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a b s t r a c t

In this paper, supra-amphiphilic compounds containing disaccharides and azobenzene ends have been

constructed via dynamic covalent bond. It was found that the slight structural difference of the disac-

charides made significant difference in the self-assembled morphologies. Namely, three kinds of azo-

disaccharide supra-amphiphiles were found to assemble into different morphologies, with the only differ-

ence in chemical structure from the disaccharides. More importantly, the structural difference between

the disaccharides, including lactoside, maltoside and cellobioside was trivial. Molecular simulation re-

vealed the packing of molecules was due to the different contribution from hydrogen bonds. The above

results clearly indicated the contribution of saccharide packing, especially the related hydrogen bonding,

to the final morphology of the assembled structures.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Supra-amphiphiles, distinguished from amphiphiles, are con-

structed by dynamic covalent bonds or non-covalent interactions

[1,2], such as hydrogen bond, π-π interaction, host-guest con-

jugation and charge transfer interaction [3–7]. Supra-amphiphiles

can be easily constructed through controlled manner, but com-

pared with ordinary amphiphiles, they are much more tending to

self-assemble even under very low concentrations due to the par-

ticipation of dynamic interactions [8]. Therefore, developing the

supra-amphiphiles can enrich the preparation of complex self-

assemblies [9]. Meanwhile, in order to obtain the microscopic

properties of the assemblies, many modern experimental methods

including TEM, SEM and AFM have been widely used [1–4,10]. In

recent years, due to the substantial increase in computing power,

there have been many reports on the use of Monte Carlo (MC)

and molecular dynamics (MD) simulation methods to study mi-

croscopic properties [11–14]. These kinds of researches provide in-

depth information about dynamics and structural properties at the

microscopic level.

It is known that the chemical structures of saccharides are

complex and the variation between different saccharides could be

trivial. However, such trivial difference could lead to significant

property difference when the saccharides were polymerized and

even bulk materials were formed. A most typical example is be-

tween starch and cellulose. Both of them are glucose-based macro-
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molecules. The basic repeating unit of starch is maltose (α1–4-

linked) and that of cellulose is cellobiose (β1–4-linked). Therefore,

the structural difference between starch and cellulose only lies in

different glycosidic bonds between glucoside units (α and β gly-

cosidic bonds), which lead to completely different physiochemi-

cal properties. Moreover, the structural isomerism of disaccharides

will affect their specific binding with proteins [15–18]. However, in

most of the self-assembly studies, the contribution of saccharide

structures has been more or less overlooked. Thus, it is demand-

ing to construct saccharides-containing amphiphilic molecules and

study their self-assembly behaviors in a relatively systematic man-

ner. For this purpose, supra-amphiphile could be a choice since

different saccharides could be installed to the same hydrophobic

moieties via dynamic covalent bonding.

Herein, for the first time, the disaccharide-containing supra-

amphiphiles were constructed by arylhydrazone dynamic covalent

bond to explore the possibility of controlling self-assembly be-

haviors by varying saccharide structures. Azobenzene, a common

building block in supramolecular chemistry, was chosen as the

model hydrophobic part. The three constructed supra-amphiphiles

containing different disaccharides, including lactoside (Lac), cel-

lobioside (Cel) and maltoside (Mal) were assembled using the

same assembly method. We found that slight difference in chemi-

cal structure (Fig. 1) could induce drastic change in assembly mor-

phology. Vesicles were observed for Azo-Lac. For Azo-Cel, the mor-

phology was like a sunflower. For Azo-Mal, only some irregular

assemblies have been observed. To understand the above results

better, molecular dynamics simulations on three azo-disaccharide
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Fig. 1. The difference of chemical structure between three disaccharides: lactose,

cellobiose and maltose. Light blue ring shows Galactose. Deep blue ring shows glu-

cose. The α glycosidic bond shows as red, the β glycosidic bond shows as pink.

supra-amphiphiles were performed. It was found that the aggrega-

tion degree of the three disaccharides were shown in the sequence

Mal > Cel > Lac due to their slight difference in the configurations,

which can be employed to explain the assembly morphologies.

Three disaccharides with slight differences in configurations,

which are lactoside (galactoside-(β1→4)-glucoside), maltoside

(glucoside-(α1→4)-glucoside) and cellobioside (glucoside-(β1→4)-

glucoside), were first employed to explore structural influence on

assembled morphologies. As shown in Fig. 1, these three disaccha-

rides are stereo-isomers. Both of Mal and Cel are based on glu-

cosides, the only difference lies in the configuration of glycosidic

bond, Mal with α-bond while Cel with β-bond. Although Lac is

also connected by β-glycosidic bond, one of the repeating gluco-

sides was changed to galactoside which contains axial OH group at

C-4 instead of the equatorial OH of glucoside.

The synthetic procedures were shown in Scheme 1.

Disaccharide-hydrazide was synthesized based on three dis-

accharides. Firstly, through the classical method of protecting

hydroxyl groups on disaccharide, all hydroxyl groups were pro-

tected with acetyl groups (Ac-). Then the protected 1–hydroxyl

group was deprotected by hydrazine acetate. Trichloroacetonitrile

was used to activate the 1–hydroxyl group, followed by further

reaction with ethyl 3-hydroxypropionate catalyzed by trimethylsi-

lyl trifluoromethanesulfonate (TMSOTf) at −35 °C. The protective

group of the hydroxyls was removed by hydrazine hydrate and

disaccharide- hydrazide was finally obtained. After three kinds

of disaccharide-hydrazide were synthesized, the Azo-CHO was

synthesized from 4-hydroxybenzaldehyde and 4-phenylazophenol

in 4 steps according to our previous works [18–21]. At last, mixing

Azo-CHO and disaccharide- hydrazide at the molar ratio of 1:1 in

DMSO for 4 days until the complete formation of azo-disaccharide

Fig. 2. The TEM images (a–c) and DLS images (d–f) of Azo-Lac, Azo-Cel, Azo-Mal.

and then stored as original solution, during which, ultrasound

or heating was used to accelerate the formation speed [22].

The detailed synthetic procedures were reported in Supporting

information.

The supra-amphiphile azo-disaccharide was assembled by a

selective solvent method [22]. The self-assembly study of azo-

disaccharide supra-amphiphile was performed in water. The self-

assembled samples were prepared by adding 7.5mL deionized wa-

ter into 1mL of azo-disaccharide (1mg/mL in DMSO) under room

temperature. Syringe pump was used, in order to maintain a con-

stant dripping rate of 15mm/h under vigorous stirring. Then the

mixture was dialyzed (MWCO 1000) in deionized water to remove

the extra DMSO. The final concentration of the samples was fixed

at 0.1mg/mL by adding deionized water. To visualize the mor-

phologies of assemblies, TEM and DLS were used to character-

ize the morphologies. Tracking by TEM, vesicles with diameters

of about 200–300nm and wall thickness of about 50nm was ob-

served for Azo-Lac, indicating that a multi-layered vesicle structure

has been obtained (Fig. 2a). The DLS analysis showed an average

particle size of about 260nm, which was consistent with the TEM

results (Fig. 2d). For Azo-Cel, a surprising result was captured with

TEM, i.e., a sunflower-like morphology. It was a hollow spherical

structure with a diameter ranging from 400nm to 500nm (Fig. 2b).

The DLS result showed the particle size was about 406nm, which

Scheme 1. Synthetic procedure of azo-disaccharide (Azo-Lac for example, Azo-Cel and Azo-Mal are shown in Supporting information).
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Fig. 3. Molecular dynamics simulations of bilayer formed by azo-disaccharide. (a–

c) Side-view of initial bilayer for Azo-Lac, Azo-Cel and Azo-Mal. (d–f) Side-view of

simulation results by Azo-Lac, Azo-Cel and Azo-Mal after relaxation for 20ns, water

molecules are hidden for clarity.

was consistent with the TEM observations (Fig. 2e). As for Azo-

Mal, the DLS result showed that there indeed existed assembly for-

mation (Fig. 2f), but only some irregular structures were observed

from TEM (Fig. 2c). It can be seen that the tiny differences between

the three disaccharide-containing molecules have given three quite

different morphologies of assemblies. From this point, the configu-

rational isomerization effect should have a great influence on self-

assembly behaviors.

The Azo-Lac, Azo-Cel and Azo-Mal in aqueous solution have

shown completely different self-assembly behaviors. As discussed

above, the only difference between these three supra-amphiphiles

is the slight difference in the configuration of the disaccharide, Mal

and Cel have different glycosidic bonds, and Lac is formed by a dif-

ferent glycoside with slight difference. So, it is important to have

a deep insight into the relations between disaccharide conforma-

tion and the assembled morphologies. The theoretical and com-

putational methods have always been expected in predicting the

required structural features for specific applications and unveiling

the mechanism behind. In this work, molecular dynamics simula-

tions have been performed to investigate the assembly morpholo-

gies of our supra-amphiphiles.

For all three molecules, a pre-assembled lipid bilayer was con-

structed and placed in the center of a rectangular box with a di-

mension of 10×10×18nm3. Each lipid bilayer consisting of 100

molecules was constructed using Packmol program [23]. The dis-

accharide groups were initially set to point outward and the hy-

drophobic chains were set to point to the internal. Then, about

10,000 water molecules were filled into the vacuum at both

sides of the bilayer. We constructed the initial structures of all

lipid bilayers by mimicking the equilibrated and interleaved bi-

layer structure. The initial configurations of the three lipid bilayers

were shown in Figs. 3a–c and their top views are shown in Figs.

S1d–f (Supporting information). The structures of azo-disaccharide

were shown in Figs. S1a–c (Supporting information). The simula-

tions were performed using GROMACS package [24–27] with the

CHARMM36 force field [28]. Water molecules were described us-

ing the simple point charge/extend (SPC/E) model [29]. The en-

ergy minimization was firstly performed for each system using the

steep descent method. Then, 20ns simulations under NPT ensem-

ble were performed for the three systems at 298K and 1 atm (the

potential diagram see Fig. S2d in Supporting information). Accord-

ing to the classical method in simulating bilayer models, the semi-

isotropic pressure coupling was applied during the simulation, in

which the simulation box in z and x, y directions was rescaled in-

dividually [30,31].

Fig. 4. Surface properties of bilayer MD simulation (a–c) Surface properties of Azo-

Lac, Azo-Cel and Azo-Mal after relaxation for 20ns. (d–f) Randomly selected config-

urations of the Azo-Lac, Azo-Cel and Azo-Mal molecules after relaxation for 20ns.

(g–i) Top-views of Figs. d–f. The disaccharide rings on the surface of Azo-Lac are

shown in orange, the disaccharide rings on the surface of Azo-Cel are shown in red,

and the disaccharide rings on the surface of Azo-Mal are shown in yellow.

The variations of the box lengths during the simulations were

shown in Figs. S1g–i (Supporting information). The fluctuation of

the data in Figs. S5g–i, showed that all systems had achieved equi-

librium. The simulated side-view results of the azo-disaccharides

were shown in Figs. 3d–f. At first glance, there were no evident

differences among the three models. However, As described above,

those three disaccharides show different conformations in water.

And those differences in conformation may have a great influence

on the spatial arrangement of disaccharide molecules. To further

investigate the different assembly morphologies, the molecular sur-

face model was shown for each model (Figs. 4a–c). The disaccha-

ride rings of Azo-Lac are mainly evenly distributed on the surface

of the bilayer, while the aggregations of Azo-Cel and Azo-Mal dis-

accharide rings are obvious, especially for the Azo-Mal model. Figs.

4d–i showed the detailed configuration of azo-disaccharides, which

were selected randomly from the final configurations. It shows

clearly that the disaccharide rings of Azo-Lac molecules distribute

evenly and the distances among them are relatively large, indicat-

ing the weak interactions among the disaccharide rings. Whereas,

the Azo-Cel and Azo-Mal molecules show obvious aggregation due

to the strong interactions of disaccharide rings.

The interactions between disaccharide rings could be related to

the hydrogen bonds. Under the same simulation protocol, the hy-

drogen bond numbers could provide distinguishable information.

So, the number variations of hydrogen bonds during simulation

time were counted to confirm the difference in their interactions

(Fig. 5a). The number of hydrogen bonds in the three models re-

mained stable during the last period of the simulation, which con-

firmed the equilibrium of the simulated models again. Obviously,

the H–bond number of Azo-Mal was the largest, and the number

of Azo-Lac was the lowest. The average number of hydrogen bonds

on the surface of Azo-Lac, Azo-Cel and Azo-Mal are approximately

242, 279 and 327, respectively (Fig. 5b). In addition, the numbers of

intramolecular and intermolecular hydrogen bonds in various azo-

disaccharide bilayers were also counted. The final results showed

that the number of intramolecular hydrogen bonds in the three

azo-disaccharide bilayer models were almost the same. But the

number of intermolecular hydrogen bonds between the three azo-

disaccharide bilayers were quite different. The partially enlarged

area also showed the same trend (Figs. S2a–c in Supporting infor-

mation). The average number of intermolecular hydrogen bonds on

the surface of Azo-Lac, Azo-Cel and Azo-Mal were approximately
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Fig 5. (a) Numbers of hydrogen bond plotted versus simulation time. (b) Average number of hydrogen bonds on the surface of Azo-Lac, Azo-Cel and Azo-Mal.

Fig 6. Numbers of intermolecular hydrogen bond and intramolecular hydrogen

bond in Azo-Lac, Azo-Cel and Azo-Mal.

81, 119, and 164, respectively (Fig. 6). Therefore, we could infer

that, due to the subtle difference in the configuration of the three

azo-disaccharide, there was a huge difference in the number of in-

termolecular hydrogen bonds on their surface. The integral lifetime

of the hydrogen bonds in the three azo-disaccharide bilayers was

also calculated. The integral lifetime of Azo-Lac, Azo-Cel and Azo-

Mal are approximately 201.71ps, 228.47ps and 265.22ps, respec-

tively (Table S1 in Supporting information). This indicated that, in

Azo-Mal model, apart from displaying the largest number of H-

bond, it also showed the strongest binding strength of H-bonds

among the three amphiphiles. Therefore, even distribution of hy-

drogen bonds on the surface could lead to smoother surface in

assemblies, and the greater the number of hydrogen bonds, the

stronger the aggregation tendency. Based on those simulation re-

sults, Azo-Lac with fewer hydrogen bonds forms smooth vesicles,

Azo-Cel with more hydrogen bonds has spikes on the surface of

vesicles, and Azo-Mal, due to the strongest aggregation effect, is

unable to form a regular morphology. It is consistent with the TEM

data that Azo-Mal cannot give a regular morphology.

The morphology of each disaccharide molecule was also stud-

ied after the simulation reached equilibrium (Fig. S2 in Support-

ing information). In a Lac molecule, the galactoside and glucoside

rings prefer to form a bent structure (Scheme 2), resulting in a

relatively large steric hindrance. This bent structure facilitates the

formation of intramolecular H-bonds between the galactoside and

glucoside rings, leading to the formation of intramolecular hydro-

gen bond. Therefore, due to the bent structure, it is hard for two

Lac molecules to interact with each other. In addition, the confor-

mation of the Lac exhibits a prominent hydrophobic interface that

is inclined to interact with the hydrophobic blocks via hydropho-

bicity. The Lac molecules prefer to distribute evenly at the sur-

face. Whereas, the two adjacent glucoside rings of Mal tend to be

coplanar, which facilitates intermolecular interactions among Mal

molecules. Thus, the number of intermolecular hydrogen bonds in-

creases, which also promotes the saccharide packing at the surface.

As to Azo-Mal model, the two glucoside rings in a Cel molecule

arranged crosswise. The steric hindrance strength of Cel molecule

lies between Lac and Mal. So, the aggregation degree of Azo-Cel

model is slightly lower than that of Azo-Mal model but higher than

that of Azo-Lac model. Based on the above analysis, we plotted

Scheme 2 to illustrate the relationship between the microstructure

and macro morphology.

In the simulation part, we only paid attention to the influence

of the disaccharide end on the morphology, but azobenzene can be

transformed between trans and cis conformations by UV or visible

light. Previous works by us and some other groups have proved the

assembly of azobenzene-containing molecules can be rapidly reg-

ulated by photo-irradiation [32,33]. So, we expected possible mor-

phology transformation upon irradiation of UV light. Under UV ir-

radiation at 365nm for 0.5 h, UV–vis spectroscopy was first used to

investigate the photo responsiveness of the azo-disaccharide supra-

amphiphile. The UV data showed that azobenzene part had been

transformed from the stable trans conformation to the cis confor-

mation after 0.5 h of UV light irradiation (Figs. S3c and d in Sup-

porting information). Meanwhile, the morphology after irradiation

was characterized by TEM (Figs. S3a and b in Supporting informa-

tion). The UV data showed that when cis-azobenzene was irradi-

ated by visible light, it returned to the trans conformation (Figs.

S3e and f in Supporting information). The TEM and UV–vis results

showed that UV light irradiation had no significant effect on the

morphology of the two assemblies. This indicated the cis or trans

conformations of the azobenzene group had no obvious influence

on the morphologies, which also confirmed that the morphology

of assemblies is mainly controlled by the disaccharide ends.

In summary, the assemblies of disaccharide-based supra-

amphiphiles can be adjusted to diverse complex morpholo-

gies by varying the structures of disaccharide ends, which was

demonstrated by both experiments and simulation. Three supra-

amphiphiles with different disaccharides have been prepared,

which present significant differences in assembly morphologies

due to minor structural variations of disaccharides. Although the

three disaccharides have similar chemical structures, they have

very different self-assembly behavior. Simulation results revealed

that a subtle structural change could greatly affect the related H-

bond formation, then the packing of disaccharide molecule, finally

the assembly morphology. The morphologies were greatly con-

trolled by the packing of the disaccharide moieties.
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Scheme 2. The cartoon illustration of the self-assembly process of the azo-disaccharide supra-amphiphile.
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