefringent textures (Figure S1b). This suggests that a transition
from a micellar solution to a vesicle-based gel phase occurs at a (C8),MeAS concentration
of 130 mM. Upon increasing the concentration of (C8),MeAS to 270 mM, the optically
transparent gel sample turned to a viscous, translucent, and flowing substance exhibiting
an oil-like texture under polarized optical microscope (POM) (Figure S3). These results
demonstrate that a phase transition from vesicles to planar lamellar structures occurs as
the concentration of (C8),MeAS increases to higher values.

To further visualize and identify the inner microstructure of assembled organohy-
drogels, cryogenic transmission electron microscopy (cryo-TEM) and freeze fracture-
transmission electron microscope (FF-TEM) were conducted. Figure 2a,b display the
cryo-TEM and FF-TEM images of the organohydrogel with a (C8),MeAS/HPMo molar
ratio of 10:1. Densely stacked onion-like vesicles (multilamellar vesicles) and accompa-
nying unilamellar vesicles are clearly observed. The onion-like vesicles have diameters
ranging from 380 to 700 nm and interlamellar distances of approximately 34 nm. The
unilamellar vesicles have smaller diameters ranging from 54 to 110 nm. As shown in
Figure 2¢,d, the organohydrogel with a (C8),MeAS/HPMo molar ratio of 8:1 also consists
of large multilamellar vesicles with the diameters ranging from 850 nm to 1.4 um, along
with polydispersed unilamellar vesicles with diameters ranging from 50 to 500 nm. Multi-
lamellar vesicles exhibit a smaller bilayer distance of about 30 nm compared to those in
the organohydrogel of a 10:1 ratio. Moreover, slight agglomeration of unilamellar vesicles
occurs in both organohydrogels with 10:1 and 8:1 ratios, promoting gel formation [28,29].
Increasing the (C8),MeAS/HPMo molar ratio to 6:1 resulted in a morphological transfor-
mation from vesicles to spherical aggregates. As shown in Figure 2e,f, the organohydrogel
with a 6:1 ratio consists of polydisperse and well-defined spherical aggregates ranging
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in diameter from about 30 nm to near 1 um, corresponding to the opaque appearance of
organohydrogels [30]. Scanning electron microscopy (SEM) images reveal the adhesion of
spherical aggregates, leading to network formation and subsequent gelation [31]. Similar
spherical aggregates can be observed for the organohydrogel with a 5:1 ratio (Figure S2).
As mentioned earlier, the morphological transformation with the increase in HPMo con-
tent is further confirmed by zeta potential measurements, typically used to monitor the
surface potential of aggregates in colloidal systems. Figure 3 shows the zeta potentials of
mixtures with a constant (C8),MeAS concentration and varying (C8),MeAS/HPMo molar
ratios. The negative zeta potential of the mixtures demonstrates that anionic POM clusters
reside the surface of the aggregates [17]. The zeta potential becomes increasingly negative
as the (C8),MeAS/HPMo molar ratio varies from 12:1 and 7:1. The interaction between
POM clusters and the covalently connected cation and anion of zwitterionic amphiphiles
via electrostatic forces results in the bilayers becoming more negatively charged upon incor-
poration of more anionic POM clusters [24,32]. However, the zeta potential becomes less
negative as the HPMo content increases to molar ratios of 6:1 and 5:1, corresponding with
the observed morphological transformation. The slight increase in zeta potential might be
attributed to the accumulation of counterions (H*) on the aggregate surface upon addition of
excess HPMo [33].

Small-angle X-ray scattering (SAXS) measurement is a potent technique for examining
co-assembled microstructures in samples. Firstly, SAXS spectra were detected for samples
with different molar ratios of (C8),MeAS/HPMo and fixed (C8),MeAS concentration of
200 mM (Figure 4a). Two distinctive scattering peaks, corresponding to the (100) and
(200) reflections of lamellar structures, were observed with a relative ratio of 1:2. This
observation concurs with the presence of multilamellar vesicles as depicted in TEM images.
The interlayer spacing (d) can be determined using the equation d = 277/4, derived from the
first scattering factor (q1). As the HPMo content increases from 12:1 to 5:1, the scattering
peaks gradually shift towards higher g values, indicating a reduction in interlayer spacing
from 31.08 to 26.04 nm. This trend suggests a denser packing of bilayers [28]. The intro-
duction of HPMo molecules on the bilayer surface enhances interactions between adjacent
bilayers, resulting in a more tightly packed bilayer structure. For organohydrogels with the
(C8),MeAS/HPMo molar ratios of 10:1 and 8:1, the calculated d-spacing is 31.08 and 28.34
nm, respectively. Then, the SAXS patterns were measured for samples with a constant
(C8),MeAS/HPMo molar ratio of 10:1 and varying (C8),MeAS concentrations, as shown
in Figure 4b. In the case of the sample with a (C8),MeAS concentration of 110 mM, no
significant scattering peak is observed. However, with an increase in (C8),MeAS concen-
tration to 130 mM, scattering peaks corresponding to lamellar structures emerge. Notably,
these scattering peaks become sharper with increasing (C8),MeAS concentration, indicat-
ing the more regular arrangement of bilayers in the samples. Increasing the (C8),MeAS
concentration to 300 mM results in evident peaks at g values in a 1:2:3 ratio, indicating more
ordered planar lamellar structures. With the (C8),MeAS concentration rising from 130 mM
to 300 mM, the d-spacing reduces from 43.80 nm to 21.41 nm. This can be attributed to the
more closely packed molecules with increasing (C8),MeAS concentration [28,34]. Thus, the
augmentation of both HPMo and (C8),MeAS concentration ineluctably leads to a reduction
in interlayer spacing of bilayers.
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Figure 1. Phase diagram of mixtures of (C8),MeAS and HPMo at different molar ratios in water-
DMSO binary solvent (4:1 v/v); the orange points represent samples with a fixed (C8),MeAS concen-
tration of 200 mM; the pink points represent samples with a fixed (C8),MeAS/HPMo molar ratio of

10:1; the insets are photos of organohydrogels with the molar ratios of 10:1 and 6:1, respectively (at a
fixed (C8),MeAS concentration of 200 mM).
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Figure 2. (a,b) Cryo-TEM and FF-TEM images of organohydrogel with the (C8),MeAS/HPMo molar
ratio of 10:1; (c,d) FE-TEM and cryo-TEM images of organohydrogel with the (C8),MeAS/HPMo
molar ratio of 8:1; (e,f) TEM and SEM images of organohydrogel with the (C8),MeAS/HPMo
molar ratio of 6:1. The concentration of (C8), MeAS was fixed at 200 mM. The unilamellar vesicles,
multilamellar vesicles and spherical aggregates in the images have been depicted by white, red and
black arrows, respectively.
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Figure 4. (a) SAXS spectra of samples with different (C8);MeAS/HPMo molar ratios and fixed
(C8),MeAS concentration of 200 mM; (b) SAXS data of samples with various (C8),MeAS concentra-
tions and the fixed (C8),MeAS/HPMo molar ratio of 10:1.

2.2. Rheological Properties of the Organohydrogels

Rheological measurements are generally used to investigate the macroscopic prop-
erties of samples. Figure 5a shows frequency sweep results for organohydrogels with
different (C8),MeAS/HPMo molar ratios. The elastic moduli (G') of all samples exceed
the viscous moduli (G”) by approximately one order of magnitude. Furthermore, the G/
and G” curves run almost parallel and remain frequency-independent, further certifying
the good gel character of samples [35]. With the (C8),MeAS/HPMo molar ratio ranging
from 10:1 to 5:1, the G’ value, a significant parameter for assessing gel mechanical strength,
gradually decreases, implying reduced ability to resist mechanical disturbance [24]. The
decrease of mechanical strength arises from two factors: the microstructures within the gels
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and excessive crosslinking by HPMo clusters. Obviously, the G’ values of vesicle-based
organohydrogels (8:1 and 10:1) higher than those of spherical aggregate-based organohydro-
gels (5:1 and 6:1). Vesicle-based gels feature densely packed multilamellar and unilamellar
vesicles with minimal inter-vesicle spacing, forming a notably stiffer network compared to
gels composed of adhesive spherical aggregates. Moreover, because of the hydrophilicity
of POMs clusters, HPMo clusters situated on the outer surface of adjacent aggregates can
interact with each other and serve as cross-linkers, facilitating the binding of neighboring
aggregates and promoting gel formation [24]. However, an excessive addition of HPMo
clusters may result in an increase in electrostatic repulsive forces among neighboring ag-
gregates, significantly weakening the crosslinking of HPMo clusters. In addition, we also
explored the frequency-dependent oscillatory profiles of organohydrogels with different
(C8),MeAS concentrations but a fixed (C8),MeAS/HPMo molar ratio of 10:1 (Figure 5b).
Both G’ and G” remain independent of frequency. Moreover, all samples possess higher
G/ values, indicating their elasticity dominant property, a characteristic feature of gel ma-
terials. The mechanical strength of organohydrogels gradually enhances with the rise in
(C8),MeAS content. Summarily, the mechanical strength of gels can be facilely tuned by
altering the content of (C8);MeAS and HPMo clusters.
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Figure 5. The rheological properties of the prepared samples: (a,c) frequency-dependent oscilla-
tory profiles and shear viscosity as a function of shear rate for organohydrogels with different
(C8),MeAS/HPMo molar ratios (The concentration of (C8),MeAS was fixed at 200 mM); (b,d) fre-
quency sweep plots and shear rate dependence of the viscosity for organohydrogels with varying
(C8),MeAS concentration ((C8),MeAS/HPMo = 10:1).

Additionally, the microstructure transformation of self-assembled systems could be
distinguished from rheological measurements. Steady-shear measurements for samples
with various components were further conducted. In Figure 5c¢, the viscosity of organohy-
drogels, with a fixed (C8)2MeAS concentration of 200 mM, decreased gradually as the
shear rate increased, implying the good shear-thinning property of gels. Therefore, these
organohydrogels have potentially application as injectable materials. In Figure 5d, for
organohydrogels with fixed (C8),MeAS/HPMo molar ratios of 10:1, the viscosity of gels
rises with increasing (C8),MeAS concentration. This occurs because the increasing num-
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ber of molecules results in tighter packing of vesicles within the organohydrogel. At a
(C8),MeAS content of 300 mM, the sample transitioned into a viscous fluid with a planar
lamellar structure, resulting in a significant decreased in viscosity. Notably, a partial shear
thickening behavior is observed within the shear rate range of 4 s~! to 47 s~ !, potentially as-
sociated with the transition from planar bilayers to onion-like vesicles. This transition from
lamellar to onion-like structures is a universal phenomenon in certain surfactant/water
system [36-38]. The subsequent shear-thinning region is attributed to the deformation of
vesicle bilayers as the shear rate increases.

2.3. Co-Assembly Mechanism of the Formation of Organohydrogels

During the co-assembly process of the (C8),MeAS/HPMo system, an essential pre-
requisite is the matching of hydrophobicity of the zwitterionic amphiphiles with the hy-
drophilicity of the POMs. When the HPMo clusters co-assembled with either significantly
more hydrophilic dihexylmethylammonium propanesulfonate ((C6),MeAS) or notably
more hydrophobic didecylmethylammonium propanesulfonate ((C10);MeAS), dilute aque-
ous solution and precipitates were obtained at equivalent concentrations, respectively
(Figure S4).

Another crucial factor contributing to the abundant phase behavior is the delicate
interaction between zwitterions and POM clusters. Isothermal titration calorimetry (ITC)
technique was employed to explore the thermodynamic behavior in the amphiphile-POMs
mixing process. In the case of the cationic amphiphile ((C8);MeABr) and the anionic HPMo
system (Figure 6a), an exothermic process with a distinct enthalpy change occurred during
titration, confirming the strong electrostatic attraction between (C8);MeABr and HPMo
clusters. This strong electrostatic attraction between the cationic (C8),MeABr and the
anionic HPMo induces the formation of light-yellow precipitation (Figure S4). Conversely,
as depicted in Figure 6b, enthalpy value of the endothermic process is low and remains
relatively constant during the binding process of zwitterionic (C8),MeAs and HPMo, re-
sulting from the covalently connected cation and anion of the zwitterion. For zwitterionic
(C8),MeAS, along with the electrostatic attraction between the positively charged quater-
nary ammonium cation and the [PMo01,049]3~ anion, the electrostatic repulsion also exists
between the sulfonic anion and the [PMo1,049]°>~ anion, which is crucial for maintaining
the electrostatic balance, as shown in Figure S5. The appropriate balance between electro-
static attraction and repulsion results in small enthalpy values in the ITC measurement and
facilitates the formation of diverse phase behaviors and homogenous gel systems.

The intermolecular noncovalent forces involved in the co-assembly process were fur-
ther investigated. The interaction between zwitterionic amphiphiles and HPMo clusters
during co-assembly was initially studied using 'H NMR spectra (Figure 7a). Protons adja-
cent to the charge (Ha~Hg) of (C8);MeAS molecules in non-co-assembled state (the black
line) exhibit much sharper peaks compared to the protons of (C8),MeAS molecules in the
co-assembled state. Furthermore, the protons of (C8),MeAS exhibit a noticeable downfield
shift after mixing with the HPMo cluster, ascribing to the altered dielectric constant of the
solvent and the conformational effects induced by molecular aggregation in the presence of
HPMo [39,40]. Moreover, with the continuous increase in HPMo content, the proton of the
methyl on the quaternary ammonium cation further shifts slightly downfield, attributed
to the electrostatic interaction between (C8),MeAS and HPMo clusters. Fourier transform
infrared spectroscopy (FT-IR) was also carried out to further elucidate the interaction
mechanism between (C8),MeAS and HPMo clusters. FT-IR spectra of (C8),MeAS, HPMo,
and xerogels with different (C8),MeAS/ HPMo molar ratios are shown in Figure 7b. The
fundamental absorptions of HPMo clusters, including the asymmetric P—O, stretch at
1057 em~! and the Mo=0 terminal stretch (Mo=0y) at 955 cm ™!, are observed [41]. After
co-assembling with (C8),MeAS, the vibrational characteristics of HPMo are still preserved.
In comparison with the pure HPMo clusters, the absorptions of P—O, and Mo=0 shift
to 1061 cm ™! and 993 cm ! respectively, which can be ascribed to the intermolecular
electrostatic interactions between HPMo and (C8),MeAS [24]. The results of 'TH NMR and
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FT-IR experiments above reveal that intermolecular interaction plays an essential role in

the co-assembly process.
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Figure 6. ITC titration data of (a) ammonium-type cationic amphiphile ((C8),MeABr, 3 mM) and
(b) zwitterionic amphiphile ((C8),MeAS, 3 mM) titrated into HPMo solution (0.1 mM) at 25.0 °C. The
water-DMSO binary solvent with the volume ration of 4:1 was used to prepare above solutions.
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Figure 7. (a) 'H NMR of mixtures of (C8),MeAS and HPMo in D,O/DMSO-dg with various
(C8),MeAS/HPMo molar ratios (the concentration of (C8),MeAS is fixed at 5 mM, the volume
ratio of D,O/DMSO-dg is 4:1); (b) FT-IR spectra of (C8),MeAS, HPMo and xerogels with the
(C8),MeAS/HPMo molar ratios of 4:1 and 8:1.

The results above unequivocally demonstrate the critical role of electrostatic interaction

between (C8),MeAS molecules and

HPMo in the formation of organohydrogels with

diverse microstructures. For the case of molar ratio at 10:1 and 8:1, HPMo cluster primarily
increase the solubility of zwitterionic amphiphiles. Consequently, the morphology of
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co-assemblies mainly dictated by the geometric properties of (C8);MeAS amphiphile. The
topological structure of (C8),MeAS is similar to the conventional double-tailed amphiphiles,
which prefers to form bilayers in solution [23,42]. In the solvent system of water-DMSO, the
charged zwitterionic headgroups reside outside of the vesicles, while hydrophilic HPMo
clusters anchor at the interface through electrostatic interactions. Furthermore, HPMo
clusters located on the outer surface of vesicles can interact with HPMo clusters on adjacent
vesicles by virtue of hydrogen-bonding, van der Waals forces and electrostatic interactions.
These interactions lead to the adhesion and rearrangement of bilayers, facilitating the
formation of multilamellar vesicles. With the increasing concentrations of (C8),MeAS and
HPMo, a sturdy network of multilamellar and unilamellar vesicles is formed, retaining the
solvent and promoting gel formation. The probably mechanism for the transformation of
aggregates is proposed, as shown in Scheme 1. As the molar ratio changes to 6:1 and 5:1,
the transition in morphology can be explained by the surface occupation model [18,20].
At these molar ratios, the occupancy of zwitterionic amphiphiles on the POM core is less
than 1/3, favoring a linear-shaped geometry wherein (C8);MeAS resides predominantly
on one side of POM core, thus, promoting bilayer formation. On account of the excessive
interactions between HPMo clusters on adjacent bilayers, the bilayer structure transformed
into well-defined spherical assemblies with tidily and closely packed bilayers. Such HPMo
cluster-cluster interactions among adjacent spherical particles lead to a network of these
spherical aggregates, consequently resulting in the formation of organohydrogels [43].
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Scheme 1. The proposed mechanism for the formation of different organohydrogels.

The aggregation behavior of amphiphilic molecules usually can be manipulated by
the presence of a cosolvent [27,29]. Thus, we explored the effect of DMSO content on the
co-assembly process of (C8),MeAS and HPMo. 'H NMR spectra of mixtures of (C8),MeAS
and HPMo in a binary solvent with different D,O/DMSO-dg volume ratios were recorded,
as shown in Figure 8a. Despite varying the D,O/DMSO-d, volume ratio from 3:1 to 6:1,
the protons located on (C8),MeAS did not show obvious shift, indicating that the altered
polarity of the binary solvent with increasing DMSO-dg volume has minimal impact on
the electrostatic interaction between (C8)2MeAS and HPMo [44]. SAXS spectra of samples
prepared in water-DMSO mixed solvent with various volume ratios were also measured
(Figure 8b). All SAXS spectra exhibit typical scatting peaks corresponding to lamellar
structures with a g value ratio of 1:2. Relative to samples prepared in pure water, those in a
water-DMSO mixed solvent (9:1) exhibit an increase in d-spacing from 28.38 nm to 31.08
nm, suggesting the looser bilayer structure in the presence of DMSO. The amphiphilic
(C8),MeAS molecule is completely soluble in pure DMSO. Some of the added DMSO
molecules solubilize into the hydrophobic layer of aggregates, causing the swelling of
bilayers, and eventually resulting in an increase in d-spacing [45—-47]. Further augmenting
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the water-DMSO ratio from 9:1 to 7:3, there is no significant variation of d-spacing, revealing
that alterations in solution polarity do not affect the internal morphology. Noticeably, with
the increasing DMSO content, the peaks become much sharper, indicating the lamellar
structure turns to more ordered.
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Figure 8. (a) '"H NMR spectra of mixtures of (C8),MeAS and HPMo in the binary solvent with
different D,O/DMSO-dg volume ratios; (b) SAXS spectra of samples prepared in water-DMSO
mixed solvent with various volume ratios (the concentration of (C8),MeAS is fixed at 200 mM;
(C8),MeAS/HPMo = 10:1).

3. Materials and Methods
3.1. Materials

The compounds N-methyl-N-octyl-1-octanamine (98%), 1, 3-propanesultone (99%)
and dimethyldioctylammonium bromide ((C8),MeBr, 98%) were purchased from J&K
Scientific Co., Ltd. (Beijin, China). Phosphomolybdic acid (HPMo, 99%) was acquired
from Aladdin Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO) was obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All materials were used as
received. Deionized water was used throughout all experiments.

3.2. Synthesis of Dioctylmethylammonium Propanesulfonate ((C8),MeAS)

(C8),MeAS was synthesized according to the literature method [48]. More specifically,
to a solution of N-methyl-N-octyl-1-octanamine in acetonitrile placed in a round bottom
flask, the equimolar amount of 1,3-propanesultone was slowly added under a nitrogen
atmosphere. The resulting mixture was refluxed at 80 °C for 5 days. After the solvent
was removed by filtration, the residue was washed at least three times with diethyl ether
and ethyl acetate respectively. Then, the white podwer was dried in vacuum oven at
room temperature for 24 h. The 'H NMR spectrum of (C8),MeAS in CDCl; is depicted in
Figure $6. 'H NMR (400 MHz, CDCls, §/ppm): 3.716-3.770 (2H, m), 3.217-3.248 (4H, m),
3.151 (38H, s), 2.907-2.950 (2H, t), 2.209-2.260 (2H, m), 1.689 (4H, s), 1.274-1.348 (20H, m),
0.864-0.908 (6H, t).

3.3. Sample Preparation

Specific molar concentrations of (C8),MeAS and HPMo were weighted into stoppered
glass vials. Water-DMSO mixture with volume ratio of 4:1 was served as solvent. The
samples were dissolved and homogenized at 60 °C, and then, equilibrated at 25 °C for at
least two weeks.
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3.4. Characterization

'H NMR Measurements. 'H NMR spectroscopy was measured on a Bruker Avance II
400 MHz NMR spectrometer equipped with a pulse field gradient module (Z-axis) using a
5 mm BBO probe at 25 °C.

ITC Measurements. ITC were performed using an MicroCal VP-ITC apparatus at
25 °C. The 3 mM water-DMSO solution of (C8),MeAS and (C8),MeBr were titrated into a
0.1 mM water-DMSO solution of HPMo (1.4 mL) by using a 300 uL syringe, respectively.
The total injection was 29 drops.

FT-IR Measurements. FT-IR spectra of (C8),MeAS, HPMo and freeze-dried hydrogels
were measured by using an FT-IR spectrometer (PerkinElmer Spectrum Two) in the range
4000450 cm 1.

Cryo-TEM and FF-TEM Observations. The preparation of samples for testing followed
established methods in the literature [42,49]. For cryo-TEM, samples were prepared using a
controlled environment vitrification system (CEVS) maintained at 25 °C with 95% relative
humidity. A micropipette was utilized to apply 5 uL of organohydrogels onto a TEM
copper grid, which was subsequently blotted with two pieces of filter paper, resulting in
the formation of thin films suspended across the mesh holes. After approximately 10 s,
the samples were swiftly plunged into a reservoir of liquid ethane (cooled by nitrogen)
at —165 °C. The vitrified samples were preserved in liquid nitrogen until transferred to a
cryogenic sample holder (Gatan 626). The preparation procedure for FF-TEM is described
below. A small amount of the organohydrogel was placed on a 0.1 mm thick copper disc,
covered with a second copper disc, and then, plunged into liquid propane cooled by liquid
nitrogen. Fracturing and replication were conducted using Balzers BAF-400D equipment
at —150 °C. Pt/C was deposited at an angle of 45°. Cryo-TEM and FF-TEM images of the
organohydrogels were acquired using a transmission electron microscope (JEOL JEM-1400,
120 kV).

TEM and SEM Observations. The sample preparation involved loading about 5 uL
of organohydrogels onto a carbon-coated copper grid and removing the excess organohy-
drogels with filter paper after 5 min. Subsequently, samples were rapidly dehydrated via
freeze-drying. TEM (JEOL JEM-1400, 120 kV) was used to characterize the microcosmic
structures. SEM images were observed by scanning electron microscopy (SEM, JEOL
JSM-7600F).

Zeta potential Measurements. Zeta potentials were measured at 25 °C by using a
Brookhaven ZetaPALS instrument. The concentration of (C8),MeAS in the solutions was
fixed at 100 mm. The molar ratio of (C8),MeAS /HPMo was varied from 5:1 to 10:1.

SAXS Measurements. The spectra of SAXS were recorded on the SAXSess mc2 X-
ray scattering system (Anton Paar) with Cu Ky radiation (0.154 nm) operating at 50 kV
and 40 mA. The distance between the sample and detector was about 264.5 mm and the
wavelength of X-rays was 1.542 A. The exposure time was 600 s for all samples.

Rheological Measurements. The rheological measurements were conducted by using
a ThermoHaake RS300 rheometer with a parallel plate on a Peltier plate at 25 °C. Dynamic
stress sweep spectra were recorded at a frequency of 1 Hz. Dynamic frequency sweep
was carried out in the linear viscoelastic region determined from dynamic stress sweep
measurements. The steady-state shear measurements were conducted with the shear rate
increasing from 0.01 to 1000 s~ 1.

4. Conclusions

In summary, we have successfully fabricated a series of supramolecular organohy-
drogels through the co-assembly of double-tailed zwitterionic quaternary ammonium
amphiphiles and POMs in a water-DMSO binary solvent. The organohydrogels, featuring
unilamellar vesicles, onion-like vesicles, and spherical aggregates with a layered structure,
were formed by controlling the ionic interaction between zwitterionic amphiphiles and
HPMo clusters. The addition of DMSO barely affected the electrostatic interaction between
zwitterionic amphiphiles and POM clusters. Notably, DMSO molecules are able to increase
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the solubility of the hydrophobic layer of aggregates and induce bilayer swelling, resulting
in a more relaxed bilayer structure. The inspiration drawn from the combination of zwitte-
rionic amphiphiles and POMs in this work provides a vivid strategy and fresh perspective
for designing functional hybrid materials incorporating nanoclusters or nanoparticles with
rich potentials in addition to POMs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29102286/s1, Figure S1: Optical photographs of organohy-
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Abstract: Amphiphilic fluorocarbon substances are a trending topic of research due to their wide
range of applications accompanied by an alarming environmental and health impact. In order to
predict their fate in the environment, use them more economically, develop new water treatment
methods, etc., a better understanding of their physicochemical behavior is required. Their hydropho-
bicity in water/oil systems is particularly sensitive to one key thermodynamic parameter: the free
energy of transfer of a perfluoromethylene group from oil to water. However, for the -CF,— moiety,
the transfer energy values reported in the literature vary by more than +25%. Due to the exponential
relationship between this energy and the adsorption constants or the partition coefficients, such an
uncertainty can lead to orders of magnitude error in the predicted distribution of fluorinated species.
We address this problem by presenting an experimental determination of the hydrophobic effect of
a —-CF,— moiety with a greater certainty than currently available. The transfer energy is determined
by measuring the interfacial tension of water|hexane for aqueous solutions of short-chained fluo-
rotelomer alcohols. The obtained results for the free energy of transfer of a -CF,— moiety from oil
to water are 1.68 £ 0.02 x RTj, 1.75 £ 0.02 x RTp, and 1.88 +0.02 x RTj at 288.15 K, 293.15 K, and
303.15 K, respectively.

Keywords: hydrophobic effect; fluorotelomer alcohol; adsorption model; water-soluble perfluoroalkyl
substances; tensiometer

1. Introduction

Fluorocarbons and their derivatives have a number of unique properties that make
them valuable in many industrial branches. In fact, in a recent study, Gliige et al. iden-
tified almost 300 unique uses for perfluoroalkyl substances [1]. In more than a third of
these applications, the perfluoroalkyl substances are used because of their superior surface
activity. Due to the larger size of the fluorine atom compared to the hydrogen atom, fluo-
rocarbons are more hydrophobic than hydrocarbons, making fluorosurfactants more effective
at reducing the interfacial energy compared to conventional surfactants of similar molecular
size [2]. Furthermore, due to the extreme electronegativity and low polarizability of the flu-
orine atom, fluorocarbons are also oleophobic, allowing for coatings that are simultaneously
water- and oil-repellent [2,3]. On the other hand, fluorine-containing organic substances have
received much media attention under the umbrella term “forever chemicals” because their
chemical-, thermal-, and photo-stability leads to accumulation in the environment. The shorter
water-soluble fluorosurfactants, often surface-active products of chemical degradation, have
been transported by the water cycle all over the world [4-6]. Furthermore, perfluoroalkyl sub-
stances have been associated with numerous health hazards [7-9]. Thus, there is regulatory
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action being taken to limit the use of fluorocarbon-based substances [7,10] and a great inter-
est in remediation technologies [7,11,12]. A better understanding of the physicochemical
properties of fluorosurfactants could allow for their more efficient use (i.e., use of smaller
quantities); could allow for more accurate modeling of their fate in the environment and
in the human body or of their interaction with lipid structures [13]; and could aid in the
design of separation methods.

In general, fluorocarbon substances are much less studied than their hydrocarbon
analogues. For instance, even though separation methods for fluorocarbon substances are
a trending topic [7,11,12], their partitioning behavior has not been extensively investigated
yet [12]. For perfluoroalkylated substances, the bulk partitioning and the adsorption out of
aqueous solutions are driven by the hydrophobic effect, as quantified by the free energy
Apcr, for transferring the nonpolar moiety —CF,~ from the hydrophobic phase to the
aqueous phase. The values of its aliphatic counterpart, Ajcy,, are well-known for both
air and oil phases under a range of conditions [14-22] and prove to be very useful for
calculating the thermodynamic parameters of homologous series of aliphatic substances,
such as partition coefficients, adsorption constants, critical micelle concentrations, etc. In
contrast, for the —CF,— fragment, the value of the transfer energy between oil and water
has not been established with certainty. The reported results for Apcr, from oil to water
are based on data for the change in the length of the hydrophobic tail (C,F,,,1-) of the
partition coefficient [23] and on the adsorption constant of fluorinated ionic surfactants [24]
(see the discussion in Peychev and Slavchov [25]), and they range from Apcg, = 1.6 to
2.2 x RTp (R is the universal gas constant, Ty = 298.15 K). This high uncertainty results in
at least an order of magnitude uncertainty in the predicted adsorption constants and the
oil/water partition coefficients of fluorinated substances.

The main reason for this status quo is that the fluorinated substances that are in
common use have long chains and negligible solubility in water. This makes the adsorp-
tion out of aqueous solution impossible and the analysis of their partitioning behavior
difficult. In contrast, the typical fluorocarbon bioaccumulating pollutants are the shorter
water-soluble species, which can be circulated in the water cycle. Furthermore, at least
in some cases, the shorter species are more ecotoxic [26]. However, the properties of the
water-soluble fluorosurfactants, in particular the nonionic ones, have been scarcely stud-
ied. Another reason for the uncertainty in the Apcr, estimates is that, unlike their fatty
analogues, unbranched perfluorinated chains have two preferred conformations and can
transition between the two, as demonstrated by structural studies [27-30], making Apcp,
length-dependent.

Perhaps the most precise method of determining Ajicp, is through the adsorption
constant K, for fluorosurfactant adsorbing from a water solution to the water|oil inter-
face. The adsorption constant has an exponential dependence on Aycg,, i.e., each unit
of —-CF,— added to the hydrophobic tail increases the surface activity of the surfactant
by a factor of exp(Ajicr,/RT), which is on the order of 5-6, e.g., for ideal solutions, one
—CF,— decreases sixfold the concentration needed to achieve the same interfacial tension,
a variant of Traube’s rule [31]. This dependence allows the determination of Apcp, from
tensiometric data. Accordingly, in this work, we aim to do exactly that—determine Ayicp,
via tensiometry for homologous series of water-soluble fluorinated nonionic surfactants
adsorbing on the water|oil interface. The practical limitation of this approach is that perflu-
oroalkylated nonionic compounds are very hydrophobic. Perfluorinated chains with as few
as five carbon atoms already partition almost completely to the oil phase and, moreover,
have exceedingly low solubility in water. On the other hand, the shortest members of a
homologous series are known to deviate from Traube’s rule. Thus, no more than a few
homologues can be used for the determination, and the result has to be corrected for the
expected deviations.

One solution to the low solubility problem is the use of fluorinated ionic surfactants,
as done by Mukerjee and Handa [24], who used salts of perfluorinated carboxylic acids.
However, using ionic surfactants complicates the interpretation of the results due to the
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change in the surface charge, the ionic strength effects, and the possibility for hydrolysis
at the surface. Moreover, specifically in Mukerjee and Handa’s [24] experiments, only
two homologues were studied and only in the infinite dilution region, where impurities,
adsorption kinetics, and possible depletion effects may complicate the determination of
the equilibrium interfacial tension. These factors increase the uncertainty of the obtained
Apcr,. Instead, here we focus on nonionic surfactants, which both eliminates potential
sources of error due to surface charging and makes the analysis simpler.

To achieve the set goal, we collected tensiometric data for the three shortest water-
soluble fluorotelomer alcohols of the type F(CF,),CH,OH, with n = 1, 2,3, adsorbing on
the water | hexane interface (see Table 1). The particular choice of alcohols as surfactants and
hexane as the oil phase was based on the large amount of previous work done for similar systems,
usually with longer oil-soluble homologues; this includes experimental [32-38], theoretical [25],
and simulation studies [39]. Furthermore, we also investigated the temperature dependence
of Ajicr, in the range 288.15-303.15 K.

Table 1. The investigated fluoroalcohols.

n Formula Name

1 CF;CH,OH 2,2,2-trifluoro-1-ethanol

2 CF;CF,CH,0OH 2,2,3,3,3-pentafluoro-1-propanol

3 CF;CF,CF,CH,0H 2,2,3,3,4,4,4-heptafluoro-1-butanol

For the analysis of the tensiometric data, we used the sticky disk adsorption model [40,41]
and the molecular thermodynamic model for K; of Ivanov et al. [21,22,41], both of which
were shown previously to work well for longer oil-soluble fluorotelomer alcohols [25].
The explicit model for K, accounts for the deviations from Traube’s rule for short tail-
lengths, which allows us to determine a more accurate value of Ayicg,.

2. Theory
2.1. SD Model

The sticky disk (SD) adsorption model was developed to describe fluid monolayers
(i.e., nonlocalized adsorption) on soft matter interfaces [40,41]. At its core, it is a hard-disk
fluid model based on the scaled particle theory, wherein surfactant molecules occupy a
certain hard-disk area a and can move freely on the surface without overlapping [42].
Ivanov’s group also added a 1D sticky potential correction [40] to account for the lateral
attraction. This results in an additional attraction parameter , making the SD model a
three-parametric model, i.e., «, B, and the adsorption constant K,. Furthermore, it was
shown that § implicitly accounts for the depletion attraction effect from the solvent present
in the monolayer [43]. The SD model works well for noncohesive and weakly cohesive
monolayers, with lateral attraction parameter f << 38, but fails when strong attraction
is present § > 38 [21,22]. A comparison of the SD model to other, more popular three-
parametric adsorption models, such as those of Frumkin and Van der Waals, shows that the
SD model is superior in the sense that all of its parameters correspond to their theoretical
definition and can be predicted from independent data, while for the others, they are more
or less empirical [22]. We have previously shown that the SD model works very well for
fluorotelomer alcohols with 8-12 carbon atoms [25] that are structurally similar but more
cohesive than the ones studied here.

The SD equation of state reads:

m—rr—B~1 Ry =/1+4p-2L 1)
TN 2ap(1—ary. VT BT P ar

and where Il = ¢ — 7 is interfacial pressure, 7 is interfacial tension, 7y is the interfacial
tension of the surfactant-free interface, I is surfactant adsorption, « is the hard-disk area
of the surfactant per mole (i.e., parking area; the reader is referred to [44] for a discussion
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about the different types of molecular areas), and T is temperature. The associated surface
activity coefficient f; of the surfactant in the monolayer is:

2+1/B
1 N al’ (4 —3al) y 2 )
Lyl TPITa—ar? 1 Rg|

2.2. Hard-Disk Area x

For the SD model, the area parameter corresponds exactly to the cross-sectional area
of the amphiphile molecule standing upright. Since the -OH group and the hydrocarbon
chain are smaller than the perfluorocarbon chain, « is determined by the cross-sectional area
of a perfluorocarbon chain, i.e., & = Naacg,. The fluorocarbon chain has two preferential
conformations: distorted antiperiplanar and helical [27,28], with different cross-sectional
areas. Assuming a single constant hard-disk area for all studied surfactants, we previously
found that acp, = 24.5 A2, consistent with a helical conformation of the F-block, which
agrees well with the tensiometric data for oil-soluble surfactants [25]. We will use this
constant value throughout this paper as well, as an approximation. In reality, the cross-
sectional area is a function of both the length of the blocks [29,30] and the temperature [28],
and it has to be appreciated that the low molecular weight surfactants studied here may
approach the area of the antiperiplanar configuration, acg, = 21.6 A2, as the fluorocarbon
chain length decreases. However, these 3 A2 of difference result in a relatively small
(approx. 5%) change in the transfer energy calculated below.

2.3. Attraction Parameter

As we did previously, we calculate 8 based on a combination of osmotic attraction
and effective Van der Waals interaction between the F-blocks through hexane [43]:

17 L I I
ﬁzﬁosm+RT / {exp oy ( S i +3arctannSF2>]—1}rdr, (3)

4RTIcp, 70 \ 2 + n212
CF, 2Rer, 2 CF,

where Icg, = 1.306 A [45]is the height of the —-CF,~ fragment, and Rcg, = /acF,/ 7 = 2.79 A
is the effective radius of the —CF,— fragment (see Figure 1). The presence of solvent
molecules in the monolayer results in the depletion contribution, which was found to
be Bosm = 0.17 for perfluoroalkylated alcohols at water|hexane [25]. The parameter
Lcr, = 6.32 x 107>* J-m®/mol is an effective interaction constant for ~CF,— groups trough
hexane [25]. Equation 3 represents well the dependence of  on the number # of perfluo-
rinated carbon atoms for longer, oil-soluble homologues [25]. However, the dependence
of B on temperature extracted from the experimental data is somewhat steeper than the
theoretical one, probably due to the neglected effect of the temperature on the hard-disk
area w. For the studied surfactants of n = 1,2, 3 at 293 K, Equation (3) predicts the values
B =0.26,0.51, and 0.94, respectively.

2.4. Adsorption Constant K,.
In general, the adsorption isotherm of the surfactant reads:

KaC - faF/ (4)

assuming that the aqueous surfactant solution is ideal (that the surfactant’s bulk activity
coefficient is unity). The surface activity coefficient f, is controlled by the intralayer
interactions, through the area per molecule & (a measure of the repulsive interaction) and
the attraction parameter 3 (a measure of the attractive interactions in the monolayer); see the
SD model’s Equation (2). It should be noted that f, varies significantly with the adsorption
model. In particular, it is different for theories with localized (site) and nonlocalized
(two-dimensional fluid) adsorption. The third adsorption parameter appearing in the
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adsorption isotherm—the adsorption constant K,—is a characteristic of the adsorption of
a single molecule on the neat interface; therefore, the value of K, is independent of the
adsorption model.

Icr,

XCH, OH

/ T
CFs— g) ~CH,OH

Figure 1. A fluorotelomer alcohol molecule modeled as a structure of connected cylindrical segments,
as used in Ivanov’s K, model. Each segment is characterized by a height [;, cross-sectional area «;,
and a free energy of transfer of the segment Ay; from oil to water.

For long monoblock surfactants, the adsorption constant is an exponential function
of the so-called adsorption free energy, Ko, = d,exp (—E./RT), where the adsorption
energy E, corresponds to the minimum of the free energy of the surfactant molecule at the
surface [14] and is a linear function of the chain length 7. The pre-exponential factor 4, is
known as the adsorption length (due to its dimensions), and it is common to assume that it
is equal to the length of the surfactant molecule, as suggested by Davies [14]. However,
Ivanov et al. [41] showed that the actual value of J, is about an order of magnitude lower
than the size of the surfactant [22,41] and does not depend on the chain length. The theory
of Ivanov et al. has been shown to predict adequate values for K, for water-soluble alkyl-
based nonionic and ionic surfactants, both at water|air and water|oil [22,46], and also
for the effective adsorption constant from water to a monolayer in the liquid expanded
phase [21,46].

Ivanov’s model predicts deviation from the simple exponential (Traube-like) depen-
dence K, (n) for very short surfactants—there, a more complex dependence is expected:

Apcr Ea(n)
Ka = 6, [1 — exp (—n RT 2)} exp (— T nlcr,. (5)

This is a variant of Equation (2.15) from ref. [46]. For long-chained surfactants, Equation (5)
simplifies to Davies’ expression: K, = 6, exp (—Ea(n)/RT). However, for n equal to 1 or 2
(which are of interest here), the more complicated dependence on the size of the chain n
has to be used, i.e. Equation (5).

Ivanov’s model has also been generalized to the adsorption constant of diblock sur-
factants [25]: as in the original model, the molecule is represented as a stack of cylindrical
segments of different lengths and different free energy penalties for transfer from oil to
water (see Figure 1). However, the alpha carbon next to the -OH group has been found
to behave as part of the polar group that remains immersed in the aqueous phase [15,22].
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Therefore, for the fluorotelomer alcohols studied here, the hydrophobic tail is a fluorocar-
bon, and Equation (5) is sufficient. In this case, the adsorption length is:

RTI
= oA (6)
2A,”CF2
and the adsorption free energy from water to water|oil is:
2v3
Ea = ———ayo — (n = 1)Apcr, — Mpce,, @)

where Ajicr, and Apcr, are the free energy changes of transfer from oil to water of the -CF,~
and —CF; moieties, respectively. The interfacial tension of neat water|hexane is a linear
function of the temperature: o/ [mN/m] = 50.56 — 0.0876(T/[K] — 298.15) (an average
from literature data [47-51]). The first term in Equation (7) is the interfacial energy gained
by removing the 24/3/7 x « contact area between hexane and water, when a surfactant
molecule is adsorbed. The coefficient 2v/3/ 7t is the ratio between the hard-disk area and
the partial area per surfactant molecule in the mixed monolayer of water and surfactant,
assuming a quasi-hexagonal order. The second and third terms stand for the removal of
the fluorocarbon chain|water contact area and the creation of a fluorocarbon chain|hexane
contact area. For hydrocarbons, there is evidence that the Aucn, /Auch, is equal to the
ratio of the contact areas with water for both moieties, as it follows from the hydropho-
bic/entropic origin of the transfer energies Apcp, and Apcy,, ie., Apch,/Apch, ~ 2
[22]. For fluorocarbons, even though the fluorine atom is bigger, the contact area of the
CF;— moiety with water is also approximately twice as large as that of the —-CF,— moi-
ety. Therefore, in the present report, we use the approximation Aucg, = 2Apcg,. This
leaves only a single unknown in the adsorption model: the sought value of the transfer

energy, AUcE,-

3. Results and Discussion

The experimental results for the interfacial pressure as a function of the alcohol
concentrations are presented in Figure 2. The increase in temperature results in an increase
of the interfacial pressure, i.e., the adsorption of aqueous perfluoroalkylated surfactants to
the water|oil interface is an endothermic process. This is in contrast to the adsorption of
longer oil-dissolved fluorotelomer alcohols to water|oil, e.g., CF;(CF,)sCH,OH studied by
Takiue et al. [32], which is exothermic.

8 8 8
= 20315K [ * 288.15K
*  20315K
6 6 *  303.15K * 6

288.15 K
293.15 K
303.15 K

| 3

i1 [mE/m]
\
\

i1 [mE/m]
»*+

i1 [mE/m]

0 20 40 60 80 100 0 5 10 15 00 05 1.0 15 20 25 3.0

C mol/m’] € mol/m’] € mol/m’]
(a) CF;CH,OH (b) CF3CF,CH,OH (¢) CF;(CF,),CH,OH
Figure 2. The interfacial pressure as a function of surfactant concentration in the aqueous phase
at different temperatures for the three alcohols. Points are experimental data; lines are the SD
model combined with the molecular thermodynamic Equations (1)-(5) for the adsorption parameters,
with a single fitting parameter Aucg,. The fitting is done on the data for CF;CF,CH,OH and
CF5(CF,),CH,0H at each temperature, while CF3CH,OH is omitted, since Ivanov’s K, model deviates
from the data for the shortest homologue (see the text).

As a preliminary analysis, we calculated a Ajicp, value from each experimental surface
pressure I1. This is done by calculating from Equation (1) the value of the adsorption I,
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using Equation (2) to calculate the respective activity coefficient f,, employing Equation (4)
to calculate K;, and finally solving Equations (5) and (7) for Ajicg,. The averaged results are
presented in Figure 3a. From the graph, it would appear that there are two populations of
data: CF;CH,OH produces values scattered around 2.15 x RTy, while the CF;CF,CH,OH
and CF;(CF,),CH,OH data are scattered around 1.8 x RTj. The confidence intervals of the
latter two overlap, while the distance of the fluorinated ethanol cluster from the fluorinated
propanol and butanol cluster is more than twice the deviation within a dataset for a single
surfactant. The average value of Ajcr, obtained for CF;CH,OH is not only higher than
that obtained from CF;CF,CH,OH and CF;(CF,),CH,OH, but also rather high compared to
previous estimates of Aycr, [25]. Therefore, we can conclude that the results for CF;CH,OH
are qualitatively different than the other two alcohols. In the literature, there are other
examples where the first member of a homologous series behaves differently from the rest,
e.g., the closely related solvation free energy of hydrocarbons in water [52]. It is reasonable
to assume that the K, model (Equation (5)) is inadequate for n = 1. A likely reason for this
is the interaction between the polar -CF3 group and the aqueous phase, which may produce
a more horizontal orientation of the adsorbed molecules. This violates the assumptions
of Ivanov’s model. Therefore, for CF;CH,OH, (i) the 1/2 factor in Equation (6) for the
adsorption length should be reevaluated, and (ii) the area per molecule should be larger
than acr,. Hence, we exclude the fluorinated ethanol from the following analysis.

To calculate the transfer energy Apcg, with higher accuracy, we fit simultaneously
all experimental points for a temperature with a single Aycp,. The Levenberg-Marquardt
algorithm is used to minimize the root-mean-square deviation between the model pre-
dictions and the experimental surface pressures. Since CF;CH,OH is excluded from the
fitting procedure, each temperature has six experimental points coming from the propanol
and butanol, i.e., a single parameter fit to six points from two homologues. The obtained
optimal Ayicg, values are presented in Table 2. The error of the fitted Apcp,, as determined
from the root of its variance, is very low: 0.02RTj (ca. 50 J/mol).

Table 2. Results for the optimized transfer energy Apcr, and the values of the corresponding enthalpy
Ahcr, and entropy Ascr, .

T [K] Apcr,/RTy [-]
288.15 1.68 +0.02
293.15 1.75 +0.02
303.15 1.88 4+ 0.02

Ahcg, [K]/mol] Ascr, [J/mol K]

—10.0+0.2 —48.740.7

The optimal root-mean-square deviations between the experimental and the theoreti-
cal IT are 0.6 mN/m and 0.1 mN/m for CF;CF,CH,OH and CF;(CF,),CH,0OH, respectively
(see Figure 2). For CF;(CF,),CH,OH, the deviation 0.1 mN/m is less than the experimen-
tally determined reproducibility. The higher deviation for CF;CF,CH,OH reflects the fact
that the experimental points do not neatly fit the SD model (see Figure 2). This is assumed
to be due to surface active impurities, up to 3% as reported by the vendor. On the other
hand, since the butanol is about five times more surface active as compared to propanol,
the impurities in CF3(CF,),CH,OH have a much smaller effect, thus, the lower deviation.
Fortunately, the uncertainty in the tensiometric measurement propagates logarithmically
to the transfer energy Apucr,. Therefore, the effect of the impurities in CF;CF,CH,OH is
small in terms of the uncertainty of the obtained transfer energy Ayicg, .
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Figure 3. (a) Average free energy of transfer Aycp, calculated from each experimental surface tension
at 293.15 K independently. The error bars specify the lowest and highest calculated Apicr,. The data
for n = 1 (CF3CH,0OH) deviate significantly from the rest and are excluded from the following
analysis. (b) Best fit value of the free energy of transfer Aycg, from simultaneous regression over
the data for CF;CF,CH,OH and CF;(CF,),CH,OH as a function of the temperature. The different
temperatures are color-coded in accordance with Figure 2.

A linear relationship between Apcr, and T is observed (Figure 3b). The free energy
change is comprised of an entropic and an enthalpic term:

Apcr, = Ahcg, — TAscy,. (8)

Assuming that both are temperature independent, from the results in Figure 3, the enthalpy for
transfer of a -CF,~ group from hexane to water can be determined as Ahcg, = —10.0 kJ/mol
and the respective entropy as Ascg, = —48.7 J/mol K. The obtained value of Ascg, is
larger than expected (compare to methylene’s Ascy, on the order of —10 J/mol K [52]).
At this length scale, the hydrophobic effect is approximately proportional to the surface
area of the segment [53]. Therefore, Ascr, is expected to be about 1.3 times higher than
Ascp,. However, we determine an entropy that is about 5 times higher than Ascy,. This
discrepancy might be due to the assumptions of our model, in particular about the temper-
ature dependence of the adsorption parameters. For example, «, which appears in both
Equation (7) for K, and the equation of state (Equation (1)), is assumed to be independent
of T, which would result in a compensation by an artificial variation of Aucp, with T and,
respectively, an unrealistic value of Ascg,. Nevertheless, the effect on the resultant Ayicp,
values appears to be relatively small: even if we used Ascg, = 1.3 x Ascp,, for the current
narrow temperature interval, the error introduced in Apcr, would be within 5% of the
values in Figure 3b. The enthalpy Ahcg, is also higher than the corresponding Ahcy,,
which is close to zero at room temperature [21]. This could be justified physically with
the fact that, unlike -CH,— chains, for —CF,— chains, there is a significant Van der Waals
contribution to Apcr, (the dispersion contribution to 8 as studied in ref. [25]).

4. Materials and Methods

All reagents—hexane (CgHyy, > 99%), 2,2,2-trifluoro-1-ethanol (CF;CH,OH, > 99%),
2,2,3,3,3-pentafluoro-1-propanol (CF;CF,CH,OH, > 97%), and 2,2,3,3,4,4,4-heptafluoro-
1-butanol (CF;CF,CF,CH,OH, > 98%)—were purchased from Sigma-Aldrich and used
without further purification. All water used was double distilled using a GFL 2001 /2 dis-
tiller. Aqueous solutions close to the expected solubility limit were prepared volumetrically
and subsequently diluted approximately two and four times (the exact concentrations are
reported in Figure 2).

The interfacial tension of each solution was measured with a profile analysis tensiome-
ter (PAT-1, Sinterface, Germany). A hexane drop with constant area, ca. 25 mm?, was

formed in a 25 cm® glass cuvette filled with the aqueous solution. The cuvette and the
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capillary were cleaned before each experiment by immersion in a dichromate solution for at
least 24 h. The temperature of the measuring cell was controlled precisely with a thermostat
(Ecoline E200, LAUDA DR. R. WOBSER GMBH & CO. KG, Lauda-Kénigshofen, Germany).
Measurements were made at 288.15 K, 293.15 K, and 303.15 K. In a typical experiment,
the interfacial tension was observed for ca. 6 h at a constant temperature so as to ensure
that the value had settled. Within the studied concentration range, the solution density is
assumed to be constant [54]. The average standard deviation of the measured interfacial
tension determined from multiple repetitions is 0.26 mN/m.

5. Conclusions

We have determined experimentally the free energy of transfer of a -CF,— group from
oil to water Aycg, from data for the adsorption of water-soluble nonionic fluorosurfactants
at water\hexane. As far as we are aware, this has been done for the first time, since
only the shortest nonionic fluorinated surfactants (n = 1-3) are water-soluble. The values
obtained are 1.68 £ 0.02 x RTy, 1.75 £ 0.02 x RTp, and 1.88 +0.02 x RTy at288.15K, 293.15K,
and 303.15 K, respectively, and appear to be of lower uncertainty compared to previous
reports [25].

The short length of the fluorocarbon chain results in complications—in particular,
the deviations from Traube’s rule must be taken into account. While we were successful in
resolving this issue for n > 2 by using Ivanov’s explicit model for K, (1), we found that the
adsorption data for the first homologue CF;CH,OH suggest a very different behavior from
the rest of the series.

The obtained value of Ajicr, is within the expected range (see the discussion in Pey-
chev and Slavchov [25]). As it can be deduced from the more hydrophobic behavior of fluo-
rocarbons compared to hydrocarbons, the value of Ajicg, is higher than the corresponding
free energy of transfer of a -CH,— group from oil to water (Aucyh, = 1.39 x RTp). How-
ever, the result at 293.15 K, Apcg, = 1.75 £ 0.02 x RTy, is lower than the value 2.05 x RTj
reported by Mukerjee and Handa [24], based on similar tensiometric experiments but with
fluorinated ionic surfactants. Due to the exponential relationship between K, and nApicg,,
this is a very large difference. For instance, for n = 3, the adsorption constant predicted
from Equation (5) with Mukerjee and Handa’s value Apcr, = 2.05 x RTj is twice as high
as what we measured experimentally.

The obtained result for Aicr, should be useful for prediction of the partitioning of
mixtures of short fluorinated amphiphiles between water and oil and between water and
biomembranes [13], through the respective partition coefficient, RT In K}, « nApcr, [25,55].
The transfer energy is also an essential parameter for predicting the incorporation of water-
dissolved fluorinated amphiphiles into micelles and into adsorption monolayers made of
hydrocarbon surfactants (compare to the effective adsorption constant of a liquid expanded
monolayer [21,46]). These fundamental thermodynamic characteristics are essential for
understanding the environmental fate of perfluoroalkyl substances and their health effects
and for modeling separation processes that involve them.
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Abstract: Since biochemists and biologists have progressed in understanding the mechanisms in-
volved in living organisms, biological systems have become a source of inspiration for chemists. In
this context, the concept of colloidal tectonics, describing the spontaneous formation of colloidal
particles or supracolloidal structures in which the building blocks are called “tectons”, has emerged.
Therefore, a bottom-up edification of tectons towards (supra) colloidal structures is allowed. Each
(supra) colloidal system has at least one of the following properties: amphiphilicity, predictability, ver-
satility, commutability, and reversibility. However, for these systems to perform even more interesting
functions, it is necessary for tectons to have very precise chemical and physical properties so that new
properties emerge in (supra) colloidal systems. In this way, colloidal tectonics enables engineering at
the nano- and micrometric level and contributes to the development of smart bioinspired systems
with applications in catalysis, drug delivery, etc. In this review, an overview of the concept of colloidal
tectonics is illustrated by some biotic systems. The design of abiotic (supra) colloidal systems and
their applications in various fields are also addressed (notably Pickering emulsions for catalysis or
drug delivery). Finally, theoretical directions for the design of novel self-assembled (supra) colloidal
systems are discussed.

Keywords: colloidal tectonics; self-assembly; particles; biologic systems; abiotic systems; catalysis;
pharmaceutical applications

1. Introduction

The physiological environment consists of “biological particles” such as proteins,
organelles, viruses, cells, and a myriad of structures that move or are capable of self-
assembling into tissues and organs [1]. These incredibly complex biological particles
possess many very interesting properties such as surface chemistry, transport phenom-
ena, catalytic activities, etc. [2]. A large majority of these “biological” particles result
from the self-assembly of molecules into particles via a hierarchical sequential bottom-up
construction in a given environment and conditions [3]. These particles are capable of
self-assembling again into increasingly complex structures. For example, proteins have
primary structures (defined as the sequence of amino acids linked together to form the
polypeptide chain), secondary structures (defined as the local structures stabilized by H-
bonds between certain amino acids of the polypeptide backbone and leading to a-helixes,
B-sheets, and turns), and tertiary structures (defined as the overall 3D shape of a single
protein molecule stabilized by nonlocal interactions such as hydrophobic forces, van der
Waals interactions, salt bridges, and /or H-bonds) [4-6]. In addition to these three distinct
aspects of protein structures, some of them have a quaternary structure, that is, the self-
assembly of several polypeptide chains (subunits) to form a complex [7]. It is noteworthy
that these four structures are relevant for proteins isolated under dilute conditions, but a
quinary structure arises in vivo where protein surfaces are shaped by evolutionary adapta-
tion to physiological conditions [8]. Most proteins self-assemble naturally and unassisted
to form their native 3D ordered structures through non-covalent interactions. Generally
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speaking, self-assembly refers to the association of organic, inorganic, or hybrid entities,
e.g., molecules, macromolecules, or nano-objects, into organized structures with nanometer
to micrometer dimensions [9]. More specifically, in supramolecular chemistry, it refers
to the process by which molecules spontaneously organize among themselves to form
multimolecular structures whose stability relies on weak non-covalent interactions [10].
Self-assembly processes are essential in living organisms (e.g., the basic functions of the
proteins are controlled by the tertiary structure) [11].

On the other hand, since van der Waals’ postulate on intermolecular forces in 1873,
Fischer’s suggestion on enzyme-substrate interactions in 1894, and the description of the
H-bond by Latimer and Rodebush in 1920, supramolecular chemistry has developed. With
the elucidation of the structure of DNA and other fascinating biological entities, chemists
began to emphasize the importance of non-covalent interactions. For example, the work
of Pedersen, Cram, and Lehn (Nobel Prize in Chemistry in 1987) on crown ethers and
cryptands allowed the design and synthesis of new highly selective molecular receptors.
Following this work, research in the field has taken off rapidly with the work of Feringa,
Stoddart, and Sauvage who received the Nobel Prize in Chemistry in 2016 for their work
on molecular machines. In parallel, molecular self-assembly processes have found many
applications, particularly in the development of new materials. Indeed, large structures are
easily accessible using bottom-up synthesis because they are composed of small molecules
requiring fewer synthesis steps. Currently, many smart materials are based on a bottom-up
approach by molecular recognition. For example, in 1991, Simard et al. first introduced
the concept of molecular tectonics, which offers a route for the bottom-up fabrication of
predictable crystalline molecular networks from small molecules (tectons) through various
interactions (van der Waals forces, electrostatic attraction, m-stacking, H-bonding, and
coordination bonding) between the nearest neighbors [12]. The field of crystal engineering
was born.

From a general perspective, there are two major types of self-assembled entities in
living organisms: lipid assembly into dynamic, flexible, and fluid structures and protein
assembly into rigid crystalline arrangements. The former is primarily driven by hydropho-
bic interaction while the latter is driven by a combination of hydrophobic, H-bonding,
and electrostatic interactions. Lipid assembly is successfully mimicked by synthetic am-
phiphilic small molecules and polymers to form micellar, vesicular, and lamellar structures.
In contrast, protein assembly that produces lamellae, tubules, and polyhedrons is largely
unmatched by synthetic or nonpeptide molecules. The imbalance in lipid and protein
mimicry research can be resolved using the colloidal tectonics approach. Indeed, since
biological systems are a source of inspiration for chemists, the artificial construction by
the self-assembly processes of molecules (including polymers), producing new abiotic
particles with colloidal properties, refers to the concept of colloidal tectonics. This name
was chosen by analogy with the pioneering work of Simard et al., which opened the field
of crystal engineering [12]. In 1995, the same group proposed to define molecular tecton-
ics as “the art and science of supramolecular construction using tectonic subunits” [13]. This
concept has been extended to liquid crystals [14]. In 2018, I proposed the name colloidal
tectonics, the self-assembly of complementary molecules leading to a variety of particles
or rigid objects with colloidal properties (i.e., producing dispersions) [15]. This concept
also includes interactions between objects giving rise to supracolloidal assemblies (e.g.,
Pickering emulsions, colloidosomes, etc.) since they emerge from the packing of particles
under appropriate conditions [15]. However, all these tectons (molecules or particles)
have complementary attractive sites allowing a bottom-up construction of large colloidal
systems (down to the microscale) through non-covalent interactions driven by internal
(e.g., hydrophilic/hydrophobic ratio, charge, H-bond donor and/or acceptors sites, and
molecular conformation) and external factors (i.e., environmental conditions surrounding
the nanostructure such as pH, concentration, temperature, and solvent) [15]. The assem-
bling process is based on a recognition operating at the level of complementary tectons
(molecules or particles) providing an infinite variety of (supra) colloidal systems [15]. In
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the strict sense of the term self-assembly, the resulting systems are intrinsically predictable,
versatile, switchable, and can even be dissociated in their constitutive elements. Thus,
over the last decade, new smart colloidal tectonics systems have been developed [15]. This
approach is operational and versatile since it relies on self-assembly processes resulting
from recognition events between programmed building blocks (molecules and/or parti-
cles), known as tectonic subunits or simply tectons. These events enable the design and
construction, under mild conditions, of a variety of complex colloidal systems that are
highly compatible with green chemistry. Indeed, all these systems are energy efficient,
minimizing synthesis steps and harmful organic solvents [15]. As these abiotic particles
can have the same properties as their biotic cousins (i.e., surface chemistry, transport phe-
nomena, catalytic activities, etc.), all applications requiring the colloidal engineering of
nanometric and micrometric systems can be envisaged, such as catalysis, cosmetics, drug
delivery, vaccination, etc. [16]. All these systems, in which a bottom-up construction of
large colloidal systems is allowed from tectons by simple molecular recognition, result
in nanostructured systems and constitute a new and versatile field with promising green
assets in the face of environmental problems (Figure 1) [15].

A AColloidal crystals,
Pickering emulsions,
Colloidosomes,

etc.

nm

|

Figure 1. From tectons (molecules) to supracolloidal systems (A) and schematic illustration of the
self-assembled process (B).

In this review, I focus on the fundamentals of colloidal tectonics by illustrating some
self-assembled biological colloidal systems. The design of smart and switchable abiotic
(supra) colloidal systems and their applications in various fields are also discussed (with a
particular focus on Pickering emulsions for catalysis or drug delivery). Finally, theoretical
directions for the design of novel self-assembled (supra) colloidal systems are discussed. I
hope that this review can offer new insights and provide theoretical guidance in the design
of novel self-assembled (supra) colloidal systems.

2. Colloidal Tectonics: A Bioinspired Concept

As is often the case, nature already uses the concept of colloidal tectonics to obtain
supramolecular colloidal structures. As these ingenious biological systems can serve as
inspiration for chemists, a few biotic self-assembled colloidal systems are presented in this
review. It should be noted, however, that, for the sake of clarity, only a few examples are
reported in this section. Therefore, the examples cited are not intended to constitute an
exhaustive list.
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2.1. Milk Casein Particles

Milk is the lactic secretion of mammals and contains valuable nutrients and immune
components for the optimal growth of newborns [17]. Although the composition of milk
varies depending on the stage of lactation and the growth rate of the newborn, the essential
components include water, lipids (fatty acids, phospholipids, and cholesterol), vitamins,
carbohydrates (lactose), minerals (calcium), and proteins (phosphoproteins and enzymes),
thus contributing to the energy needs of newborn growth [18]. The most important proteins
found in mammalian milk are caseins (phosphoproteins), which represent approximately
20 and 80% of the proteins in human and cow milk, respectively. Regardless of the type
of mammal, there are four types of caseins (xs;, &sp, #, and «) [19]. The most important
amino acids present in casein isolates are, in order of importance, glutamic acid, proline,
leucine, lysine, valine, and aspartic acid [20]. Caseins are non-crystallizable proteins, as the
high number of proline acts as a structural disruptor preventing local compaction (i.e., the
formation of secondary structural motifs common to proteins) and inhibiting the formation
of ordered 3D structures (i.e., tertiary structure) [21]. The presence of hydrophobic (proline,
leucine, and valine) and hydrophilic (lysine, glutamic acid, and aspartic acid) amino acids
gives caseins an amphiphilic nature but the absence of a tertiary structure makes them
poorly soluble in water due to the inevitable exposure to many hydrophobic residues.
Therefore, milk is a physically stable aqueous suspension of caseins due to their strong
self-association to form supramolecular particles called casein micelles [22]. Classically, the
term “micelle” describes a supramolecular assembly of amphiphilic molecules (surfactants)
leading to a colloidal suspension in which the hydrophilic “heads” of the surfactants reside
on the surface in contact with the surrounding water, sequestering the hydrophobic “tails”
inside the micellar core [23]. However, the core of surfactant micelles is not hydrated,
unlike casein micelles (see below) [24]. The term “casein micelle” is therefore erroneous
because the only similarity with surfactant micelles is that the hydrophilic parts are on the
surface. Indeed, casein micelles should rather be considered as colloidal spherical particles
of 20 to 600 nm in diameter (the average diameter is about 120 nm) composed of several
thousand associated caseins [25]. It should be noted that k-caseins are more hydrophilic
than the other three and are therefore predominant on the surface of casein micelles while
the more hydrophobic ones are found inside [26].

Although caseins have been known for nearly 70 years as unfolded proteins, the
implications for the structure of casein micelles are still debated. In 1965, Waugh and
Noble proposed a core-shell model consisting of spherical hydrophobic casein particles
surrounded by k-casein [27,28]. In 1966, Payens hypothesized that k-casein formed the
shell of the casein particles and that the compactly folded «g;- and ogp- caseins were
attached to the free 3-caseins (core), with calcium ions interacting with the phosphate or
carboxylic acid groups of the proteins [29]. From the model of Slattery and Evard (1973),
which excluded the function of colloidal calcium phosphate [30], Schmidt and later Walstra
proposed, in 1980 and 1990, that the casein micelle was built by 10 to 100 submicelles (4 to
10 nm in diameter) [31,32]. Each submicelle is composed of a hydrophobic core containing
mainly agi-, &sp-, and -casein, whereas the shell contains hydrophilic regions composed
of the phosphate groups of as;-, &sp-, 3-caseins, and a variable proportion of k-casein. The
submicelles low in k-casein are located on the surface to ensure solubility in whey while
the others are at the core of the casein micelle. Since casein proteins are able to interact with
colloidal calcium phosphate, Schmidt assumed that colloidal calcium phosphate filled the
space between the submicelles. In 1999, this model was refined by Walstra, who proposed
that colloidal calcium phosphate was located within the submicelles and not only between
them [33]. In 2012, Dalgleish and Corredig hypothesized that the casein micelle is not
based on submicelles but rather on a matrix structure with colloidal calcium phosphate
nanoclusters surrounded by calcium-sensitive caseins (xgi-, agp-, 3-caseins) while the
K-caseins protect the casein micelle surface to ensure solubility in the aqueous environment
and inhibit the growth of casein micelles by steric repulsions [34]. Interestingly, there are
several other models that account for the spatial conformation of casein in micelles [35].
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One of them proposes a double link between caseins for gelation to occur [36]. Fortunately,
all models consider casein micelles as colloidal particles formed by casein aggregates
wrapped up in hydrosoluble k-casein molecules (Figure 2).
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Figure 2. Structure of casein micelles (left) and effect of homogenization on fat and casein fractions
in milk (right).

Despite the debate over its exact structure, casein micelle is built around strong
interactions with calcium phosphate nanoclusters, while weaker, multivalent casein—casein
interactions make casein micelles highly dynamic structures that complicate their modeling
in the complex milk environment. Regardless of their exact structure, casein micelles are
supramolecular colloidal assemblies with a lattice structure in which casein polymers and
casein—calcium phosphate aggregates act together to maintain structural integrity through
hydrophobic and electrostatic forces (i.e., calcium phosphate bridges), preventing spatial
changes and the dissociation of the assembled structure unless the chemical environment is
altered [37]. Unlike surfactant micelles, the core of casein particles remains highly hydrated:
they are open sponge-like particles that are generally resistant to spatial changes due to
their interlocked structure and the presence of multiple interactions [38]. Nevertheless,
the structural arrangement within the casein particle can be altered by environmental
factors that modify hydrophobic interactions and calcium phosphate solubility (e.g., pH,
temperature) [39]. The spontaneous bottom-up edification of casein micelles using the
interactions between casein proteins and calcium phosphate can be seen as tectonic subunits
providing (supra) colloidal structures. The formation is driven by the interactions between
the hydrophobic regions of the caseins and the phosphocalcic bridges. The self-assembly
of casein micelle can be interpreted by calcium phosphate phase separation. In 2024,
Antuma et al. supposed that the caseins would interact with the seed of calcium phosphate
formed by pre-nucleation through their phosphoserine residues and subsequently self-
assemble to form casein micelles, inhibiting the crystallization of calcium phosphate (i.e.,
the maturation into crystalline phases) [40]. Casein micelles give rise to a porous structure
in which various other molecules or solvents can be inserted. These particles lead to
Pickering-like emulsions (i.e., emulsions stabilized by particles absorbed at the water/oil
interface) after milk homogenization (i.e., a process used to mix and disperse milk fat
globules to avoid phase separation and achieve a homogeneous texture, hence the name of
the process) when the casein micelles replace the milk fat globule membranes, which are
damaged during homogenization (Figure 2) [41].
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2.2. Plant Latex Particles

Another archetypal example of natural colloidal particles is found in plant latexes (i.e.,
wet rubber). Natural latex is a stable milky white, yellow, orange, brown, or even colorless
colloidal dispersion of various particles (organic and inorganic) consisting of tiny droplets
of organic matter dispersed in water [42]. Latex is present in at least 20,000 plants (with a
high prevalence in flowering plants that form the angiosperm clade) and in several fungi
such as Lactarius deliciosus [43]. The major botanical families producing latex in most of their
species are Euphorbiaceae (which includes Hevea), Moraceae (especially Ficus), Apocynaceae,
Campanulaceae, Papaveraceae, Sapotaceae, Asclepiadaceae, Convolvulaceae, Asteraceae, etc. [44]
Latex is produced by extremely elongated secretory cells called laticifers constituting the
laticiferous system [45]. Latexes arise from vacuoles occupying a very large part of the
laticiferous cells. It should not be confused with plant sap because their functions are
clearly different [45]. Indeed, after tissue injury, latex, which is the plant’s first line of
defense, coagulates upon exposure to air, serving mainly as a natural defense mechanism
against herbivorous insects and other pathogens while sap ensures the distribution of water,
mineral salts, or sugars [43]. It circulates in a distinct network of vessels. Indeed, latex forms
a barrier against pathogen invasion due to its sticky and coagulating properties, limiting
pathogen movements. Despite the variability of latex components, some chemical species
can be distinguished, such as rubber, terpenoids, alkaloids, cardenolides, carotenoids,
carbohydrates, phenolics, furanocoumarins, various metal ions, and proteins [46]. Some of
them are toxic and/or dissuasive components depending on the plant species concerned.

In the following discussion, we focus on rubber latex, harvested from the rubber tree
(Hevea brasiliensis) that grows in tropical regions, which is called fresh latex. Fresh latex is a
stable colloidal dispersion of a polymeric substance (rubber) in a serum, which consists of
phospholipids, proteins, inorganic salts, etc. In natural rubber, the polymeric substance is
cis-1,4-polyisoprene. Fresh natural rubber latex is a whitish color fluid containing 30-33%
natural rubber, 1-1.5% protein, 60-65% water, and some resinous substances [47,48]. After
ultracentrifugation, fresh latex can be separated into four fractions (Figure 3) [49,50].
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Figure 3. Ultracentrifuged fresh natural rubber latex fractions (A), schematic representation of lig-
uid fresh rubber latex (B), structure of rubber and non-rubber particles (lutoid and Frey-Wyssling
particles) (C), commonly accepted polyisoprene molecular structure (D) indicating the self-binding
between the x-end and phospholipids and the w-end and proteins through electrostatic and hy-
drophobic interactions (bottom right).
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The upper layer (35%) is composed of 86% rubber particles dispersed in an aqueous
medium, 3% lipids (sterol, sterol esters, waxes, and phospholipids), 1% proteins (x-globulin
and hevien), and 0.05% metal ions such as Mg, K, and Cu. The shape of the rubber
particles varies from spherical to oval depending on the age of the tree, and their size
varies between 0.02 and 5 um [42]. The second yellow or orange fraction (5%) contains
Frey—Wyssling particles, which are composed of a lipid bilayer sequestering carotenoid
pigments (giving them a yellow-orange color), oxidative enzymes, and proteins [42]. The
third fraction (50%) corresponds to the centrifuged serum (C-serum) constituting the
cytoplasm of laticifers and contains about 60% of all fresh latex proteins [42]. C-serum
contains carbohydrates (methylinositol), water-soluble proteins (hevien), free nitrogenous
bases, organic acids, inorganic anions (PO43’, CO527), and metal ions (K, Mg, Fe, Na,
and Cu). It is noteworthy that C-serum contains proteins that contribute to the colloidal
stability of latex and rubber particles (see below). The lower fraction (10%) contains
vacuole-like organelles called lutoids. Structurally, lutoid particles are composed of a lipid
bilayer sequestering a fluid known as B-serum, which contains hydrolytic enzymes and
proteins, and latex agglutination factors involved in the agglutination processes of latex
particles [42]. Thus, fresh latex of Hevea brasiliensis contains three types of particles: rubber
particles, present in the upper fraction; Frey-Wyssling particles, present mainly in the small
second yellow or orange fraction; and Homans and van Gils lutoid particles in the lower
fraction (Figure 3C). Since these rubber and non-rubber particles (lutoid and Frey—Wyssling
particles) are dispersed in a continuous aqueous phase (i.e., serum C), fresh latex is a stable
colloidal system [51].

On the other hand, the microstructure of polyisoprene molecules is known to have
two terminal chain ends: «- and w-ends (Figure 3D) [52,53]. Indeed, chain elongation
in natural rubber latex biosynthesis caps one end of the rubber molecule with a mono-
or diphosphate group (x-end), while the other end is capped with two trans-isoprene
units (w-end). The w-end is linked to proteins resulting from the biosynthetic process
probably via hydrophobic interactions. Indeed, both proteins (i.e., REF and SRPP) present a
group of hydrophobic amino acids creating pockets and/or nonpolar surfaces, which allow
hydrophobic interactions with the w-end of polyisoprene molecules [54,55]. The association
between the a-end and phospholipids occurs through direct electrostatic interactions or is
mediated by Mg?* ions or H-bonds with water molecules (see Figure 4).
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phatidylcholines and proteins (electrostatic and hydrophobic interactions).

Indeed, the phosphate groups are bonded to water via H-bonds within the sur-
face, leading to a cooperative network [56]. The polyisoprene chain with the protein—
phospholipid linkage can be moved and connected together as a network according to
the reptation theory by de Gennes, leading to core-shell particles [57]. The phospholipid-
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protein layers are held on the surface of rubber particles by specific interactions. Indeed,
proteins and phospholipids interact in the shell through hydrophobic contacts due to
the clustering of hydrophobic amino acids in REF and SRPP (see above). It should be
noted that electrostatic interactions also stabilize the shell. If there is no clear clustering
of positive and negative residues in REF and SRPP, folding may occur in the presence
of phospholipids to create charged surfaces and/or pockets that favor contacts with the
phospholipid headgroup. In addition to the formation of direct ionic bonds between the
negative charges of phospholipids, the polar head group of phospholipids participates
in H-bonds with the polar solvent (i.e., water molecules) that restrict the mobility of the
phosphate group, also stabilizing the mixed shell [56,58]. All the colloidal particles of
fresh latexes allow the formation of amphiphilic regions that can be used as emulsifiers,
leading to Pickering-type emulsions. Kumar and Basavaraj reported that plant latexes
offer a sustainable route to reduce oil/water interfacial tension due to the spontaneous
adsorption of surface-active species present in the latexes [59]. The surface-active species
include molecular emulsifiers and particles. Indeed, under a cross-polarized microscope,
the droplet surface is birefringent due to the interfacial adsorption of solid particles present
in the latex. This mixed particle/surfactant emulsifier system of biological origin avoids
the use of molecular surfactants involving complex synthesis routes, high production costs,
and the generation of chemical waste.

2.3. Viral Particles

The last archetypal example of natural colloidal particles is found in viruses. Indeed,
viruses are infectious agents, generally nanometric and stable in air or water, which use host
cells to multiply. After contact and internalization in a target cell, the virus disassembles
to transfer its genome, which is then translated into new viral components without their
knowledge. Then, the viral components spontaneously self-assemble into new viruses
that leave the cell to infect others, and the viral cycle begins again. The assembly and
disassembly mechanisms are therefore closely linked to the proliferation of viruses and
probably represent the most advanced case of biological supramolecular structures [60].
Viruses are composed of (i) the genome consisting of a nucleic acid chain (DNA or RNA);
(ii) the capsid which surrounds and protects the genome from the external environment
by a semi-rigid protein shell; and, sometimes, (iii) the envelope that covers the capsid and
contains lipids and proteins essential for their binding to target cells (Figure 5) [61].

or

Protein

= Envelope

Enveloped virus Non-enveloped virus

Figure 5. Schematic drawing of two basic types of viruses. In non-enveloped viruses, the genome
is condensed in a capsid (coat protein), whereas enveloped viruses have a capsid or nucleocapsid
wrapped in a phospholipid bilayer with protein (spike).

The most fascinating part of viruses is probably the capsid. Many capsids are icosahe-
dral or nearly spherical with icosahedral symmetry as anticipated by Watson and Crick
in 1956 and, more elaborately, by Caspar and Klug in 1962 [62,63]. The exterior of an
icosahedral capsid is composed of repeating protein subunits (capsomeres). The regular

164



Molecules 2024, 29, 5657

icosahedron, characterized by 5:3:2 rotational symmetry, is the best way to form a closed
shell from identical subunits: the proteins constituting the capsid are arranged on the
faces, edges, or vertices of an icosahedron [64]. In more detail, the regular icosahedron is
composed of 20 triangular faces and 12 vertices. Viruses with icosahedral symmetry contain
60 T proteins (where T is the number of distinct protein configurations), forming 12-vertex
pentons (pentameric capsomers) and 10(T — 1) hexons (hexameric capsomers). For T =1,
the capsid contains only 12 pentagonal motifs (Figure 6A). In Figure 6B, the proteins have
an identical chemical nature but with three different conformations (T = 3) identified by
three colors leading to a capsid with 12 pentons centered on the vertices of the icosahedron
(yellow proteins) and 20 hexagonal motifs (alternating dark and light green proteins).
Thus, for larger viruses, the additional capsomers are arranged in a regular hexagonal
lattice on the faces of the icosahedra. For instance, the cauliflower mosaic virus has an
icosahedral capsid built from 420 proteins (12 pentons and 60 hexons): itis a T = 7 virus
that obeys the rules of Caspar and Klug [65]. Icosahedral symmetry can be understood
by simple geometric arguments: a structure consisting only of hexagons would have a
maximum surface density, but it could not be closed because it would be flat. To introduce
the curvature required for a closed structure, one must have exactly twelve pentagons,
with the rest of the structure being composed of hexagons. If these twelve pentagons are
distributed equidistantly, the structure exhibits icosahedral symmetry. However, when the
twelve pentagons imposed by the topology are distributed non-uniformly, new geometric
shapes are observed, and icosahedral symmetry is lost [65]. This is the case, for example,
of the human immunodeficiency virus type 1 (HIV-1) or the tobacco mosaic virus (TMV),
whose capsids are, respectively, conical or helical in shape [66,67].
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Figure 6. Self-assembly of 60 T asymmetric units (proteins) giving 20 triangular facets, leading to
icosahedral nucleocapsid with T =1 (A) and T = 3 (B).

Although our knowledge of genome packaging in a capsid is still embryonic, most
capsids are formed by a self-assembly process that can be reproduced in vitro by mixing
the genome with the subunits in an aqueous medium. These are often protein dimers
because they are more stable than the proteins alone. This process is favorable (i.e., spon-
taneous) because the energy gain linked to the association of the subunits is greater than
the entropy loss that is also associated with it. There is, however, a threshold concen-
tration of subunits for self-assembly to be initiated. The energy gain is associated with
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non-covalent interactions between subunits (van der Waals and/or hydrophobic forces).
After a transient regime, the association between the proteins eventually reaches a state of
chemical equilibrium governed by a mass action law [68]. The genome, however, helps
guide assembly. Protein—-genome interactions are primarily electrostatic in origin because
proteins often contain positively charged chemical groups, whereas the genome invariably
carries negative charges. Indeed, there is a linear relationship between the total electrostatic
charge of the genome and that of the protein subunits [69]. It is noteworthy that empty
capsids (i.e., without genome) can also be formed under appropriate ionic conditions.

The self-assembly of an empty capsid is often interpreted in terms of nucleation/growth [70].
It should be noted that the term nucleation refers to a process by which atoms or molecules
aggregate into a small unstable seed, from which a larger assembly will grow. Originally
observed for crystal formation, nucleation appears to be a generic pathway, including many
molecular assemblies [71]. The subunits begin by forming a seed under the action of a
local concentration fluctuation; this is the nucleation phase. Other subunits that remain
free then bind sequentially to this seed to make it grow rapidly until the formation of a
complete capsid. For example, the seed is a trimer of subunits for the capsid of the hepatitis
B virus [72]. Unfortunately, the seed varies according to the virus considered and remains
difficult to identify due to its transient nature. The lower the free energy of association, the
greater the number of subunits constituting the seed will increase. In addition, assembly
and disassembly exhibit significant hysteresis that allows the assembled capsids to remain
metastable even at high dilution, which is a crucial property for their survival outside
the intracellular environment. In the presence of a genome, two scenarios are possible,
depending on the interaction energies between the components: (i) the capsid assembles
according to the nucleation/growth mechanism (see above) while simultaneously pack-
aging the genome, or (ii) the subunits rapidly bind to the genome and then cooperatively
reorganize into a capsid [73].

Some virus particles allow the formation of emulsions. For instance, the icosahedral
capsids of cowpea mosaic virus (CPMV) and turnip yellow mosaic virus (TYMV) have
the ability to stabilize Pickering emulsions [74,75]. However, viral envelope proteins can
also be used to obtain long-term stable Pickering emulsions. For example, the amphiphilic
envelope proteins of TMV can self-assemble at Pickering emulsion interfaces [76]. In all
these cases, robust capsules can be fabricated by cross-linking between the coat proteins.
By taking advantage of the amphiphilicity of coat proteins separately or directly on the
capsid, the construction of robust Pickering membranes can have various applications,
including drug delivery or virus recognition.

2.4. Nature and Colloidal Tectonics

All living organisms exhibit self-assembled entities. The three examples, presented in
this section, show a core—shell structure with at least one layer of proteins (i.e., building
blocks or tectons) surrounding the core. For casein micelles, the core is composed of
hydrophobic proteins (- and (3-caseins) while the coat is composed of the more hydrophilic
k-caseins. For rubber particles, a mixed layer of proteins and phospholipids surrounds the
hydrophobic polyisoprene core. For non-enveloped viruses, the nucleic acid is surrounded
by capsid proteins. In all three systems, the main driving force of particle formation is
hydrophobic forces supported by H-bonds and electrostatic interactions (relatively strong
interactions). It should be noted that other biomolecules form self-assembled entities.
For instance, lipids can self-assemble into membranes through primarily hydrophobic
interactions, a relatively weak and non-directional interaction [77]. However, these systems
are typically soft, fluid, and less-ordered (despite the coexistence of soft fluid and rigid
gel domains in plasma membrane), whereas proteins self-assemble into rigid crystalline
structures [78]. In general, chemists can easily reproduce lipid assemblies using synthetic
amphiphilic small molecules and/or polymers to form micelles, vesicles, and/or lamellar
structures [79]. In contrast, protein assemblies that produce assemblies with structural
rigidity and crystallinity (e.g., lamellae, tubules, and/or polyhedrons) are more difficult
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to mimic by synthetic molecules [80]. Colloidal tectonics deals with the formation of
artificial rigid and crystalline colloidal structures, similar to protein assemblies, which is a
fundamental challenge in materials science [15].

In the three previous examples, the self-assembly of tectons into particles can be
interpreted in terms of nucleation/growth. Indeed, some tectons start by forming a seed
under the action of a local concentration fluctuation (nucleation) and then other tectons
that remain free sequentially bind to this seed to make it grow rapidly until the formation
of a complete particle. This process results in colloidal particles constituting hydrophilic
and hydrophobic regions in which solvent(s) can be accommodated or at least interacted.
The spontaneous formation of colloidal structures from tectonic subunits depends on the
total interaction energy (i.e., the sum of attractive and repulsive interactions) [15]. The
structure of the tectons influences the physicochemical properties of the particles and
thus the possibility of obtaining supracolloidal structures such as dispersion, Pickering
emulsions, colloidal crystals, etc. [15]. There is therefore a continuous transition between
the properties of the tectons and those of (supra) colloidal systems [15]. In the first pub-
lication on the concept of colloidal tectonics, the following guidelines were proposed to
obtain a bottom-up colloidal construction: two or more complementary tectons (i.e., with
suitable binding sites to form supramolecular seeds essential for the growth of the colloidal
particles) of opposite polarities, at least one of which has a rigid structure [15]. However,
more recent papers have supplemented and refined these guidelines (see below). Indeed,
the new formulation is as follows: colloidal systems can be generated using either a self-
complementary tecton (single-component system) or two or more complementary tectons
(multicomponent system). In addition to intermolecular interactions, structural flexibil-
ity /rigidity and fluidity/crystallinity are also essential for the spontaneous bottom-up
formation of colloidal structures.

Let us focus here on the single-component system, supposing that a capsid-like struc-
ture forms. The tecton presented in Figure 7A has both polar and nonpolar binding sites.
Due to this self-complementarity, tectons lead, under appropriate conditions (temperature,
concentration, solvent, etc.), to the formation of pentamers (i.e., pentagonal pyramid). The
mutual interconnection of pentamers is achieved by complementary interactions leading
to a regular icosahedral envelope. The resulting polyhedron has 20 equilateral triangles
as its faces, 30 edges, and 12 vertices. Therefore, two levels may be used to describe the
growth of icosahedron colloidal arrangements: the formation of pentamers and the self-
association of pentamers. The second possibility (Figure 7B) concerns the formation of
icosahedrons using a two-component system based on two tectons of opposite polarity.
However, the two tectons can be paired due to complementary attractive interactions form-
ing discrete supramolecular structures. These structures can form pentamers by mutual
bridging. For reasons of compaction, pentamers are grouped in regular icosahedrons (see
above). In this case, three levels may be used to describe this system: the establishment
of discrete supramolecular structures, the formation of pentamers, and the lateral associa-
tion of pentamers leading to regular hollow icosahedrons. From a general point of view,
intermolecular interactions, structural flexibility /rigidity, and fluidity/ crystallinity are key
parameters, as well as the morphology of tectons. Indeed, tectons of identical chemical
nature can adopt different conformations allowing them to obtain pentagonal patterns
and hexagonal patterns, leading to icosahedral symmetries. The self-assembly process is
favorable and therefore spontaneous because the energy gain of association of the subunits
is greater than the entropy loss that is also associated with it. However, there is a threshold
concentration of subunits for self-assembly to be initiated. The energy gain is associated
with short-range attractive interactions between the subunits (hydrophobic and/or van der
Waals forces). After a transient regime, the association between the subunits finally reaches
a state of chemical equilibrium governed by a mass action law. This self-assembly is often
interpreted in terms of nucleation/growth (see above).
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Figure 7. Schematic representation of colloidal arrangements in the form of regular icosahedrons

(capsid-like structures) made with a single- or bi-component system (A) or (B).

Colloidal tectonics deals with the design and generation of colloidal systems based
on tectons, which are active building units carrying recognition information and thus
capable of recognizing each other. Colloidal arrangements are formed under self-assembly
conditions, leading to reversible and adaptable systems with self-repair capacity. In other
words, complementary tectons find their own way to the most stable situation under
the given conditions (temperature, concentration, solvent, etc.). The main recognition
events are solvophobic interactions, which may be complemented by a variety of other
reversible attractive intermolecular interactions such as van der Waals, electrostatic forces,
and H-bonds [15]. However, structural flexibility /rigidity and fluidity /crystallinity are also
essential parameters (see above). However, unlike the concept of molecular tectonics [12,13],
which deals with the design and preparation of infinite periodic molecular networks
formed under self-assembly conditions between self-complementary or complementary
tectons, the growth of colloidal tectonics assemblies is inhibited by various repulsions
such as steric and electrostatic repulsions [15]. Therefore, a simple design rule for colloidal
tectonics-based systems is the presence of (i) attractive interactions conferring rigidity
and/or crystallinity, and (ii) repulsive forces to avoid the long-range order characteristic of
a crystal. Since colloidal systems play a crucial role in nature and in many scientific and
industrial applications, some recent examples of strategies to obtain such systems using
colloidal tectonics are presented in the following section, together with their uses.

3. Design and Applications of Artificial Architectures Based on Colloidal Tectonics

In this section, it is noteworthy that artificial architectures based on colloidal tectonics
are not presented from a historical perspective. Indeed, I have discarded this view to use a
classification according to the number of components involved in the colloidal edification.
Indeed, architectures can be generated using either a self-complementary tecton (single-
component system) or two or more complementary tectons (multicomponent system). In
each case, subdivisions are made according to the chemical nature of the tectons. It should
be noted that, for the sake of clarity, only a few examples are reported in this section, with
particular emphasis on Pickering emulsions for catalysis or drug delivery.
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3.1. Single-Component Colloidal Systems

Colloidal tectonics can be used to generate colloids by self-assembly processes in-
volving a single self-complementary tecton. Such a single-component system is the most
attractive situation in terms of atoms and synthetic economy. Since the most important
requirement is to have solvophobic (i.e., hydrophobic and organophobic) sections, solvo-
phobic block copolymers can be good candidates. Indeed, the low solubility of one of
the blocks provides a sufficient driving force for their self-assembly in a given solvent. In
such aggregates, the solvophobic blocks associate into dense central domains surrounded
by solvated coronas formed by solvophilic blocks. This driving force is counterbalanced
by repulsive interactions between solvophilic blocks that ensure the formation of stable
self-assemblies at the nanoscale. For example, in aqueous solutions, the assembly is clearly
driven by the hydrophobic attraction between the associated blocks and counterbalanced
by electrostatic or steric repulsions between ionic or neutral organophobic blocks. However,
to avoid the formation of dynamic polymeric micelles similar to classical molecular surfac-
tants, one has to keep in mind that the polymer must have structural flexibility /rigidity
and fluidity/crystallinity in addition to complementary intramolecular interactions (see
above). To manage flexibility /rigidity and fluidity/crystallinity, additional interactions
have to be used, such as H-bonds, aromatic stacking, van der Waals interactions, etc. In
practice, homopolymers and surfactant-based systems can also be used. In this section,
some typical examples are given to illustrate the effectiveness of these approaches.

3.1.1. Homopolymers

In 2022, Douyere and his collaborators reported a system based on linear polyethyleneimine
(LPEI) as a unique self-complementary tecton to design self-assembled gelled emulsions
(i.e., emulgels) [81]. The polymer has a high molecular weight to obtain an appropriate
rigidity /flexibility balance. The hydrophilic-lipophilic balance is obtained by the protona-
tion/deprotonation of the amine groups. Indeed, depending on the LPEI protonation, the
polymer is in a free form at pH < 2.3 or fully aggregated at pH > 10, leading, respectively,
to a solution or an LPEI dispersion. Between these two behaviors, LPEI acts as a buffering
agent by the continuous protonation/deprotonation of the amine groups. Thus, in an aque-
ous solution, LPEI molecules give a switchable gel depending on the pH and temperature.
The formation of thermo-reversible hydrogels is due to adequate and spontaneous distri-
butions of “hydrophobic” and “hydrophilic” regions on the LPEI chains (Figure 8). Indeed,
the “hydrophilic” regions are protonated amine groups while the “hydrophobic” regions
are neutral -CH,CH;NH- units. The gel phase is obtained by a pseudo-crystallization
of “hydrophobic” regions, under the action of hydrophobic forces and H-bonds, while
the protonated regions remain hydrated (Figure 8). In an aqueous solution, competition
between hydrated and associated regions results in the formation of a 3D network where
the crystallized hydrophobic domains act as knots (Figure 8). An interesting compari-
son can be made with poly(4-vinylpyridine), P4VP. Indeed, linear P4VP, even partially
protonated, is not able to provide crystallites or other self-assembled colloidal entities
capable of stabilizing Pickering-like emulsions [82]. In contrast, acidic colloidal particles of
P4VP (39 mmolH+/g) cross-linked with 2% divinylbenzene (Reillex® 402 ion-exchange
resin) are able to give heptane-in-water Pickering emulsions with long-term stability [83].
Recalling these observations, a simple design rule for self-assembly can be put forward:
the presence of strong attraction is mandatory (H-bonds for LPEI molecules and cross-
linking, involving the formation of covalent bonding between adjacent polymer backbone
for P4VP particles). However, it is noteworthy that acidic P4VP particles containing 25%
divinylbenzene (Reillex® 425) do not lead to hydrogels or Pickering-type emulsions. A
higher cross-link density is the result of a greater number of bonds per polymer chain
length, which results in greater rigidity and hardness, proving the importance of structural
flexibility /rigidity and fluidity/crystallinity compared to morphology [82]. Indeed, the
2% cross-linked protonated P4VP particles have a spongy structure, leading to solvent
penetration capable of interacting with the hydrophobic regions of P4VP. Therefore, the
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cross-linked systems are less adaptable than LPEI-based systems that take advantage of
reversible H-bonds to adapt to the external environment.

H-bond {

Crystallites Hydrogel Emuigel

Figure 8. Structure of linear polyethyleneimine, LPEI, with protonated and unprotonated amine
groups, leading to crystallites formed by H-bonds between unprotonated amine groups, thermo-
reversible hydrogels, and gelled emulsions (emulgels).

As LPEI provides a robust tecton with solvophilic and solvophobic regions, leading to
structural flexibility /rigidity and fluidity /crystallinity, the spontaneous bottom-up self-
assembly provides a good platform to obtain Pickering-like emulgels [81]. Since LPEI is not
soluble in either conventional organic solvents (heptane, toluene, isopropyl myristate, and
liquid paraffin) or vegetable oils (corn, sunflower, olive, and castor oil), the authors obtained
long-term stable emulgels after the homogenization of biphasic oil/water systems (1:1 w/w)
in the presence of LPEI [81]. Indeed, the stabilizing mechanism of the obtained systems
is unusual: (i) crystallites are homogenously distributed on the surface of the droplets,
leading to Pickering-like stabilization, and (ii) crystallites act as knots, contributing to the
gelation of the aqueous continuous phase and the emulsion’s stability (Figure 8). Moreover,
due to their self-assembled nature, these emulgels provide reversible systems with a high
degree of control. Indeed, sol/emulgel transitions are obtained by temperature or pH
changes because the acidic environment and/or high temperature alter the self-assembly
of the “hydrophilic” and “hydrophobic” regions, leading to destabilization by modifying
the gelation of the aqueous continuous phase and the Pickering stabilization (alternating
stabilization and phase separation up to 10 consecutive runs) [81].

3.1.2. Copolymers

Since it is possible to obtain tectons from homopolymers when the latter possess
ionizable functions, the use of amphiphilic copolymers has been considered. For exam-
ple, Bardoula and his collaborators reported the use of amphiphilic polymer particles
based on copoly(2-methyl/phenyl-2-oxazoline)s, P(MeOx)-P(PhOx), where MeOx is the
hyrophilic monomer and PhOx is the hydrophobic monomer, to obtain Pickering emulsions
(Figure 9) [84]. Well-defined polymer particles are obtained by nanoprecipitation. The
effects of chain length (degree of polymerization, DP = 50, 100, 150, or 200) and monomer
distribution (block or gradient) on the properties of the polymer particles are also inves-
tigated. For a fixed MeOx/PhOx ratio of 25/75 (w/w), the intensity-weighted average
hydrodynamic size of all particles measured by dynamic light scattering ranges from
69 £ 15 to 152 £ 10 nm for block copolymers and from 65 + 3 to 114 & 8 nm for gradient
copolymers. In more detail, DP5p-based particles exhibit significant hydrophilic characteris-
tics, close to water solubility, with measured sizes in the range of 115-140 um and very low
water contact angle (0) values around 20°. For the other polymer particles, two distinct
behaviors were observed depending on the monomer distribution. In the case of block-
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based particles, an increase in the DP leads to an increase in particle size (from 69 to 152 nm
for DPjgp and DPyq), while gradient particles exhibit a size around 65-72 nm, remarkably
displaying lower polydispersity indices compared to their block counterparts. Interestingly,
for polymer particles with DP1gp, DP150, and DP;q, an increase in chain length has little
impact on their wettability, with 6 values ranging from 53 to 65°. Furthermore, the particle
glass transition temperature values follow the expected trend of increasing with chain
length for both block and gradient particles. Recalling these results, it is possible to gain
insight into the internal structure of polymer particles. Indeed, polymer nanoprecipitation
occurs after the addition of a non-solvent to a polymer solution by a four-step mechanism:
supersaturation, nucleation, condensation growth, and coagulation growth that leads to
the formation of polymer particles [85]. Under such conditions, the essential driving force
leading to the formation of polymer particles is clearly the hydrophobic effect between the
PhOx monomers. To avoid considerable exposure of the hydrophobic residues in water, a
strong self-association of the hydrophobic sections of the polymer chains occurs to form
supramolecular assemblies. However, the presence of rigid aromatic phenyl rings leads
to aromatic stacking of phenyl substituents with a shifted (or twisted) geometry relative
to the face-to-face and/or T-shaped (or edge-to-face) orientation of the aromatics, thereby
increasing the packing density of the polymer chains [86]. Therefore, we obtain core—shell
polymer particles composed of a hydrophobic core containing PhOx monomers while the
shell contains hydrophilic MeOx monomers. It is worth noting that this mechanism is valid
for both block and gradient copolymers because for all copolymers, as the molar mass in-
creases, a higher particle glass transition temperature value is observed due to the stronger
mi-stacking interactions [87]. Although these polymer particles, composed of a P(PhOx) core
surrounded by P(MeOx) segments, are in dynamic equilibrium with their environment and
the structural arrangement can be modified by environmental changes, the hydrophobic
and aromatic stacking interactions prevent spatial changes and the dissociation of the
supramolecular structure.

P(MeOx)-P(PhOx) P (Water

Y

Polymeric
particles

Pickering
emulsions
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Figure 9. Structure of copoly(2-methyl/phenyl-2-oxazoline), P(MeOx)-P(PhOx), polymer particles
formed by stacking interactions between phenyl side groups, and resulting Pickering emulsion.

Since the polymer particles are open sponge-like colloidal structures capable of accom-
modating solvent(s) in both hydrophilic and hydrophobic regions, they can be used for
the long-term stabilization of Pickering emulsions with emulgel properties using paraffin
oil and isopropyl myristate [84]. These polymer particles effectively stabilize Pickering
emulsions starting from 0.9 wt. % and allow to easily obtain high internal phase emulsions
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entirely based on biocompatible, low-toxicity, and tunable P(MeOx)-P(PhOx), opening the
way to wide applications. Finally, it is noted that the other MeOx/PhOx ratio of 50/50
or 75/25 (w/w), whatever the chain length (degree of polymerization, DP = 50, 100, 150
or 200) and the monomer distribution (block or gradient), leads to classical emulsions
without the formation of polymer particles [88]. This observation is clearly a consequence
of the minimization of hydrophobic and stacking interactions (see above), proving once
again the importance of intermolecular interactions, structural flexibility /rigidity, and
fluidity / crystallinity.

3.1.3. Surfactants

Surfactants are known to form micellar, lamellar, and vesicular structures. However,
as previously discussed, these assemblies are soft and fluid because they are mainly driven
by hydrophobic interactions. In contrast, the assembly of tectons using the concept of
colloidal tectonics forms rigid and/or crystalline architectures driven by a combination of
hydrophobic interactions, H-bonds, and electrostatic forces. Therefore, in order to obtain
faceted structures, it is necessary to increase the rigidity and crystallinity of surfactant
assemblies by additional strong and directional in-plane attractions (e.g., H-bond and/or
electrostatic) and out-of-plane repulsions (e.g., electrostatic or steric).

Faceted vesicles (i.e., rigid non-spherical liposomes) can be obtained by enhancing
the crystalline characteristic of membranes. One way to achieve this is to replace the
ester bonds of natural phospholipids with artificial amides that stabilize the interfacial
region by H-bonds. In this regard, Neuhaus and coworkers used an artificial amide (1,2-
diamidophospholipid) homologue of 1,2-dipalmitoylphosphatidylcholine (DPPC) to form
cuboidal vesicles without using a template (Figure 10) [89].
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Figure 10. Structures of 1,2-dipalmitoylphosphatidylcholine (DPPC) (A), 1,2-diamidophospholipid (B),
and 1,3-diamidophospholipid (C) and their self-assembly in spherical (A’), cuboidal (B"), and Dform
(C’) vesicles. The figure highlights the dependence of the geometric shape of liposomes on the
intrinsic Gaussian and extrinsic total curvature (K and J, respectively).
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Interestingly, vesicles are typically spherical to minimize surface tension, e.g., DPPC
forms spherical vesicles. The authors use complementary H-bonds to increase the inter-
actions between phospholipids. Recalling that DPPC forms only slightly faceted vesicles
in the gel phase and that the fishbone packing of the lipids is not found in DPPC vesicles,
the authors argue that the H-bond network present between 1,2-diamidophospholipid
molecules leads to a minimization of the intermolecular distance and thus a maximiza-
tion of the chain—chain attractions (i.e., dispersion forces). Consequently, intermolecular
H-bonds between amide groups in 1,2-diamidophospholipids lead to planar bilayers with
exceptionally tight packing, where the molecules are packed in a fishbone pattern as sug-
gested by wide-angle X-ray scattering measurements. In practice, these rigid bilayers must
be heated above their melting temperature to obtain fluid membranes, leading to vesicles.
When cooled below their melting temperature, phospholipid vesicles give rise to structures
that maximize flat surfaces and minimize edges, i.e., cuboidal structures. The authors
propose to use these cuboid vesicles as drug delivery devices.

However, other fascinating structures can be obtained. For instance, the same team
reported that 1,3-diamidophospholipids form faceted vesicles [90]. In these vesicles, the
1,3-diamidophospholipid molecules take a rigid interdigitated arrangement inside the
bilayer membrane. Indeed, the thickness of the bilayer is comparable to the length of a
single acyl chain of the phospholipid [91]. This tight packing results in the absence of
spontaneous curvature, leading to faceted tetrahedral vesicles called Dform because of their
resemblance to the letter D (see Figure 10). Since these vesicles are stable in a salt-containing
buffer and under static conditions, Zumbuehl et al. investigated their use as drug delivery
devices [92]. This study suggests that such loaded nanocontainers could potentially be
used to treat atherosclerotic patients, as the drug is preferentially released in constricted
vessels where shear stress is high [93].

The two previous examples are very instructive because they highlight the importance
of molecular morphology on the shape of the supramolecular object obtained. Indeed, 1,2-
and 1,3-diamidophospholipids are positional isomers capable of forming intermolecular
H-bonds between the amide groups, leading to a maximization of chain—chain attractions
(i.e., dispersion forces). The maximization of chain—chain attractions is optimal between
1,2-diamidophospholipid molecules due to the proximity of the two alkyl chains, which
are spatially close. This effect is less for 1,3-diamidophospholipids, where the two alkyl
chains are further apart, hence the need for chain—chain interdigitation within the bilayer
membrane, suggesting that interdigitation is a major contributor to the formation of D-
form vesicles. Therefore, in both cases, as the vesicles were formed from a single type of
phospholipid, all vesicles are spherical above the melting temperature of the phospholipids
because the liquid crystalline phase imposes no constraints on the geometry of the vesicles.
However, upon cooling below the melting temperature, the intrinsic Gaussian curvatures
and the extrinsic total curvatures of the bilayers (K and J, respectively) force the spheres to
adopt alternative shapes with a clear dependence on the geometric shape of the liposomes
(see Figure 10). Therefore, 1,3-diamidophospholipid forms rigid interdigitated bilayers and
thus D-shaped vesicles (K = 0 and ] # 0). However, changing the phospholipid substitution
pattern from 1,3 to 1,2 does not allow membrane interdigitation but preserves the H-bond
network between phospholipid molecules, leading to cuboidal structures (K = 0 and J = 0).
For DPPC, in the absence of an H-bond network, only spherical liposomes are observed
(K#0and] # 0).

Polyhedral capsid-like cationic vesicles have also been observed. For instance, Pardin
and his collaborators obtained this arrangement by the self-assembly of N,N’-dialkylmethyl-
enediimidazolium ditriflate (Figure 11) [94]. Although there is no explanation for this
extreme faceting of the vesicles in the original publication, it is now possible to propose an
explanation based on current knowledge.
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Figure 11. Structure of N,N'-didodecylmethylenediimidazolium ditriflate, schematic representation
of H-bonds between imidazolium cations and anions (brown sphere (A)), planar bilayer arrangement
with interdigitation of the akyl chains (B), and resulting vesicle with polyhedron core and spherical
multilayer coat (C).

Indeed, it is known that imidazolium cations and anions are connected to each other
to form H-bonded networks. In fact, the imidazolium ring serves as an H-bond donor
through the H2 position and to a lesser extent through the H4 and H5 positions [95]. These
large H-bond networks contribute to forming rigid membranes. In addition, the alkyl
chains are spaced apart, leading to the intercalation of membrane sheets. Under such
conditions, self-assembly into a closed 3D structure leads to a minimization of membrane
intersections (edges) and a maximization of planar membrane faces, leading to a polyhedral
vesicle. Recalling that the polyhedron core is surrounded by spherical multilayers, it is
argued that spheres are produced to minimize the surface tension around the polyhedron
core. Therefore, this arrangement resembles viruses: a polyhedron core surrounded by
spherical layers. It is noteworthy that the polyhedron core depends on the length of the
alkyl chain and the anion used. For instance, the dodecyl chain requires triflate anions to
form polyhedrons while the hexadecyl chain requires bromides. These vesicles are used to
entrap linear double-stranded (ds) DNA to protect it from enzymatic cleavage [95].

3.1.4. Other Systems

In 2004, Valéry and his collaborators reported that octapeptides (acetate salts of cyclic
Laureotide of sequence NH,-(D)Naph-Cys-Tyr-(D)Trp-Lys-Val-Cys-Thr-CONH; and its
cyclic derivative of sequence NH;-(D)Naph-Cys-Tyr-(D)Phe-Lys-Val-Cys-Thr-CONH>)
self-assemble into nanotubes in water. The nanotubes are arranged in hexagons (with a
packing parameter of 365 A) and are highly monodisperse [96]. The tube diameter and
wall thickness are 244 and 18 A, respectively. Furthermore, the tube diameter is tunable by
modifications of the molecular structure. The self-assembly of the nanotubes is due to the
association of amphiphilic 3-sheets and a systematic segregation of aromatic/aliphatic side
chains. The same year, Hill et al. reported that amphiphilic hexa-peri-hexabenzocoronene
molecules self-assemble to form nanotubular objects [97]. These objects are uniform with a
14 nm wide open hollow space and a 3 nm thick wall. The wall consists of helical arrays
of 13 fused benzene rings stacking via 7-interactions. The inner and outer surfaces are
covered with hydrophilic triethylene glycol chains since the hexa-peri-hexabenzocoronene
molecules form interdigitated bilayers across the alkyl chains. In a water-THF mixture, a
helical coil is formed by the loose winding of the bilayer band, while in THE, the nanotubes
are formed by the tight winding of the bilayer band.

3.2. Multi-Component Colloidal Systems

To achieve the formation of self-assembled (supra) colloidal structures from several
building blocks, tectons must meet both structural and energy criteria. Indeed, it must be
kept in mind that complementary tectons must, on the one hand, recognize each other and
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thus generate the seed, and on the other hand, allow the growth that leads to the formation
of a 3D particle. This assembly process is mainly driven by solvophobic interactions and
also by other complementary interactions such as H-bonds, aromatic stacking, electrostatic,
or van der Waals forces, etc. (see above). These latter interactions are crucial to managing
the appropriate structural flexibility /rigidity and fluidity /crystallinity needed to limit the
formation of dynamic systems characterized by the exchange of molecules leaving and
joining the aggregate (i.e., to avoid the reversible change in the number of tectons and the
overall morphology in the resulting colloidal structure). Indeed, the tecton must fulfill both
structural (recognition) and energetic criteria (tecton—tecton interactions must be higher
than tecton-solvent interactions) [15]. In the search for synthetic systems reproducing the
morphology, rigidity, and crystallinity of protein assemblies of all living organisms (see
above), several strategies have been developed over the last two decades. Some of them are
described in detail in the following sections depending on the origin of the architectures
(i.e., organic or hybrid) and their applications if available.

3.2.1. Organic Architectures

(i) Cyclodextrin-based architectures
Native cyclodextrins (CDs) are macrocyclic oligosaccharides, typically consisting of 6
(x-CD), 7 (3-CD), or 8 (y-CD) glucose units linked by «-1,4 glycosidic bonds (Figure 12).

Native CDs structure ~N
Hydrophilic
a-CD (n = exterior
B-CD (n = .
y-CD (n = H Hydrophobic

\__Channel type Cage type Layer type )

Figure 12. Native cyclodextrin (CD) chemical structure and schematic representation of packing
structures of channel, cage, and layer type CD crystals.

Morphologically, CDs have a truncated cone shape (i.e., bowl-shaped without a
bottom) and are water-soluble but not in typical organic solvents [98]. However, their
cavities are considerably less hydrophilic than the aqueous medium and are therefore
capable of forming inclusion complexes with hydrophobic molecules. Since the rims are
covered with primary and secondary hydroxyl groups, H-bonds are formed with water
molecules, explaining their solubility in water [98]. In the crystalline state, CD inclusion
complexes adopt three types of assembly modes: channel, cage, and layer types. Channel-
type assembly, commonly observed with polymers, forms CDs stacked like coins in a
roll [99]. In this mode, CDs can be arranged head-to-head or head-to-tail by H-bonding
between the hydroxyl groups of neighboring CDs. On the other hand, cage architecture
is observed when CDs are packed in a herringbone pattern [99]. In the latter mode, CDs
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are arranged side-by-side, forming layers offset by about half a CD [99]. With the smallest
native CD (i.e., x-CD), cage-like structures are formed with small guests, whereas long or
ionic guests induce channel-like structures. Channel types are generally preferred with the
- and y-CDs. This diversity of assembly can be very useful in producing various colloidal
systems, including nanoparticles, crystallites, lamellae, helical tubes, and polyhedrons (see
below).

Particles or crystallites can be easily obtained using native CDs and various non-charged
guests. Indeed, mixing CDs in biphasic oil/water systems gives oil-in-water Pickering-like
emulsions stabilized by partial wettable insoluble CD/oil inclusion complexes [100]. As the
colloidal structure depends on the experimental conditions, the nature of the precipitated
fraction can be crystals, crystallites, or spherical nanoparticles [15,101-103]. In detail, these
systems result from the formation of inclusion complexes between CDs and oil molecules,
leading to the formation of small nuclei in the dispersion; the nuclei then grow as insoluble
inclusion complexes from the liquid attached to them. These steps allow the formation of
a 3D structure by self-assembly or self-organization within the biphasic mixture, leading
to crystallites or nanoparticles depending on the experimental conditions and the guest
structure (Figure 13) [15].

if\ “
' + G—PU nanoparticles ”

CD/oil aggregates Pickering emulsion
crystals or
crystallites

Oil CD/OIl
complex

Figure 13. Schematic representation of sequential self-assembly of complementary tectons (CDs and
oil molecules), leading to Pickering emulsions.

In 2024, Hou and Xu revealed the role of oils in the formation of CD/oil inclusion
complex crystallites using different oils (e.g., linear alkanes, oleic acid, glycerol trioleate,
and soybean oil). The authors observed that the inclusion complexes tend to grow in
clusters and terminate at a certain finite size as long columns or lamella plates with well-
defined facets, depending on subtle changes in the molecular architecture of the oil guests
used [104]. Similar to the crystal structures of host-guest complexes, these assemblies
are expected to contain channel, cage, and/or layer-like packing structures through the
formation of a network of H-bonds between CDs (see above). The replacement of native
CDs with chemically modified CDs alters the solubility of the inclusion complexes and
renders them unable to assemble, highlighting the importance of H-bonds between CDs
within the edifices. However, the growth of “particles” is limited due to the increase in
interfacial rigidity with particle emergence, resulting in slower CD or oil transfer rates
across the L/S/L interface [15]. Furthermore, the growth of these colloidal assemblies is
also inhibited by steric repulsions.
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Due to the virtually infinite number of systems that can be obtained by simple guest
exchange, many applications have been considered. First, Pickering emulsions based
on the extemporaneous formation and adsorption of insoluble CD/oil complexes at the
water/oil interface are very interesting for performing catalytic reactions. One such sys-
tem uses [Na]3[PW1,040] as a water-soluble catalyst to perform the oxidation of olefins,
organosulfides, and alcohols in the presence of hydrogen peroxide as an oxidant [103].
These heptane-in-water Pickering catalytic emulsions are very efficient reaction media,
e.g., the epoxidation of cyclooctene proceeds at a competitive rate (370 h~!) with a good
yield (>99% in 30 min) and a high selectivity (>99%). These good results can be attributed
to the privileged interfacial contact between the substrate and the catalyst. Furthermore,
phase separation is achieved simply by centrifugation or heating, and a catalytic system
based on colloidal tectonics is highly compatible with some “green chemistry” concepts
because these systems can be used without any organic hazardous solvents for liquid sub-
strates [103]. Secondly, since biocidal phytochemicals (e.g., carvacrol and terpinen-4-ol) can
be used as oil phases, the development of surfactant-free and silica-free phytochemical- and
B-CD-based self-assembled Pickering emulsions was considered to potentiate the antimi-
crobial and antibiofilm activity of miconazoctylium bromide [102]. The results clearly show
that the emulsion containing carvacrol and miconazoctylium bromide exhibits synergistic
effects against fungi, additive responses against bacteria, and very high activity against
methicillin-resistant S. aureus biofilms. In order to obtain fully bio-based antimicrobial
Pickering emulsions, petroleum-based miconazoctylium bromide is replaced by unde-
cylenic acid [105]. However, this castor oil derivative, already used as a bio-based drug to
treat fungal infections, is less effective than petroleum-based drugs. The carvacrol-based
emulsion is +390% and +165% more active against methicillin-resistant S. aureus compared
to commercial undecylenic acid and azole emulsions. In addition, this emulsion is highly
effective against C. albicans (up to +480% more potent than commercial undecylenic acid
ointment). This eco-friendly emulsion also shows remarkable activity against E. coli and
methicillin-resistant S. aureus biofilms.

In addition, CD-based Pickering emulsions allow the production of other derivative
systems such as cyclodextrinosomes or beads (i.e., microcapsules) [106,107]. For instance,
Mathapa and Paunov used oil-in-water Pickering emulsions (oil = n-tetradecane, tricaprylin,
isopropyl myristate, sunflower, or silicone) stabilized by microrods and microplatelets of
CD/oil inclusion complexes [106]. As these microcrystals remain irreversibly anchored
at the droplet interface, these emulsions can serve as a model for the preparation of cy-
clodextrinosomes obtained solely by the assembly of CD/oil inclusion complexes, leading
to a crystalline phase on the surface of the droplets that retains its stability after removal
of the solvents. As the authors point out, cyclodextrinosomes can be used in cosmetics,
personal and household care products, and pharmaceutical formulations. A very close
system relies on the interactions between CDs and vegetable oils to produce CD-based
beads [107]. By adding vegetable oil to an aqueous solution of CD, it is possible to obtain
biphasic systems separated by an interfacial film consisting of triglyceride/CD inclusion
complexes. By stirring, the authors obtained oil-in-water emulsions, leading to the crys-
tallization of inclusion complexes. After a few days of continuous stirring, an aqueous
suspension of CD-based beads is obtained [108]. X-ray diffraction studies reveal that the
beads exhibit a crystalline organization, and microscopic analyses show that their internal
structure consists of a matrix containing numerous oil compartments [107]. Indeed, unlike
cyclodextrinosomes, beads are obtained after a few days of continuous agitation, with oil
droplets interconnected via the fusion of crystalline zones, leading to droplets dispersed in
a spherical crystalline matrix of CD/oil inclusion complexes [109-111]. Thus, regardless of
their preparation, cyclodextrinosomes and beads refer to similar structures emerging from
the packing of nanoparticles via a bottom-up construction.
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If guest polymers are used, CD inclusion complexes form channels containing the
guest polymers (see above). For instance, the formation of inclusion complexes between
high-molecular-weight polyethylene glycol (PEG 20,000 or 35,000 g/mol) and native o-
CDs, leading to the formation of supramolecular hydrogels after heating /cooling cycles.
Indeed, the columnar CD domains (nanocrystallites), formed by nucleation and growth
processes, act as physical cross-links alongside the non-included polymer chains (i.e.,
polypseudorotaxanes) [112]. However, crystallite growth is limited by the diffusion rate at
which «-CDs are transferred from the aqueous bulk to the growing crystallites. After the
addition of oil and stirring, these hydrogels allow the formation of oil-in-water Pickering
emulsions. These emulsions are used to perform the biphasic catalytic hydroformylation
of higher olefins. Under these conditions, the mass transfer is drastically enhanced in
comparison to pure biphasic conditions or in the presence of x-CD or PEG alone due to
the enhanced contact between the organic substrate and the rhodium catalyst associated
with trisulfonated triphenylphosphine as a water-soluble ligand. The catalytic performance
of these Pickering emulsions can be improved by adding randomly methylated 3-CD
(RAME-B-CD) [113]. Indeed, the catalytic activity is increased because this CD acts as
a supramolecular carrier capable of transporting hydrophobic olefins. Unfortunately,
an excess of RAME-3-CD leads to lower catalytic performance due to the instability of
Pickering emulsions. Finally, to improve the thermal stability of the catalytic system,
poloxamines (Tetronics®, a class of polyethylene oxide (PEO)/polypropylene oxide (PPO)-
based amphiphiles linked to a central ethylene diamine moiety by way of the nitrogen
atoms) were used instead of PEG [114]. The results reveal that the catalytic systems using
reverse sequential Tetronic® 90R4 are more efficient than those containing conventional
sequential Tetronic® 701 (Figure 14). As in reverse poloxamines (Tetronics® 90R4), the
PPO segments are placed at the periphery, the PPO blocks act as “stoppers”. Indeed, the
«-CDs are kinetically trapped since the ends of the system are larger than the internal
PEOm which prevents the dissociation (scrolling) of the x-CDs. The opposite is true for
classical sequential poloxamines (Tetronic® 701), where the a-CDs can be displaced upon
heating (see Figure 14). Consequently, «-CD/Tetronics® 90R4 nanocrystallites exhibit
superior thermal stability compared to o-CD/Tetronic® 701. At 80 °C, the stability of these
a-CD/ Tetronics® 90R4-based emulsions is superior to that of x-CD/ Tetronics® 701, leading
to olefin conversion at competitive reaction rates due to enhanced mass transfer.

Tetronics® 701 ) L Emulsion

Figure 14. Schematic representation of Tetronics® 90R4 and 701 (orange = polypropylene oxide
block and blue = polyethylene oxide block, black cylinder = central ethylene diamine), structure of
«-CD/Tetronics® nanocrystallites and resulting Pickering emulsion.

178



Molecules 2024, 29, 5657

The previously reported «-CD/PEG-based colloidal tectonics system can be used as a
common base for formulation, leading to a range of dosage forms (i.e., hydrogels, Pickering
emulsions, and cyclodextrinosomes) [16]. Stable ethanol-free hydrogels can be prepared
by mixing, in water, x-CD, PEG, and antifungal drugs (miconazole, miconazole nitrate,
or econazole nitrate) as inclusion complexes with 2-hydroxypropyl-3-CD to increase the
solubility of the drugs in the hydrogels. As previously described, oil-in-water Pickering
emulsions can be obtained from unloaded gels by adding paraffin oil containing antifungals
in their native form. Once dried, the emulsions provide loaded cyclodextrinosomes. The
properties are significantly improved compared to commercially available formulations in
terms of stability, with even a marked improvement in antimicrobial activity (up to 1.6).
These dosage forms avoid the use of petro-sourced surfactants or modified silica nanopar-
ticles, providing solutions to the current trend of simplification of formulas in terms of
ingredients.

If ionic guests are used, CD inclusion complexes preferentially form channels con-
taining the guests (see above). When ionic guest molecules are surfactants, CDs disrupt
the self-assembly properties of these last by sequestrating their hydrophobic regions. For
instance, the complexation of 3-CD with sodium dodecyl sulfate (SDS) leads to the forma-
tion of 1:1 and 2:1 inclusion complexes [115]. However, inclusion complexes, depending
on the sample concentration and temperature, tend to organize into aggregates with an
ordered structure. To mimic proteins that can readily assemble into rigid and crystalline
structures such as viral capsids (see above), Jiang and coworkers reported the use of (3-
CD/SDS inclusion complexes (2:1 stoichiometry) capable of self-assembling into a variety
of structures such as lamellar, spiral wound bilayers (multilamellar tubes), and hollow
rhombic dodecahedral architectures (Figure 15) [116-118].
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Figure 15. Schematic representation of self-assembled 3-CD/SDS inclusion complexes (2:1 stoichiom-
etry) into lamellar, helical tubular, and hollow rhombic dodecahedral architectures. The right inset
shows the basic unit cell of columnar inclusion complexes in a 2D rhombic packing (quasi-monoclinic
with the following parameters a =b # cand = = 90° and y # 90°).

The nature of architectures directly depends on the concentration of 3-CD/SDS inclu-
sion complexes, e.g., thombic dodecahedra are obtained in the range of 4-6 wt. % while
helical tubes and lamellae are observed, respectively, between 6-25 and 25-50 wt. %. In
detail, the rhombic dodecahedral geometry (~1 pum) is hollow and has sharp edges as
revealed by transmission electron microscope and atomic force microscope results. Unlike
viral capsids where an icosahedral geometry is classically observed, the dodecahedral
architecture is dominant in this case due to the 2D rhombic basic unit cell (see below and
Figure 15).
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Furthermore, it is worth noting that the size of the hollow rhombic dodecahedron
is significantly larger than that of classical icosahedral viruses. Helical tubes consist of a
bilayer wound with open ends. They are large (average length about 40 um) and rigid. The
diameter is monodisperse around 1 um. The persistence length of the helical tubes is at least
of the order of millimeters. The distance between the walls is large due to charge repulsion
and depends on the condensation of cations. In addition, dilution causes swelling of the
structure due to the penetration of water molecules into the interwall space. The bilayers
are extremely rigid and planar due to their crystalline nature. The distance between two
bilayers depends on the effective charge, with potential charge screening by counterions.

From a general point of view, the formation mechanism of these ordered architec-
tures relies on CD/surfactant inclusion complexes as primitive building blocks. The
self-assembly of these inclusion complexes is driven by strong direct and indirect (water-
mediated) H-bonds, leading to channel-like arrangements, regardless of the size of the
CD cavity. However, a-CD, 3-CD, and y-CD/surfactant form crystal structures with a
hexagonal, rhombic, and square arrangement of channel-type inclusion complexes in the
2D lattice [119]. Therefore, 3-CD/SDS inclusion complexes, with a 2:1 stoichiometry, form
colloidal stable suspensions, presenting a crystalline substructure made from the primitive
building blocks (i.e., the 3-CD/SDS inclusion complexes). Since the basic unit consists
of two inclusion complexes where the 3-CDs are in a channel-type arrangement with a
rhombic packing (see Figure 15), the basic unit grows into lamellae, spiral wound bilayers
(multilamellar tubes), and/or folds into polyhedrons, depending on the concentration
and temperature. This growth is driven by strong direct and indirect (water-mediated)
H-bonds [116]. The importance of these H-bonds is confirmed by the fact that chemical
substitutions on the hydroxyl groups of CDs and the use of chaotropic additives (disturbing
the H-bonds) depress the assemblies. In addition, temperature is also a key parameter, as
it weakens the H-bond network connecting the CDs, leading to structural changes in the
observed structures. The bilayer-like assembly is determined by three factors: (i) the high
rigidity of the membranes due to the H-bonds between CDs, (ii) the electrostatic repulsions
between the faces due to the anionic nature of SDS, and (iii) the surface tension on the
edges of the bilayer membrane that leads to the curvature of the edges and the formation
of a closed 3D structure.

A clear similarity can be established between the colloidal architectures observed for
3-CD/SDS inclusion complexes and protein self-assembly (see above). For example, capsid
proteins are held together by specific directional interactions between the different protein
units and by nonspecific, mainly electrostatic, interactions with the genetic material (see
above). These supramolecular colloidal assemblies of 3-CD and SDS exhibit characteristic
sizes ranging from a few nanometers for a single primitive building block to several
micrometers. Electrostatic interactions and H-bonds are identified as the driving forces for
the self-assembly of 3-CD/SDS inclusion complexes. The morphologies of the aggregates
could be reversibly controlled using temperature or concentration changes.

In 2023, Liu et al. reported that polymer-like building blocks consisting of inclusion
complexes between y-CDs and N,N’-didodecyl-N,N,N’,N'-tetramethyl-N,N’-hexamethylene-
diamine surfactants exhibit various colloidal structures such as vesicles, nanotubes, and
sheets in aqueous solutions with increasing concentrations (Figure 16) [120]. A single
tetragonal unit with a 1:1 y-CD/surfactant ratio is obtained by host—guest interactions (see
Figure 16). This tetragonal unit enables the growth of bilayer sheets due to H-bonding and
electrostatic interactions. However, the morphologies of the bilayer architectures are multi-
responsive to stimuli such as temperature, solvent additives, and ions. Indeed, the decrease
in H-bonds (i.e., increased in-plane fluidity) and the increase in out-of-plane electrostatic
repulsions (i.e., increased repulsions between surfactant head groups) enable a transition
from bilayers to nanotubes and then from tubes to spherical vesicles. As these transitions
are reversible, this system has promising potential for drug delivery applications in the
future. Due to the great interest in these systems, many studies have been conducted on
them [121-124].
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Figure 16. Schematic representation of self-assembled y-CD/N,N’-didodecyl-N,N,N’,N'-tetramethy!-
N,N’ -hexamethylenediamines inclusion complexes into lamellar, tubular, and spherical vesicular

architectures. The right inset shows the basic unit cell of columnar inclusion complexes in a tetragonal
packing.

(ii) Catanionic surfactants-based architectures

Catanionic mixtures contain both anionic and cationic surfactants, where one ion
acts as a counterion of the other. Under appropriate conditions, these catanionic mixtures
have been shown to successfully mimic the morphologies of protein assemblies. These
systems, which can self-assemble into regular hollow icosahedral shapes similar to those
observed for viral capsid proteins (see above), have been extensively studied by Zemb and
colleagues. The first report on close-packed icosahedra made from synthetic amphiphiles
was published in 2001 [125]. The authors reported that salt-free mixtures of myristic acid
and cetyltrimethylammonium hydroxide can self-assemble into hollow aggregates with a
regular icosahedral shape for mole fractions between 0.5 and 0.75 and for a total surfactant
volume fraction <102 (Figure 17). However, some steps are required compared to previous
systems. For instance, the solution of the two surfactants, where the anionic component
(i.e., the myristic acid) is in excess, is first heated to 60 °C for a few minutes and then cooled
to room temperature under constant stirring until micrometer-sized icosahedrons form
in the fluid supernatant (phase separation leading to icosahedrons can be accelerated by
gentle centrifugation at 3000 g).
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Figure 17. Schematic representation of self-assembled catanionic mixtures into icosahedral architec-
tures made of about 10° ion pairs. The right inset shows one of the twelve pores produced by about
200 molecules due to the partial segregation of the anionic surfactant in excess.
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Recalling that mild temperature cycling (i.e., heating to ensure redissolution and
cooling to restore icosahedrons) and slow dissolution do not involve significant energy
input other than the dispersion of colloidal objects, the authors argue that icosahedrons
are maintained solely by molecular interactions. Indeed, these icosahedral aggregates are
stabilized by the crystallization of surfactant alkyl chains. The chain melting transition
is mole fraction-dependent and lies in the range of 50-65 °C according to differential
scanning calorimetry. The icosahedral structures have a size of about 1 pym and a mass
of ~1010 Da. As with -CD/SDS systems, their sizes are larger than those of all known
icosahedral viral capsids. Due to the excess of myristic acid, the electric charge of the
icosahedrons is negative. In addition, pores, located at the vertices of the icosahedrons, are
observed on freeze-fractured samples due to the excess of anionic surfactant molecules
that cover the edges of the pores and form half-micelles (see Figure 17). Unfortunately,
the icosahedrons are metastable, meaning that after several months, phase separation
occurs. However, the addition of glycerol somewhat prolongs their stability. If the excess
component is insufficient to form twelve pores per vesicle, this leads to the formation of
nanodiscs or large perforated crystalline bilayers. In 2004, Zemb and his collaborators
proposed a general mechanism explaining how the ratio of cationic and anionic surfactants
controls the shape of the resulting crystallized colloidal structure [126]. The shapes of the
aggregates are determined solely by the initial molar ratio. Indeed, molecular segregation
occurs, leading to accumulation on the edges or pores of excess surfactant instead of being
incorporated into the crystalline bilayers. As these icosahedral structures combine wall
rigidity and vertex holes, they may be useful for the controlled release of drugs or DNA
with probable functional superiority over soft vesicles obtained from classical surfactant
systems.

Non-spherical structures can be generated from the self-assembly of unequal charged
anionic and cationic amphiphiles, leading to small curved vesicles presenting flat ionic
domains on the vesicle surface due to the interplay of electrostatic, hydrophobic, and steric
forces. For instance, Greenfield et al. utilized the strong electrostatic interaction between
the head groups of trivalent cationic and monovalent anionic surfactants to increase the
cohesive energy of amphiphiles and promote the formation of faceted vesicles [127]. Faceted
vesicles can also be obtained by in situ deprotonation of a surfactant. For instance, the
mixture of perfluorononanoic acid (PFNA) or perfluorodecanoic acid (PFDA) with NaOH
leads to polyhedral vesicles formed by PENA /PEN™ or PFDA /PFD™ surfactants [128]. The
PFDA /NaOH system is pH-sensitive as revealed by freeze-fracture transmission electron
microscopy images where a transition from the faceted vesicle phase to the sponge phase
(i.e., L3 phase) is observed. It is noteworthy that this transition is not observed for the
PFDA /NaOH system. The mechanism leading to the formation of faceted vesicles and
the mechanism of transition from vesicles to perforated lamellae and faceted vesicles have
been widely discussed and modeled in the literature [129-131].

3.2.2. Inorganic-Organic Hybrid Architectures

The fascinating structures obtained using the tectonic colloidal approach can be used
to obtain supramolecular hybrid functional architectures. In 2012, the colloidal engineer-
ing of novel hybrid nanoparticles was reported [132]. This system results from the ionic
metathesis between negatively charged polyoxometalates (POMs) and cationic surfactants.
These two “hydrophilic” and “hydrophobic” tectons lead to the formation of uncharged
clusters. Indeed, in an aqueous solution, the neutralization of H3PW1,04 (1 equiv) with
dodecyltrimethylammonium hydroxide, [C12][OH] (3 equiv) leads to the formation of hybrid
clusters [Cya]s[ PW1204]. In order to decrease the hydrophobic/water contact, the clusters
self-assemble to spontaneously form nanoparticles. Transmission electron microscopy and
dynamic light scattering experiments reveal that the nanoparticles are monodisperse with a
diameter of approximately 35 nm. The internal structure of the [C12]3[PW1,049] nanoparticles,
studied by small-angle X-ray scattering measurements, reveals a lamellar arrangement. In-
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deed, these nanoparticles consist of parallel inorganic planes of [PW1,04] anions separated at
a mesoscopic scale by organic bilayers of interdigitated cationic surfactant chains (Figure 18).
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Figure 18. Schematic representation of self-assembled mixtures into inorganic-organic hybrid
nanoparticle architectures made of H3PW1,0y49 (1 equiv) and dodecyltrimethylammonium hydroxide
(3 equiv). The lamellar internal arrangement allows the incorporation of small organic molecules,
leading to swollen nanoparticles.

It should be noted that this arrangement is highly predictable as it is already observed
in the literature in the solid state. For instance, surfactant/inorganic phases containing
the adamantane thiogermanate anion [GesS19]*~, in combination with a stoichiometric
amount of alkyltrimethylammonium cations, crystallize in the triclinic space group P-1
and contain parallel planes of [Ge4S1g]*~, separated by interdigitated cationic surfactant
bilayers [133]. As mentioned before, this self-assembly is governed by the nucleation
and growth processes. However, during growth, some defects appear in the organiza-
tion, leading to the appearance of charges [134]. The size or shape of the nanoparticles
depends on the choice of POM. Indeed, various colloidal structures such as spherical,
pseudospherical, and tubular structures can be obtained for [PW1,04013~, [PW1,VOy]*~,
and [PWoV30401°7, respectively [135]. From TEM images, the size is estimated to be
about 35, 60, and 392 nm for [C12]3[PW12040], [C12]4[PW11VO40], and [C12]6[PW9V3040],
respectively [135]. Interestingly, however, internal lamellar packing is observed regard-
less of the size or shape of the POMs. Indeed, the lamellar organization results from the
combined effects of hydrophobic, van der Waals, electrostatic, and steric interactions that
allow the tectons to organize [135]. Like casein micelles, nanoparticles are porous due to
their internal lamellar packing in which small organic molecules can be accommodated,
leading to swollen particles (see Figure 18) [134]. Therefore, in the presence of water and
aromatic oil, these nanoparticles can be used to stabilize water-in-oil Pickering emulsions
consisting of shell-like architectures around the water droplets. These emulsions exhibit
very high stability due to the strong cohesion between the particles located in the interfacial
layer. Moreover, the nanoparticles are observed to interlock, which increases the interfacial
elasticity due to the penetration of oil molecules into the nanoparticles [134]. Consequently,
these emulsions offer a general route for the construction of colloidosomes [134].

As these Pickering emulsions, stabilized by inorganic—organic nanoparticles, exhibit
high stability, a very large water/oil interface, and potential catalytic activity, their oxidation
capabilities involving hydrogen peroxide as an oxidant were studied. Moreover, it is noted
that although the emulsions exhibit long-term stability, the droplets break up and the final
coalescence can be induced on demand by gentle centrifugation at 900 x g, leading to three
well-separated phases: water, oil, and hybrid nanoparticles. Two catalytic systems were
used (Figure 19). The first, published in 2012, uses the [C12]3[PW12040] hybrid nanoparticles
to perform the epoxidation of olefins in a biphasic water/toluene system in the presence
of hydrogen peroxide as an oxidant [132]. As expected, the quantitative epoxidation
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of various olefins (oct-1-ene, cyclohexene, cyclooctene, and limonene) is achieved with
easy separation of the product and catalyst. For instance, the epoxidation of cyclooctene
proceeds at a competitive rate (32.3h~!), good yield (98% in 3 h), and high selectivity (>99%).
This highly efficient reaction medium is due to the larger surface area of the water/oil
interface where the catalytic nanoparticles are located. It is relevant to note that the catalytic
performances are obtained under mild conditions (65 °C) and without stirring, indicating
that the process is not limited by mass transfer. In other words, the reaction is solely driven
by the catalytic cycle. The second catalytic system, published in 2014, uses [C12]3[PW12040]
nanoparticles to perform the epoxidation of olefins directly and only in eco-compatible
solvents (e.g., cyclopentyl methyl ether, 2-methyl tetrahydrofuran, methyl acetate, and
glycerol triacetate) [136]. Indeed, hybrid particles are able to form stable dispersions
due to their amphiphilic properties. As for the previous system, cyclooctene epoxidation
proceeds at competitive rates (initial turnover frequency, TOF, > 260 h~1), with good yield
(>95%) and high selectivity (>99%). It is worth noting that [C;,]3[PW1,040] nanoparticles
exhibit a catalytic activity 10 times higher than that obtained with the native catalyst
([Na]3[PW1204]). This effect is attributed to the stable dispersion and the accommodation
of cyclooctene molecules inside the porous nanoparticles. These two catalytic systems
combine the advantages of heterogeneous and homogeneous catalysis, namely high activity
and selectivity, easy phase separation, and catalyst reuse (after filtration and/or distillation).

L/S/L Microcatalytic Systems)— —(S/L Nanocatalytic Systems —

O

Green solvent

Aqueous phase

Figure 19. Schematic representation of the two catalytic systems using inorganic—organic hybrid
nanoparticle architectures: Pickering emulsions (left) and dispersion (right).

Another inorganic-organic hybrid system can be easily obtained by reusing the self-
assembled p-CD/guest inclusion complexes in nanoparticle architectures (see above).
Indeed, POM anions have a strong propensity to adsorb on electrically neutral surfaces
due to their large, sticky, polarizable, and salting-in nature. For instance, Stoddart and co-
workers demonstrated that complexation between CDs and POMs leads to the formation
of inorganic/organic hybrid sandwich complexes where a POM anion is encapsulated
by the primary faces of two CDs [137]. Similar observations were made by Bauduin
et al., who reported that the adsorption of POMs on the surface of nonionic micelles was
mainly due to the entropy gain caused by the release of several molecules of water of
hydration in the bulk [138,139]. Indeed, the adsorption of POMs on the surface of micelles
leads to a partial dehydration of the polar heads of surfactants and POMs. Similar effects
can be invoked with CD particles (see above). Based on this behavior, Pacaud and his
collaborators construct core—shell hybrid nanoparticles or nanofibers in a hierarchical
manner by the sequential self-assembly of three complementary tectons: 3-CD, 1-decanol,
and POM (Figure 20) [140]. The following mechanism occurs: (i) 3-CD/1-decanol inclusion
complexes are formed, (ii) 3-CD/1-decanol inclusion complexes self-assemble to yield
nanoparticles, and (iii) the adsorption of POMs onto the polar neutral interface of CDs
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allows the formation of spherical core-shell hybrid nanoparticles (~40 nm) and nanofibers
(1525 nm in width and 7.5 pm in length).

CD/1-decanol
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Figure 20. Schematic representation of the sequential synthesis of hybrid architectures by self-
assembly of CD and 1-decanol followed by addition of POMs.

While it is possible to obtain hybrid nanoparticles using molecular tectons as in the
two previous examples, it is also possible to directly influence the assembly of the particles.
In this context, Yang and his collaborators used the colloidal tectonics approach to achieve
tandem synergistic Pickering interfacial catalysis. This catalytic system is based on the use
of two “surface-active” nanoparticles: [C12]3[PW1204] (see above) and silica nanoparticles
functionalized by alkyl chain groups and sulfonic acids (C,-5i0,-SOsH, see Figure 21).
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Figure 21. Synthesis of acidic/amphiphilic silica nanoparticles C,-SiO,-SO3H (n = 3, 8 or 18) and
their schematic representation: (a) 1 g of Aerosil® 200, 4 mmol of alkyltrimethoxysilane, 16 mmol of
(3-mercaptopropyl)trimethoxysilane, H,O/EtOH pH 9.6, reflux, 24 h; (b) 60 mL H,O, (50%), CH3CN,
40°C, 24 h.

These nanoparticles, containing both recognition and catalytic sites, are used to control
the formation and properties of Pickering emulsions, such as stability [141]. Due to the pen-
etration of the alkyl chains of C,-5i0,-SO3H nanoparticles into the self-assembled hybrid,
in [Cq2]3[PW12040] nanoparticles that possess a porous structure composed of hydrophilic
and lipophilic regions (see the internal arrangement of the particle, presented above), an
interfacial self-assembly occurred, leading to the interlocking of the two nanoparticles. In a
biphasic water/oil system, the two nanoparticles lead to elastic “springs” in the interfacial
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layer, giving rise to water-in-oil Pickering emulsions with long-term stabilities. These
emulsions are used for the synthesis of adipic acid from the one-pot oxidative cleavage of
epoxycyclohexane in the presence of aqueous hydrogen peroxide (Figure 22). It should be
noted that, from an industrial point of view, adipic acid is the most important dicarboxylic
acid (~2.5 billion kg/year) due to its use as a precursor for the synthesis of nylon. As
expected, the catalytic performances were significantly enhanced due to the interfacial
co-adsorption of the two nanoparticles catalyzing the hydrolysis and oxidation steps in-
volved in this oxidative cleavage. For instance, under optimal conditions (80 °C, 500 rpm),
the oxidative cleavage of epoxycyclohexane reached almost complete conversion (>99%
after 12 h) and high selectivity (94%). To extend the scope of this system, the authors also
studied the oxidative cleavage of cycloheptene, cyclooctene, 1-methylcyclohexene, and
4-methylcyclohexene oxides under the same reaction conditions. For all these substrates,
high conversions and excellent selectivities are obtained. As with the previous Pickering
catalytic system, the advantages of homogeneous (high activity and selectivity) and hetero-
geneous (simple phase separation and catalyst reuse) catalysis are combined. Moreover,
the advantages of the colloidal tectonic approach, such as the flexibility and versatility of
self-assembled systems, are also highlighted.

Organic phase

Aqueous phase

Figure 22. Schematic representation of oxidative cleavage of epoxycyclohexane in a water-in-toluene
Pickering emulsion stabilized by [C12]3[PW12049] and C,-S5i0,-SO3H catalytic nanoparticles.

Using a similar approach, Feng et al. used a combination of plasmonic Au-loaded
amphiphilic trimethoxy(propyl)- and aminopropyl-functionalized silica (Au/SiO,-C3) and
[C12]3[PW12040] nanoparticles for the preparation of water-in-oil Pickering emulsions [142].
The Au/SiO;-C3 and [Cy2]3[PW12040] nanoparticles, adsorbed at the water/oil interface,
act as an on-site photo-assisted heater/plasmon activator and a catalyst, respectively
(Figure 23). After studying the physicochemical properties, stability, and interfacial plas-
monic properties of the water-in-toluene emulsions stabilized by the two nanoparticles, the
authors reported the catalytic performances of the system for the oxidation of cyclooctene
using hydrogen peroxide as oxidant under UV irradiation. The results show that the
turnover frequency (TOF) is 188 h~! under light, while it is only 88 h~! for the control
experiment (i.e., [C12]3[PW12049] alone). Moreover, the epoxycyclohexane yield is almost
100% after 75 min under light (1000 mW cm~2), but it is only 63% with conventional heating
at 47 °C, corresponding to the temperature reached under light irradiation. The reaction
proceeds without a loss of activity and selectivity after five consecutive recycles. Finally,
the authors extended the scope of this system to a panel of olefins of industrial interest
such as cyclooctene, (R)-limonene, and 1-octene. In each case, the results obtained under
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light irradiation are higher in terms of conversion and selectivity than after heating at 47
°C.

Aqueous phase

Figure 23. Schematic representation of epoxidation of cyclooctene in a water-in-toluene Picker-
ing emulsion stabilized by [C;2]3[PW1,049] and Au/SiO,-C3 nanoparticles acting, respectively, as
catalyst and as on-site heater/plasmon activators under UV irradiation.

4. Conclusions and Perspectives

This manuscript provides an overview of the emerging concept of colloidal tectonics
illustrated by some biotic and abiotic (supra) colloidal systems and their applications in
various fields. From a historical point of view, the formation of supramolecular colloidal
structures using complementary tectons (molecular building blocks), called colloidal tec-
tonics, appeared in 2018, but a few isolated examples without generalization have been
observed for two decades [15]. Following this work, new research in the field has pro-
gressed at a rapid pace. From a theoretical point of view, the phenomenon of colloidal tec-
tonics is a limiting case between the assembly of small amphiphilic molecules or polymers
into soft and fluidic micellar, vesicular, or lamellar structures, mainly due to hydropho-
bic interactions, and the crystalline state characterized by a regular and time-invariant
three-dimensional periodic arrangement of molecules in space. Indeed, crystallization
depends on molecular interactions in a simple way: highly heterogeneous interactions
between molecules promote crystallization. Between these two worlds, a new paradigm is
possible, as revealed by the assembly of proteins into rigid crystalline structures driven
by a combination of H-bonds and hydrophobic and electrostatic interactions, producing
structures such as lamellae, tubules, and polyhedrons.

For the past two decades, synthetic molecules have been used to reproduce these
astonishing supramolecular assemblies that can range from the nanometer to the microme-
ter scale (i.e., from discrete colloidal to supracolloidal systems). The concept of colloidal
tectonics, defined as the art and science of the supramolecular formation of (supra) colloidal
structures using the packing of complementary molecular building blocks (i.e., tectons),
creates an exciting environment for research at the intersection of molecular, colloidal, and
crystal sciences. Interestingly, the colloidal tectonic approach can be compared to the col-
loidal building block approach. Indeed, these two terms are different but, at the same time,
related in some way and may have an interdependent relationship. While the colloidal
tectonic approach uses the packing of complementary molecular building blocks (tectons)
to form supramolecular colloidal structures, the colloidal building block approach uses the
packing of particles to obtain superstructures. The aggregates of colloidal building block
particles, which can be defined as specific geometric structures obtained under the effect
of attractive forces and/or external environmental effects, leading to an optimal packing
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of building block particles, are called colloidal clusters (or colloidal molecules) [143-146].
Therefore, the major difference between these two approaches is related to the nature of the
building blocks: molecules for colloidal tectonics and particles for the colloidal building
block approach. Therefore, colloidal tectonics involves using molecules (called tectons)
with or without colloidal properties to provide a colloidal structure solely by self-assembly.
However, these self-assembled particles can be used to form supracolloidal structures,
where they act as colloidal building blocks (see above).

The major advantage of the colloidal tectonic approach is that the preparation of the
systems uses bottom-up self-assembly processes. However, the self-assembled structures
must be stable in solvents for possible applications. Indeed, tecton—tecton interactions
(or particle-particle for supracolloidal structures) must be higher than tecton—solvent
interactions. Therefore, finding the right tectons is not so easy. However, in light of the
scientific data illustrated in this review of the recent literature, the following empirical
guidelines can be formulated: (i) colloidal architectures can be generated using either a self-
complementary tecton (single-component system) or two or more complementary tectons
(multi-component system); (ii) the existence of solvophobic interactions allows molecules to
cluster and repel solvent molecules (e.g., for hydrophobic interactions, nonpolar molecules
are held together by weak forces, such as van der Waals forces, exerted by molecular
surfaces); (iii) high structural rigidity and/or well-defined crystallinity are required via
strong and/or directional attraction (H-bonds, electrostatic interactions, etc.), leading to
the growth of the assemblies; and (iv) steric and/or electrostatic repulsions are needed
to inhibit growth at the colloidal scale. Thus, tectons can readily assemble into rigid and
crystalline (or pseudo-crystalline) structures driven by a combination of hydrophobic, H-
bonding, and electrostatic interactions, whereas the assembly of surfactants forms dynamic,
soft, and fluidic objects mainly driven by hydrophobic interactions (Figure 24).

(Colloidal tectonics) VS. —

Driving forces: Driving forces:
Hydrophobic interactions and entropic effect Hydrophobic interactions and entropic effect

=z o
Mainly structuring interactions: Mainly structuring interactions: Y’
H-bonds, electrostatic, dispersion interactions... Dispersion interactions /,

°

P
Mechanism of formation: \\ "

Nucleation (premicelles) and growth ¢
Properties of structures: @jdﬁ,

Soft and fluid W

Type of structures:

Mechanism of formation:
Nucleation (seed) and growth

Properties of structures:
Rigid and crystalline

Type of structures:

Particles, lamellae, tubules and polyhedrons Micellar vesicular and lamellar structures

Key parameters: Key parameters:

Flexibility/rigidity, fluidity/crystallinity and morphology | Architecture of the surfactant (head, tail and linker),
Tectons concentration, Surfactant concentration,

Environmental conditions (composition of the | Environmental conditions (composition of the
aqueous solution, temperature, pH) aqueous solution, temperature, pH)

Biological examples: Biological examples:

Proteins aggregates (viral capsids) Lipid aggregates (cell membranes)

Figure 24. Self-assembled colloids from the colloidal tectonics approach versus surfactant aggregates.

These two opposing behaviors are due to the existence of complementary interactions
(i.e., H-bonds and/or electrostatic interactions). The self-assembled structures obtained
from the colloidal tectonics approach resemble the assembly of proteins such as viral cap-
sids as opposed to the traditional self-assembly of amphiphilic molecules that are fluid and
flexible. Consequently, colloidal tectonics opens the way to new protein-mimetic materials.
However, while surfactant morphology is a key parameter to guide surfactant assembly
(lipid mimicry), the control of intermolecular interactions, structural flexibility /rigidity,
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and fluidity/crystallinity are essential to successfully mimic the morphologies of protein
assemblies. On the other hand, it is commonly accepted that micellization is a two-step
process: (i) surfactant molecules in the solution start to associate into small aggregates
at a concentration below the CMC, and (ii) they grow to form larger aggregates (e.g.,
micelles at the CMC) as the concentration increases. In a similar way, self-assembly by
colloidal tectonics can be interpreted in terms of nucleation/growth: (i) the subunits begin
by forming a seed under the action of a local concentration fluctuation (nucleation), and
(ii) other subunits that remain free then bind sequentially to this seed to make it grow
rapidly until the formation of the aggregate. However, the experimental monitoring of the
assembly processes of these objects remains a challenging task, as it requires probing both
nanometric spatial scales and time scales ranging from microseconds to hours. Investiga-
tions are therefore needed to explain the mechanisms. For example, static light scattering,
time-resolved X-ray scattering, and numerical computation techniques (Monte Carlo and
molecular dynamics simulations) will undoubtedly contribute to the understanding of the
mechanisms at the molecular scale by providing the structure of the most stable transient
species without presupposing their nature.

The common goal is to control molecular self-assembly to produce colloidal systems
with predetermined properties and/or functions in order to apply them in various fields.
Current or planned applications cover catalysis, the controlled release of drugs or nucleic
acids, and cosmetics. However, other applications are possible, such as obtaining molecular
machines, artificial viruses for medicine, intelligent and environmentally adaptable objects,
etc. Indeed, the colloidal tectonics approach can be used for the development of new smart
materials because large structures are easily accessible using a bottom-up approach as
they are composed of small molecules, requiring fewer synthesis steps. This approach is
therefore highly multi- and interdisciplinary because the scope of this research goes far
beyond the traditional boundaries of chemistry. Furthermore, it should be noted that the
colloidal tectonics approach is an environmentally friendly process since it uses “green”
syntheses by supramolecular assemblies (e.g., energy efficiency, minimization of synthesis
steps, minimization of hazardous solvents, and possible use of bio-sourced materials).
However, from an economic point of view, the cost and economic viability of the colloidal
tectonic approach depend on the system (nature of the tectons, their prices, and the required
quantity) and also on the intended applications. For example, the use of native CDs as
tectons seems to be very interesting because they come from renewable bio-based raw
materials and are also highly biocompatible, environmentally friendly, and not harmful to
human health. However, considering the cost, even if the industrial production of native
CD:s is a relatively low-cost production, the formation of stable emulsions by colloidal
tectonics (see above) requires a non-negligible amount of CDs (10 wt. %), which remains
a significant limiting factor compared to current formulations stabilized by molecular
surfactants. However, the value of a product depends on its composition, formulation, and
application, i.e., the finished products show considerable variability in their value. Indeed,
high-value-added products are intended for personal care and pharmaceuticals. Medium-
value products are intended for the food and animal, chemical, and materials industries,
while low-value-added products are available in larger quantities and are used in the
energy and bioremediation sectors. Since the three sectors where producers can obtain
higher market prices are cosmetics, healthcare, and food additives, the use of the colloidal
tectonic approach is currently limited to high- and medium-value products. However, the
growing demand for environmentally friendly products and processes could change this.

With the number of supramolecular colloidal systems being limited only by our imagi-
nation, colloidal tectonics, through its power over the expression of matter, invites creativity
and innovation to solve current and future scientific challenges. Chemistry has expanded
from molecular chemistry to supramolecular chemistry and is now evolving towards
adaptive chemistry through constitutional dynamic chemistry. Indeed, the adaptation of
colloidal assemblies, in response to external agents, switching processes, and morpholog-
ical or shape changes, opens the way to intelligent and evolving systems with multiple
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potential applications. From an academic and industrial point of view, colloidal tectonics
constitutes an almost infinite playground for the systems of tomorrow, thus contributing
to limitless inventiveness. Like a construction game for children, the motto of colloidal
tectonics is without a doubt Build and Play!
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