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A B S T R A C T   

Surfactant@cyclodextrin (CD) inclusions regarded as specific building blocks can form a single unit with a 1:1 
ratio through host-guest interaction, and self-assemble into various nanostructures in aqueous solution. In this 
study, a polymeric-like building block, nC12C6C12(Me)@nγ-CD, is constructed by assembling e surfactant and 
γ-CD. This building block can assemble into well-defined nanostructures such as vesicles, nanotubes, and sheets 
in different concentrations. Due to the hydrogen bonding and electrostatic interactions to be the driving force of 
nC12C6C12(Me)@nγ-CD aggregates formation, the morphologies among vesicles, nanotubes, and sheets could be 
reversibly transformed by multiple stimulus such as temperature, solvent additives, and ions.   
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1. Introduction 

Cyclodextrins (CDs) are oligosaccharide molecules that have a ring- 
like structure resembling a donut [1,2]. They have a hydrophilic outer 
surface that contains many hydroxyl groups, making them soluble in 
aqueous solutions. The inner cavity of CDs is hydrophobic and consists 
of glucoside methylene. As most surfactants are amphiphilic and have a 
hydrophobic tail, they can be inserted into the cavity of CDs, forming an 
inclusion structure in a 1:1 ratio through host-guest interactions 
(Scheme 1a) [3–10]. Previous studies have shown that surfactant@CD 
structures can break down or weaken surfactant aggregates by removing 
surfactants from the aggregation. For example, the addition of CDs can 
destroy micelles or air/water interface adsorption layers and increase 
the fluidity and permeability of liposomes [11]. However, the recent 
studies show that in concentrated solutions, these surfactant@CD in-
clusion complexes can be assembled into various nanostructures such as 
vesicles, microtubes, layers, and spirals through hydrogen bonding in-
teractions with many hydroxyl groups on the outside of the CDs 
[12–18]. These results suggest that the surfactant@CD single unit could 
be an excellent building block for creating well-defined self-assemblies 
[19–22]. 

The dimension of cyclodextrins varies depending on the number of 
glucose molecules (Scheme 1b) [23–25]. α-CD is made up of 6 glucose 
molecules and has a cavity diameter of 0.45 nm. Meanwhile, β-CD is 
made up of 7 glucose molecules and has a cavity diameter of 0.60 nm, 
while γ-CD is made up of 8 glucose molecules and has a cavity diameter 
of 0.75 nm. Typically, α-CD and β-CD are used to fabricate inclusions 
with surfactants through host-guest interactions because the width of 
the surfactant is around 0.31 nm and could fit the cavity of α-CD and 
β-CD well. Different with them, it has been reported that γ-CD can 
accommodate two alkyl chains and form a binding ratio of 1:2 with a 
single surfactant [26,27]. Notably, gemini surfactants are specific mol-
ecules that have at least two alkyl chains and can form inclusions with 
γ-CD in diluted solutions [28–30]. However, to our best of knowledge, 
there is no report on gemini surfactant@CD inclusions that can form 
various nanostructures in concentrated solutions. 

In our study, we present a polymeric-like inclusion based on the 
gemini surfactant C12C6C12(Me) (N, N′-didodecyl-N, N, N′, N′-tetra-
methyl-N, N′-hexamethylenediamine) and γ-CD (Scheme 1c), which is 

shown to exhibit various structures such as vesicles, nanotubes, and 
sheets in aqueous solutions with increasing concentrations. Further-
more, the morphologies of C12C6C12(Me)@ γ-CD aggregates can respond 
to multiple stimuli such as temperature, solvent additives, and ions, 
making the process reversible and possessing a promising potential for 
drug release applications in the future. The structure of the inclusion is 
systematically investigated through a set of methods, including 
isothermal titration microcalorimetry, 1 H-nuclear magnetic resonance 
(1 H NMR) measurements, electrospray ionization mass spectrometry, 
and atomic force microscopy. This study also provides a deeper under-
standing of the self-assembly mechanisms of surfactant@CD inclusion in 
concentrated solutions. 

2. Experimental section 

2.1. Materials 

The cationic gemini surfactants N, N′-didodecyl-N, N, N′, N′-tetra-
methyl-N, N′-hexamethylenediamine, which are abbreviated as 
C12C6C12(Me), were synthesized and purified using methods found in 
previous literature[31]. The γ-cyclodextrin (γ-CD), urea and glucose 
were purchased from Macklin. Sodium chloride(NaCl) was purchased 
from Aladdin. The reagents used were of analytical grade. Ultrapure 
water was used throughout the entirety of the experiment. 

2.2. Sample preparation 

The desired amounts of C12C6C12(Me) were added into the γ-CD 
solutions and then the samples were stirred and heated to be trans-
parent. Then the solutions were incubated at 25 ◦C for 24 h. The 
investigated ratio of C12C6C12(Me)/γ-CD ranged from 0.5 to 1.5, and the 
concentration of γ-CD covered a board range from 10 mmol/L to 
50 mmol/L. 

2.3. TEM observations 

The structure of the self-assemblies was examined utilizing TEM (FEI 
Tecnai G2 T20, 120 kV, together with energy-dispersive spectroscopy 
measurement). The sample was deposited onto copper grids of 230 mesh 

Scheme 1. (a) Schemes of surfactant@CD inclusions. (b) Structures and dimensions of different cyclodextrins. (c) Schemes of gemini surfactant@CD inclusions.  
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that were coated with Formvar film, and any additional liquid was 
wiped away using filter paper. Negative staining with uranyl acetate was 
performed to enhance the contrast of the sample. The excess staining 
liquid was subsequently removed, and the samples were left to dry at 
room temperature in preparation for TEM analysis. 

2.4. Atomic force microscopy (AFM) 

The study utilized an Atomic Force Microscope (AFM) model D3100 
(VEECO, USA) to perform measurements in tapping mode, under 
ambient conditions. To prepare the sample for analysis, a mixed aqueous 
solution was spin-coated onto a silicon substrate. The substrate was then 
cleaned using absolute ethanol and dried using N2 flow through an ul-
trasonic process. The sample-loaded substrate was left to dry at room 
temperature before the AFM observation was conducted. 

2.5. Nuclear magnetic resonance (NMR) studies 

The lyophilized C12C6C12(Me)/γ-CD precipitates were dissolved into 
DMSO-d6 for 1 H NMR and 2D NMR (ROESY) measurements to deter-
mine the actual ratio of C12C6C12(Me) to γ-CD. The measurements were 
performed on an AVANCE III 500 MHz NMR (Bruker, Switzerland). All 
the proton signals were calibrated with the TMS at 0.00 ppm. By 
comparing the integration between γ-CD (H1 protons, d 4.83 ppm) and 
the total proton integration of C12C6C12(Me), the C12C6C12(Me)/γ-CD 
complex ratio can be determined. 

2.6. ESI-MS measurements 

ESI-MS measurements were carried out on an APEX IV FT-MS 
(Bruker, USA). The ESI source was operated under positive ion mode 
with the following settings: spray voltage of 3300 V, capillary voltage of 

3800 V, capillary temperature of 230℃, skimmer1 voltage of 33.0 V, 
skimmer2 voltage of 28.0 V, and sheath gas nitrogen pressure of 0.3 bar. 
To prepare the 1 mmol/L C12C6C12(Me)/γ-CD vesicle samples for mea-
surement, they were diluted 10 times with methanol and then directly 
infused into the ESI source at a flow rate of 3.00 mL/min. 

2.7. Isothermal titration microcalorimetry (ITC) 

An isothermal titration microcalorimeter, specifically the TAM 
2277–201 model (Thermometric AB, J ̈arf ̈alla, Sweden) was employed 
to measure the enthalpy change. The microcalorimeter was equipped 
with a 1 mL sample cell made of stainless steel. Initially, the sample cell 
was loaded with 600 mL of either water or C12C6C12(Me) solution 
(CC12C6C12(Me) = 0.5 mmol/L). Then, 2 mmol/L γ-CD solution was 
injected into the sample cell in portions of 10 mL using a 500 mL 
Hamilton syringe, which was controlled by a Thermometric 612 Lund 
pump. The system was stirred continuously with a gold propeller at 
60 rpm until the desired concentration range was covered. The interval 
between injections was long enough to allow the signal to return to the 
baseline. The observed enthalpies (DHobs) were determined by inte-
grating the areas of the peaks in the plot of thermal power against time. 
The reproducibility of the experiments was within 4 %. All measure-
ments were conducted at a temperature of 25℃. 

3. Results and discussion 

3.1. Phase behavior and nanostructures of C12C6C12(Me)/γ-CD system 

The phase behavior and nanostructures of the C12C6C12(Me)/γ-CD 
system were thoroughly investigated in this study. As shown in Fig. 1a, 
the system was divided into three regions, where in Region I, the solu-
tions were clear and transparent (Fig. 1b, I), and the nanostructures 

Fig. 1. (a) A phase diagram of C12C6C12(Me)/γ-CD system. (b) Photographs of three samples in different regions, where the ratio of C12C6C12(Me)/γ-CD is 1.0 for all 
the three samples and γ-CD concentration are 15 mmol/L (in region I), 30 mmol/L (in region II), 50 mmol/L (in region III). (c) TEM photographs of three samples in 
different regions. 
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observed were vesicles by means of transmission electron microscopy 
(TEM) (Fig. 1c, I). As the C12C6C12(Me)/γ-CD ratio or γ-CD concentra-
tion increased, the solution became opalescent (Fig. 1b, II). Tube-like 
nanostructures appeared and co-existed with vesicles. And eventually, 
all vesicles disappeared, with only nanotubes left in Region II (Fig. 1c, 
II). At the same time, the diameters of nanostructures also changed with 
the increasement of concentration (Fig. S1). In Region III, precipitates 
with sheet structures were prevalent, as shown in Fig. 1b, III, and Fig. 1c, 
III. The nanostructures of the supernatant were similar to those in Re-
gion II, containing nanotubes and vesicles simultaneously. Overall, the 

transformation of the nanostructures inside the system progressed from 
vesicles, to nanotubes, and ultimately to sheets with increasing 
C12C6C12(Me)/γ-CD ratio or γ-CD concentration. In addition, it should 
be mentioned that the solutions of C12C6C12(Me) at different concen-
trations without addition of γ-CD were clear and transparent, and their 
morphology of the aggregates at the same concentration were spherical 
micelles[32]. 

Fig. 2. (a) Calorimetric titration plot and normalized fitting curve of ITC, Titrant: 2.0 mmol/L γ-CD, titrand: 0.5 mmol/L C12C6C12(Me). (b) 1 H NMR spectra of 
C12C6C12(Me)/γ-CD mixed system with the ratio of C12C6C12(Me)/ γ-CD = 0.5, 1, 1.5, 2. (c) Mass spectra of C12C6C12(Me)/γ-CD/water system under high voltage and 
low voltage. (d) 2D NMR(ROESY) and structural scheme of C12C6C12(Me)/γ-CD complex. (e) Scheme of the building block nC12C6C12(Me)@nγ-CD in C12C6C12(Me)/ 
γ-CD/water system. 
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3.2. Formation of C12C6C12(Me)/γ-CD nanostructures 

To investigate the formation of C12C6C12(Me)@γ-CD inclusions 
driven by the host-guest interaction, and to determine the stoichiometric 
ratio of γ-CD and C12C6C12(Me) in the complex, several analytical 
techniques, including ITC, 1H NMR, ESI-MS, and AFM were conducted. 
As depicted in Fig. 2a, the calorimetric titration plot and normalized 
fitting curve demonstrated that the ratio of γ-CD and C12C6C12(Me) in 
the inclusion complex was 1:1 with a K value of 4.72 × 104. In the 1 H 
NMR spectra (Fig. 2b), the chemical shift for H-3 protons of γ-CD shifted 
to a higher field when it bounded with C12C6C12(Me), and reached a 
minimum value when the CC12C6C12(Me): Cγ-CD ratio was 1:1, consistent 
with the result of ITC, both conforming the 1:1 ratio of C12C6C12(Me)/ 
γ-CD in the inclusion complex. ESI-MS analysis provided more detailed 
information on the nanostructures in aggregation under high and low 
voltages. As illustrated in Fig. 2c, the pieces of aggregates were shown 
with different m/z peaks and calculated with different types of in-
clusions. The pieces of C12C6C12(Me)@γ-CD included 2:1, 1:1 and 1:2 
ratios, denoted as 2⋅C12C6C12(Me)@γ-CD, C12C6C12(Me)@γ-CD, and 
C12C6C12(Me)@2⋅γ-CD. However, the pieces of 2⋅C12C6C12(Me)@γ-CD 
and C12C6C12(Me)@2⋅γ-CD were unstable, because it was not shown in 
the result of ESI-MS under low voltages. Notably, different from our 
previous research that surfactants co-assembly with cyclodextrins usu-
ally forming inclusions with a single unit, in this work, our finding 
showed that gemini surfactants probably led to a polymeric-like nano-
structure through host-guest interaction, where the cyclodextrins were 
regarded as the cross-linker to bind the two neighbor units together with 
different types of inclusions, thus resembling a polymeric-like chains. 

The position and orientation of γ-CD outside C12C6C12(Me) in the 
polymeric-like nC12C6C12(Me)@nγ-CD unit were further determined by 
means of 2D NMR. As illustrated in Fig. 2d, the H-3 and H-5 of γ-CD were 
found to be located in the up and bottom sides, respectively. Meanwhile, 
the H-β, H-δ, and H-ω of C12C6C12(Me) indicated that the H position from 
head to tail. Two types of correlations were detected by 2D NMR, sug-
gesting that γ-CDs were in two positions along C12C6C12(Me)’s alkyl 
chain. The correlation between H-3 and H-ω, H-5 and H-δ confirmed that 
some γ-CDs were in a bottom-up orientation and located outside the tail 

of C12C6C12(Me)’s alkyl chain. Similarly, the correlation between H-3 
and H-δ, H-5 and H-δ verified that other γ-CDs were in the middle of 
C12C6C12(Me)’s alkyl chain with the same bottom-up direction. An 
overview of the inclusive structure between γ-CD and C12C6C12(Me) was 
provided in Fig. 2e, where the different locations of γ-CDs may result 
from the large dimension of γ-CD leading to a steric effect. This 
polymeric-like unit constructed by γ-CD and C12C6C12(Me) further self- 
assembled into aggregates, such as vesicles, nanotubes, or sheets in 
different ratios or concentrations through the hydrogen bonds. 

Next, AFM measurements were conducted on both vesicles and 
nanotubes to determine the arrangement of the nC12C6C12(Me)@nγ-CD 
building blocks in the aggregates. As shown in Fig. 3a, the height of the 
collapsed vesicle was measured to be approximately 6.7 nm, which was 
indicative of a bilayer structure. Similarly, the nanotube, was also 
confirmed to exhibit a bilayer structure with a height of approximately 
6.7 nm (Fig. 3b). The width of the nanotube was approximately 200 nm, 
which was larger than the dimension observed by TEM (50–100 nm). 
This difference may be attributed to the broadening effect of AFM tips 
during measurement. The height of approximately 6.7 nm was also 
observed in both vesicles and nanotubes, indicating that the building 
blocks of nC12C6C12(Me)@nγ-CD constructed a double-layer structure in 
the aggregation process (Fig. 3c). This suggested that both vesicles and 
nanotubes were formed through a similar process, with the building 
blocks arranged in a bilayer structure. The height of C12C6C12(Me) single 
layer is about 1.66 nm according to Chem3D calculation as shown in 
Fig. 3d. 

3.3. Multiple responses of C12C6C12(Me)@γ-CD aggregates in aqueous 
solution 

The formation of vesicles was investigated with regards to non- 
covalent interactions. It is well established that the main driving force 
between surfactant@CD building blocks in aggregates is hydrogen 
bonding [33]. Similarly, the formation of nC12C6C12(Me)@nγ-CD ag-
gregates was found to be driven by hydrogen bonding and electrostatic 
interactions, which could exhibit multiple responses to temperature, 
additives, and ions. First, it is observed that temperature played a crucial 

Fig. 3. AFM results of nanotubes (a) and vesicles (b) in C12C6C12(Me)@ γ-CD system. (c) Scheme of molecular arrangement in nanotubes and vesicles. (d) Chem3D 
model of C12C6C12(Me). 
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Fig. 4. Aggregation behaviors of C12C6C12(Me)/γ-CD system: (a) TEM images of the sample at 4℃, 25℃, and 45℃, (Cγ-CD = 30 mmol/L, CC12C6C12(Me) = 30 mmol/ 
L). (b) TEM images of the sample with 0, 1.0 and 4.0 mol/L urea, (Cγ-CD = 50 mmol/L, CC12C6C12(Me) = 50 mmol/L). (c) TEM images of the sample with 0, 1.0 and 
2.5 mol/L glucose, (Cγ-CD = 20 mmol/L, CC12C6C12(Me) = 20 mmol/L). (d) TEM images of the sample with 0, 0.1 and 0.3 mol/L NaCl, (Cγ-CD = 20 mmol/L, CC12C6C12 

(Me) = 20 mmol/L). (e) Scheme of multiple responses of C12C6C12(Me)@γ-CD aggregates behavior. 
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role in determining the nanostructure formation of the system. As shown 
in Fig. 4a, at temperatures below 4℃, sheets were the primary aggre-
gates in the γ-CD/C12C6C12(Me) system. When the temperature was 
increased to 25℃, the sheets transformed into nanotubes. Upon further 
heating to above 45℃, the aggregates varied from nanotubes to vesi-
cles. Furthermore, the temperature-induced transitions were reversible. 
This was because higher temperature intensified molecular thermos 
motion, which reduced the formation of hydrogen bonds between 
γ-CD/C12C6C12(Me) building blocks, thus resulting in smaller di-
mensions of the aggregates and more soluble physical behavior. 

Next, it is observed that urea and glucose, which are common ad-
ditives in aqueous solution to decrease and increase the formation of 
intermolecular hydrogen bonding [34,35], could also make 
nC12C6C12(Me)@nγ-CD aggregates a revisable transformation. As shown 
in Fig. 4b, after the addition of 1 mol/L and 4 mol/L urea, the sheets 
turned into nanotubes and vesicles, respectively. It should be noted that 
when adding 1.0 mol/L and 2.5 mol/L glucose to vesicles solution, the 
whole process was reversible (Fig. 4c). Besides hydrogen bonds between 
γ-CDs, the electrostatic repulsions of head groups among C12C6C12(Me)s 
also influenced the formation of aggregates. In this context, electrostatic 
repulsions between building blocks shielded by addition of NaCl will 
lead to morphological change of the aggregates. As shown in Fig. 4d, as 
the concentration of NaCl increased, the aggregates varied from vesicles, 
to nanotubes then sheets. Furthermore, the changes of aggregate 
structure affected the turbidity of the solutions. As shown in Fig. S2, the 
absorbance of the solutions could be reversibly transformed by multiple 
stimuli, such as temperature, solvent additives, and ions. Overall, it was 
demonstrated that morphologies nC12C6C12(Me)@nγ-CD aggregates 
among vesicles, nanotubes, and sheets can be reversibly transformed by 
multiple stimulus such as temperature, solvent additives, and ions. And 
the morphological changes of aggregates could be attributed to 
increasing or decreasing the formation of intermolecular hydrogen 
bonding between γ-CDs, and shielding electrostatic repulsions of head 
groups among C12C6C12(Me)s, respectively (Fig. 4e). More importantly, 
the multi-responsive properties are expected to hold a potential appli-
cation in drug release or other smart applications in the future. 

4. Conclusion 

In conclusion, a multi-responsive self-assembly soft matter derived 
from C12C6C12(Me)@γ-CD was successfully fabricated in aqueous solu-
tions. The morphology of the aggregates could transform from vesicles 
to nanotubes and sheets in different concentrations, with a consistent 
polymeric-like nC12C6C12(Me)@nγ-CD building block. Hydrogen bonds 
and electrostatic interactions were identified as the driving force for the 
self-assembly. The morphologies of the aggregates could be reversibly 
transformed by multiple stimuli, such as temperature, solvent additives, 
and ions. For further research, the polymeric-like building block of 
surfactant@cyclodextrin inclusions would aid in the construction of 
novel nanostructures, and benefit the fundamental research on supra-
molecular assembly mechanisms. It is also envisioned that polymeric- 
like building block will have unique advantages and broad application 
prospects in the fabrication of stimulus-responsive materials, self- 
healing materials, and biomedical materials. 
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