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ABSTRACT

Bio-based cyclodextrins (CDs) are a common research object in supramolecular chemistry. The special cavity
structure of CDs can form supramolecular self-assemblies such as vesicles and microcrystals through weak inter-
action with guest molecules. The different forms of supramolecular self-assemblies can be transformed into each
other under certain conditions. The regulation of supramolecular self-assembly is not only helpful to understand
the self-assembly principle, but also beneficial to its application. In the present study, the self-assembly behavior of
epoxy-β-cyclodextrin (EP-β-CD) and mixed anionic and cationic surfactant system (sodium dodecyl sulfate/
dodecyltrimethylammonium bromide, SDS/DTAB) in aqueous solution was studied. Morphological and particle
size characterization found that the SDS/DTAB@EP-β-CD complex, as the basic building unit, self-assembled into
worm-like micelles at lower temperatures and vesicles at higher temperatures. Nuclear magnetic resonance
(NMR) and Fourier transform infrared spectroscopy (FT-IR) analysis revealed that the driving force for the for-
mation of vesicles and worm-like micelles was the hydrogen bonds between EP-β-CD molecules, while water
molecules played an important role in promoting vesicle formation between SDS/DTAB@EP-β-CD units. Herein,
the mechanism of the morphologic transformation of SDS/DTAB@EP-β-CD supramolecular aggregates induced
by temperature was elucidated by exploring the self-assembly process, which may provide an excellent basis for
the development of delivery carriers.
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CDs Cyclodextrins
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NMR Nuclear magnetic resonance
FT-IR Fourier transform infrared spectroscopy
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TEM Transmission electron microscopy
DLS Dynamic light scattering
TG Thermogravimetric analysis
DSC Differential scanning calorimetry
UV-vis Ultraviolet visible
Dh Hydrodynamic diameter

1 Introduction

Cyclodextrins (CDs) are a kind of bio-based raw material, which are mainly produced by starch,
glycogen, malt oligosaccharide, and other green regenerative raw materials under the action of
cyclodextringlycosyltransferase. Common commercial CDs are a kind of circular oligosaccharides with
conical cavity structure formed by 6–8 glucose units connected by α-1,4-glycoside bonds, named α-CD,
β-CD, and γ-CD [1]. The inner conical cavity of CDs is hydrophobic, while the outer cavity wall is
hydrophilic, and this special structure enables CDs to form inclusion complexes with surfactants through
host-guest inclusion coordination, hydrophobic interaction, van der Waals force, etc. In recent years, CDs
have been widely used in the construction and regulation of aggregates and have become one of the most
important objects in the field of supramolecular research [2–4]. Among the three common CDs, β-CD
possesses a larger cavity diameter than α-CD and a lower production cost than γ-CD, and this makes
β-CD a research hotspot in the supramolecular aggregates field [5]. However, β-CD itself has many
limitations in solubility, safety, embedding, binding ability, etc. Therefore, it is necessary to modify β-CD
chemically to improve its physical and chemical properties. Chemical modification can increase the water
solubility of β-CD, change the binding cavity or provide other specific binding sites, introduce special
groups to build particular supramolecules, assist in the construction of special stereo geometric
relationships, etc., thereby improving its practical application range. At present, the introduction of
functional groups from the primary surface of CDs (the narrow end of the tapered cavity) is a relatively
mature means for β-CD modification, and the main β-CD derivatives include ionic β-CD (thio-β-CD [6],
carboxymethyl-β-CD [7]), hydrophobic β-CD (diethyl-β-CD [8], hydroxyethyl-β-CD [9]), hydrophilic
β-CD [10], etc.

Amphiphilic molecules, especially surfactant molecules, have both hydrophilic and hydrophobic groups
and can self-assemble into ordered structures in the aqueous environment [11,12]. If the hydrophobic part of
the surfactant matches the size of the CD cavity, it will enter the cavity and form the inclusion complexes
[13], which can further be used as basic building units to construct various higher-order structures (such
as sheets, vesicles, nanotubes, nanofibers, etc.) [14]. The binding strength of the self-assembled system
depended on the structure of the surfactant and the ratio to CDs, while the crystalline assembly depended
on the driving forces between surfactants and CDs, which mainly included hydrogen bonds and other
interactions (such as electrostatic interactions between charged groups on different types of surfactants)
[15,16]. Jiang et al. found that the hydrophobic alkyl chain of sodium dodecyl sulfate (SDS) could easily
inserted into the cavity of β-CD to form SDS@2β-CD dimer, and such dimers were able to
self-assembled as basic building units into channel-type crystalline bilayers. The formed crystalline
bilayers could expand and extend to form an infinite two-dimensional layered structure at high
concentration, and such an infinite two-dimensional layered structure could expand along the axis to form
a one-dimensional multilayer microtubes or dispersed vesicle system by dilution [17,18]. Similarly,
tetradecyldimethylpropane sulfonate (TDPS) was able to form a 2TDPS@3β-CD structural unit, which
could further self-assembled into microtubes and other structures along a certain direction [19]. Compared
with SDS@2β-CD nanotubes, TDPS@3β-CD microtubules were more flexible, mainly because the head
group of TDPS was a zwitterion with less electrostatic repulsion while SDS was an anion with greater
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electrostatic repulsion. In addition to ionic surfactants, nonionic surfactants such as Tween 20 could also self-
assemble with CDs to form various ordered structures [20,21]. Surfactants with special topologies (such as
gemini/bola type) were also able to self-assemble with CDs [22,23].

Vesicles are supramolecules formed by the self-assembly of amphiphilic molecules. Since the vesicle
system can improve the solubility of hydrophilic, lipophilic, and organic macromolecules at the same
time, it can be used to prepare and encapsulate multiple active ingredients at the same time [24]. Li et al.
prepared self-assembled SDS/β-CD vesicles with a drug loading capacity of 1.47% and an encapsulation
rate of 87.62% [25].

The morphology evolution of supramolecular can occur between various self-assembled aggregates
such as micelles, sheets, and vesicles. So far, many studies have focused on the morphological transition
between micelles and vesicles, because the inter-transformation process between micelles and vesicles is
fundamentally important for basic applied research. Many simple control methods (such as enzymes [26],
pH [27], light [28], concentration [29], and temperature [30], etc.) can be used to modulate CDs-guest
supramolecular self-assembly. Among the above control means, temperature regulation can greatly affect
the non-covalent interactions between aggregates, thereby ultimately controlling the self-assembled
morphology of molecules [31].

In the present study, the self-assembly behavior of epoxy-β-cyclodextrin (EP-β-CD) and mixed anionic
and cationic surfactant system (sodium dodecyl sulfate/dodecyltrimethylammonium bromide, SDS/DTAB)
in aqueous solution was studied. The effects of temperature on the transformation of SDS/DTAB@EP-β-CD
supramolecular aggregates were analyzed by macroscopic observation, turbidity and viscosity analysis, and
particle size distribution analysis. The morphological changes of SDS/DTAB@EP-β-CD supramolecules
were characterized by means of nuclear magnetic resonance (NMR), Fourier transform infrared
spectroscopy (FT-IR), thermodynamic analysis, transmission electron microscopy (TEM), etc., so as to
elucidate the possible mechanism. Herein, the mechanism of the morphologic transformation of SDS/
DTAB@EP-β-CD supramolecular aggregates induced by temperature was elucidated by exploring the
self-assembly process, which may provide an excellent basis for the development of delivery carriers.

2 Materials and Methods

2.1 Materials
SDS of analytical grade was purchased from Shanghai Adamas Reagent Co., Ltd. (Shanghai, China).

DTAB of reagent grade was purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Phosphotungstic acid of high purity grade was purchased from VWR (Shanghai) Co., Ltd. (China). EP-β-
cyclodextrin (EP-β-CD) (≥98%) was purchased from Shandong Binzhou Zhiyuan Biotechnology Co.,
Ltd. (China).

2.2 Preparation of Supramolecular Self-Assembled Aggregates
A mixed surfactant solution of SDS and DTAB (molar ratio of 3:1, Ctotal = 10 mmol/L) was accurately

weighed and placed in a glass bottle. Subsequently, 16 mmol/L EP-β-CD aqueous solution was added to the
above mixed surfactant system by drops at a host-guest ratio of 2:1. The mixture was thoroughly mixed to
ensure a uniform dispersion of EP-β-CD. Finally, the obtained mixture was placed in incubators at 15°C,
25°C, and 35°C for 24 h to achieve equilibrium.

2.3 Characterization of Supramolecular Self-Assembled Aggregates

2.3.1 Dynamic Light Scattering (DLS) Analysis
A DLS particle size and zeta potential analyzer (NanoBrook Omni, Brookhaven Instruments, USA)

equipped with a 35-mW optical pump semiconductor laser was used to characterize the supramolecular
self-assembly system formed at different temperatures (15°C, 25°C, and 35°C). The scattering angle was
fixed to 90°. The samples were filtered with 0.45 μm microporous membrane before testing.
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2.3.2 Absorbance and Viscosity Analysis
An ultraviolet visible (UV-vis) spectrophotometer (UV-1800, Shimadzu Analytical Technology Co.,

Ltd., Japan) with resolution of 1 nm was used to measure the turbidity of the mixed solution at different
temperatures (5°C–40°C). The absorbance was monitored at the wavelength of 500 nm, and there is no
absorption for the blank mixed surfactant system under such wavelength.

A NDJ-5S digital viscometer (Shanghai Jingtian Electronics Instrument Co., Ltd., China) was used to
measure the viscosity of the solution formed at different temperatures (5°C–40°C) with distilled water as
the reference.

2.3.3 Transmission Electron Microscopy (TEM) Analysis
The morphology of supramolecular self-assembly system formed at different temperatures (15°C, 25°C,

and 35°C) was observed by a TEM (Tecnai G2 20 TWIN, FEI Company, USA). Specifically, 2 drops of
sample solution were first added to a 230-mesh copper grid coated with Formvar film, and 1 drop of
phosphotungstate acid solution (0.2%) was added after removing excess liquid with filter paper. The
samples were then left to dry at room temperature (25°C) before analysis.

2.3.4 Thermogravimetric Analysis (TG) and Differential Scanning Calorimetry (DSC) Analysis
TGA and DSC measurements were performed on the thermogravimetric analyzer (Q5000IR, TA

Instruments, Shanghai, China) and differential scanning calorimeter (Q2000, TA Instruments, Shanghai,
China), respectively. Before characterization, the prepared samples were frozen at −18°C for 24 h, and
then lyophilized using a FD-1A-50 freeze dryer (Shanghai Bilon Instrument Manufacturing Co., Ltd.,
China) for at least 24 h. For DSC analysis, the lyophilized samples were placed in an alumina crucible
and heated from 25°C to 120°C at a rate of 2°C/min under a nitrogen environment.

2.3.5 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis
A Nicolet iN10 spectrometer (Nicolet iN10, Thermo Fisher Scientific, USA) was used to analyze the

dried samples. All spectra were recorded in the range of 4000–400 cm−1 with the resolution of 4 cm−1.

2.3.6 Nuclear Magnetic Resonance (1H NMR) Analysis
The 1H NMRmeasurement was carried out with D2O as the deuterated reagent using an NMR apparatus

(400 M, JEOL, Ltd., Japan) operating at 400 MHz. The displacements and changes of EP-β-CD, mixed
surfactants, and supramolecular self-assemblies formed at different temperature (15°C, 25°C, and 35°C)
were tested.

3 Results and Discussions

3.1 Aggregates Transition Induced by Different Temperature
By macroscopic observation, it was found that the SDS/DTAB aqueous solution containing 16 mmol/L

EP-β-CD (Ctotal = 10 mM) was transparent at 25°C. However, the solution turned into transparent blue light
after being kept at 15°C for 24 h (Fig. 1A), indicating that the system produced aggregates. When heated to
25°C and 35°C, the system transformed from a clear blue solution to a light blue cloudy solution, indicating
that the aggregates transformed into larger particles.

When the temperature was increased from 5°C to 45°C, the turbidity change of the mixed solution could
be easily observed by UV-vis spectroscopy. As shown in Fig. 1B (blue line), the absorbance of the mixture
varies with temperature: the turbidity gradually increased with the increase of temperature, which was
consistent with the macroscopic observations. The study of viscosity analysis provided more information
about the transition of aggregates. At lower temperature, the SDS/DTAB@EP-β-CD solution was
transparent (Fig. 1B, red line) with lower viscosity, which indicated that the major aggregates in the
system were micelles. As the temperature increased, the viscosity increased and the solution appeared
light blue, indicating the presence of large particles or vesicles in the system. Viscosity increase and
permeability decrease are typical features of aggregate transformation [32,33]. Therefore, based on the
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above observations and measurements, it can be speculated that the solution may have transitioned from
micelles to vesicles.

3.2 Temperature-Induced Supermolecules Morphology Transition

3.2.1 Aggregates Size Distribution and TEM Analysis
As shown in Fig. 2, the hydrodynamic diameter (Dh) of the aggregates produced at 15°C was 113.39 ±

2.97 nm (Fig. 2A). When the temperature increased to 25°C, the particle size of the self-assembled
aggregates increased to 683.42 ± 3.11 nm (Fig. 2B). While at 35°C, the system transformed into larger
aggregates with the particle size of 709.70 ± 4.87 nm (Fig. 2C).

Since the mixed SDS/DTAB surfactants (15 and 5 mmol/L) itself can form micelles in aqueous solution
[34], while the size of micelles is typically within 100 nm (5–100 nm) [35]. Hence, other aggregates than
micelles may exist in the SDS/DTAB@EP-β-CD system. Jiang et al (2011) reported the existence of
hollow vesicles with diameters of about 100 and 700 nm SDS@2β-CD system [17]. Therefore, it is
reasonable to speculate that the system in this study formed a high-sized polydisperse vesicle structure.
To verify such speculation, TEM was used to characterize the aggregates present in different solutions.

As shown in Fig. 3A, typical worm-like micelles were formed at 15°C in the SDS/DTAB@EP-β-CD
solution system. The increase in temperature resulted in a significant change in the structure of the
aggregates. As shown in Figs. 3B and 3C, these aggregates exhibited different brightness at the edge and
center, indicating that the aggregates were not solid particles but hollow vesicles. In addition, the forming
process of aggregates can further verify the formation of vesicles. The red arrows in Fig. 3C indicate the
rupture of some aggregates. In addition, it can also be observed from TEM images that some aggregates
contain dark objects. According to Nayak et al., these dark objects may be small aggregates that were
incorporated in vesicles during their formation [36].

By comparing the autocorrelation curves of the slow decay curves of large particles, information about
aggregate particle size can be characterized. It is well known that higher temperatures result in slower
autocorrelation decay curves [37]. As shown in Fig. 2D, the higher the temperature, the larger the particle
size of the system. To quantify the dimensional changes, the CONTIN method was used to convert the
autocorrelation curves to the distribution of hydrodynamic radii [32]. DLS provides statistical results of
particle size distribution, while TEM reflects the local morphology and size results of aggregates, and the

Figure 1: Aqueous solutions of SDS/DTAB (Ctotal = 10 mM) containing 16 mM EP-β-CD were incubated
for 24 h at three different temperatures. (A) Photographic images after incubating at 15°C (blue transparent
solution), 25°C (slightly turbid solution), and 35°C (slightly blue turbid solution). (B) Changes in relative
viscosity and absorbance of samples with different temperatures
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results obtained by the two methods were consistent with each other. Therefore, with the change in
temperature, the SDS/DTAB@EP-β-CD aggregates generated in the system changed from micelles to
vesicles.

Figure 2: DLS analysis of SDS/DTAB@EP-β-CD self-assemblies formed at 15°C (A), 25°C (B), and 35°C
(C) and their autocorrelation curves (D)

Figure 3: Typical TEM images of self-assembled SDS/DTAB@EP-β-CD formed at 15°C (A), 25°C (B),
and 35°C (C)
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3.2.2 NMR Analysis
To reveal the steric changes in the EP-β-CD cavity due to the insertion of the alkyl chain of the guest

molecule (surfactant), the 1H NMR characterization was carried out to confirm the formation of an
inclusion between the mixed surfactant and EP-β-CD. As shown in Fig. 4A, the 1H NMR spectrum of
EP-β-CD in D2O showed a triplet at δH3 = 3.85 ppm, which is denoted as the H3 proton. These protons
were located in the wide end of the tapered cavity of the cyclodextrin cavity and had poor shielding
properties. In contrast, the H5 protons were located inside the cavity and overlapped with the H6 protons
located outside the cavity at the narrow end of the tapered cavity, yielding resonances of 3.75 and
3.77 ppm, respectively [36]. The H3 and H5 protons of β-CD molecules located in the cavity revealed
the changes in the environment around the cavity caused by the entry of guest molecules, thus providing
strong evidence for inclusion complex binding [38–40]. In the presence of the mixed SDS/DTAB
surfactants, high-field chemical shift signals of the H3 and H5, which are located on the wide and narrow
sides of the cavity, were observed. Such a chemical shift may be attributed to the formation of inclusion
complexes that changed the conformation and electromagnetic environment of EP-β-CD and mixed
surfactant SDS/DTAB molecules. When the system did not contain guest molecules, the EP-β-CD cavity
was full of high-energy water, but when the mixed SDS/DTAB surfactants were added to the system, the
hydrophobic cavity was replaced by guest molecules with suitable size. Therefore, the inclusion of non-
polar species in the hydrophobic cavity shielded the internal protons of the EP-β-CD glucose unit [23]. In
addition, the Δδ value of H6 was larger than that of H1, indicating that the alkane chain of the guest
molecule was most likely inserted into the cavity of EP-β-CD from the main surface. Besides, these
protons mainly interacted with EP-β-CD through the hydrophobic chain of mixed SDS/DTAB surfactants
and then participated in the host-guest interaction.

Figs. 4B and 4C show an enlarged view of the local 1H NMR spectra of the H2, H4, H3, H5, and
H6 protons of EP-β-CD, and the changes in chemical shifts (Δδ) are summarized in Table 1. When EP-β-
CD was added to the mixed SDS/DTAB surfactants solution, the proton signals of the long alkyl chains
of mixed SDS/DTAB surfactants shifted downfield from their initial values of 1.21 and 0.79 ppm, which
indicated that the proton environment changes due to the inner cavity of EP-β-CD accommodated the
alkyl side chain of the SDS/DTAB surfactants [41].

3.2.3 FT-IR Analysis
Studies have shown that hydrogen bonding played a crucial role in the self-assembly of CD-surfactant

systems. Therefore, the characterization of SDS/DTAB@EP-β-CD prepared by EP-β-CD at different
temperatures (15°C, 25°C, and 35°C) by FT-IR can further confirm the existence of hydrogen bonds [42].
It is well known that the association of OH groups resulted in a shift of the stretch peak [43]. In present
study, as shown in Fig. 5, the hydroxyl group signal of the SDS/DTAB@EP-β-CD system became wider
and stronger at 25°C and 35°C, which indicated that the hydrogen bond between EP-β-CD was
strengthened with increasing of temperature [40], and the order of hydrogen bonding enhancement was
15°C << 25°C < 35°C.

3.2.4 TG and DSC Analysis
According to the above results, the temperature dependence of aggregate morphology can be attributed

to the effect of hydrogen bonds within the system. To further confirm such hypothesis, DSC and TGA
experiments were performed. As shown in Fig. 6, the elimination of all water molecules was observed in
the endothermic peaks shown by the DSC curves of SDS/DTAB@EP-β-CD vesicles prepared at 25°C
and 35°C. The endothermic peak of the SDS/DTAB@EP-β-CD sample prepared at 25°C was about
58.04°C (Fig. 6A). When the preparation temperature increased to 35°C, the endothermic peak increased
to 64.01°C (Fig. 6B), which may be due to the presence of tighter vesicles and abundant hydrogen bonds
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in the SDS/DTAB@EP-β-CD system at 35°C, and such compact structure and hydrogen bonds required
additional energy to be destroyed, therefore the endothermic peak increased. The above DSC results were
consistent with the change in hydrogen bond strength determined by FT-IR.

Figure 4: 1H NMR spectra of EP-β-CD, SDS/DTAB, and self-assembled SDS/DTAB@EP-β-CD formed at
15°C, 25°C, and 35°C (A); (B) for the enlarged 1H NMR spectra of the H2, H4, H3, H5, and H6 protons
of EP-β-CD; (C) for the enlarged 1H NMR spectra of the methyl protons in SDS/DTAB and the
SDS/DTAB@EP-β-CD formed at 15°C, 25°C, and 35°C
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In contrast, the TGA results of lyophilized vesicles showed that the weight loss of the SDS/DTAB@EP-
β-CD aggregates prepared at 25°C was 2.642%, while 2.437% for the samples at 35°C, which indicated that
there was less structural water in SDS/DTAB@EP-β-CD vesicles prepared at 35°C. This structural water can
be attributed to the bonding of water molecules to the hydroxyl groups of EP-β-CD on the surface of vesicles
[44]. Moreover, in addition to participating in hydrogen bonds, the distribution of water molecules also
affected the curvature of the formed vesicles. In other words, the higher the self-assembly temperature,

Table 1: Variations in the chemical shifts of SDS/DTAB@EP-β-CD aggregates in D2O

Chemical shift (δ) H1 H2 H3 H4 H5 H6 Ha Hb

δSDS/DTAB – – – – – – 1.21 0.79

δEP-β-CD 4.97 3.53 3.85 3.45 3.75 3.77 – –

δSDS/DTAB@EP-β-CD 4.97 3.53 3.85 3.45 3.72 3.76 1.21 0.80

Δδ 0 0 0 0 0.03 0.01 0 −0.01
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SDS/DTAB@EP-β-CD@35°C
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SDS/DTAB@EP-β-CD@15°C

Figure 5: FT-IR spectra of the EP-β-CD and self-assembled SDS/DTAB@EP-β-CD formed at 15°C, 25°C,
and 35°C

Figure 6: TGA and DSC results for the self-assembled SDS/DTAB@EP-β-CD vesicles formed at 25°C
(A) and 35°C (B)
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the fewer water molecules involved, resulting in larger curvature and larger vesicles, and such result was
consistent with DLS characterization.

3.3 The Possible Mechanism of the Morphology Transition of SDS/DTAB@EP-β-CD Supramolecular
Aggregates
Based on the above experimental results, a possible mechanism of the aggregate transformation process

was proposed, as shown in Fig. 7. For the system containing SDS (15 mmol/L) and DTAB (5 mmol/L), the
addition of EP-β-CD resulted in the incorporation of surfactant hydrophobic chains into the hydrophobic
cavity of EP-β-CD. EP-β-CD selectively bound to the main components of the mixed surfactants system
and wrapped them into the cavity. After the inclusion complex of EP-β-CD and mixed surfactants was
formed, the concentration of free surfactants in the system decreased, and the volume of self-assembled
aggregates increased, resulting in an increase in the critical packing parameter (PC) [45]. The hybrid
system exhibited additional phase behavior due to the presence of different amounts of surfactant and the
variation of PC. More specifically, the addition of EP-β-CD to a mixed solution of SDS (15 mmol/L)-
DTAB (5 mmol/L) at 15°C resulted in the aggregate transition phenomenon, whereby circular micelles
were transformed into worm-like micelles. As the temperature increases, the hydrogen bonds between
EP-β-CD molecules may become weaker than those between EP-β-CD and H2O molecules or between
the H2O molecules themselves, allowing water molecules to participate in the adjacent in hydrogen bond
between two SDS/DTAB@EP-β-CD. Indeed, mediated water played an important role in the interaction
between SDS/DTAB@EP-β-CD; such a molecular model allowed for greater curvature, which ultimately
led to the transformation of self-assembled aggregates from worm-like micelles to vesicles at higher
temperatures.

4 Conclusions

The present study mainly studied the self-assembly behavior of EP-β-CD and mixed anionic and
cationic surfactant systems (SDS/DTAB) in an aqueous solution. Macroscopic observation, turbidity, and
viscosity analyses showed that the mixture solution showed different properties with the change of
temperature. TEM and DLS analyses showed that SDS/DTAB@EP-β-CD, as the basic building block of
the supramolecular system, could self-assemble into worm-like micelles at lower temperatures and
vesicles at higher temperatures. FT-IR, NMR, TG, and DSC analyses indicated that the driving force for

Figure 7: Schematic illustration of the morphologic evolution of SDS/DTAB@EP-β-CD supramolecular
aggregates induced by temperature
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the formation of vesicles and worm-like micelles was hydrogen bonds between EP-β-CD molecules, while
water molecules played an important role in promoting vesicle formation between SDS/DTAB@EP-β-CD
units. This paper mainly discussed the mechanism of the morphologic transformation of SDS/
DTAB@EP-β-CD supramolecular aggregates induced by temperature, which may provide an excellent
basis for the development of bio-based delivery carriers.
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