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Hypothesis. Multi-walled tubular aggregates formed by hierarchical self-assembly of beta-cyclodextrin (𝛽-CD) 
and sodium dodecylsulfate (SDS) hold a great potential as microcarriers. However, the underlying mechanism 
for this self-assembly is not well understood. To advance the application of these structures, it is essential to fine-
tune the cavity size and comprehensively elucidate the energetic balance driving their formation: the bending 
modulus versus the microscopic line tension.
Experiments. We investigated temperature-induced changes in the hierarchical tubular aggregates using 
synchrotron small-angle X-ray scattering across a broad concentration range. Detailed analysis of the scattering 
patterns enabled us to determine the structural parameters of the microtubes and to construct a phase diagram 
of the system.
Findings. The microtubes grow from the outside in and melt from the inside out. We relate derived structural 
parameters to enthalpic changes driving the self-assembly process on the molecular level in terms of their 
bending modulus and microscopic line tension. We find that the conformation of the crystalline bilayer affects 
the saturation concentration, providing an example of a phenomenon we call conformational freezing point 
depression. Inspired by the colligative phenomenon of freezing point depression, well known from undergraduate 
physics, we model this system by including the membrane conformation, which can describe the energetics of 
this hierarchical system and give access to microscopic properties without free parameters.
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Fig. 1. Self-organization of 𝛽-CD and SDS into supramolecular aggregates. (a) The hydrophobic effect drives the formation of SDS@2𝛽-CD complexes [12]. 
(b) Complexes assemble into bilayers, forming a two-dimensional rhombic crystalline membrane (c) via inter-cyclodextrin hydrogen bonding. The rhombic lattice, 
resulting from the 7-fold symmetry of the 𝛽-CD molecules, maintains a 104◦ angle to maximize inter-cyclodextrin hydrogen bonding [14].(d) Bilayer sheets assemble 
into superstructures depending on sample concentration [12]. Our study focuses on characterizing tubular aggregates.
1. Introduction

Self-assembly has long been recognized as a promising strategy for 
fabricating hierarchical, multiscale materials such as carbon nanotubes 
[1], peptide nanotubes [2,3], mesoscopic peptide-formed fibers [4–6], 
compositional tubule networks [7]. However, the application of self-
assembly mechanisms has been limited by the need for precise tuning of 
the free energy landscape towards the desired function. To address this, 
carefully designed colloidal matter with DNA-encoded directed bonds 
[8], as well as hydrophobic [9] or magnetic [10] patches have been de-
veloped. Yet, in a hierarchical material, the free energy is contributed 
by not only its microscopic, molecular structure, but also its mesoscopic 
conformation. As such, it becomes challenging to predict how a sys-
tem behaves given how the free energy landscape is dependent on that 
mesoscopic conformation. Here, we show that we can directly relate the 
mesoscopic structure of a hierarchical material to enthalpic changes oc-
curring at both the molecular and conformational levels.

Recently, the self-assembling system of cyclodextrins and sodium do-
decylsulfate has demonstrated a remarkable diversity in its mesoscale 
structures [11–15]. Depending on the concentrations of 𝛽-CD and SDS 
in aqueous solutions, lamellae, multi-walled microtubes as illustrated in 
Fig. 1, have been reported to form [12]. Along with these phases, this 
study proposed the existence of rhombic dodecahedra at lower concen-
trations. Yang et al. [14] characterized the internal structure of these 
supramolecular phases, highlighting their similarities to protein- and 
peptide-based aggregates. The tubular phase is particularly appealing 
as micro-carriers for controlled drug release [16], 1D artificial colloid 
confinement [17,18] and can serve as a model system for fundamental 
research on hierarchical self-assembly [19].

The self-assembly process of SDS and 𝛽-CD begins with the non-
covalent host-guest interactions, yielding pocket-like inclusion com-
plexes with 1:2 stoichiometry denoted by SDS@2𝛽-CD [12,20,21]. 
These complexes subsequently arrange into a rhombic crystalline bi-
layer membrane with robust unit cell parameters, giving rise to diverse 
superstructures (Fig. 1C). Additionally, SDS@2𝛽-CD aqueous solutions 
are easy to prepare, making them an ideal model system to study the 
effect of the mesostructural free energy landscape on self-assembly.

Multiple length scales involved in this system require structural 
analysis techniques that can probe them simultaneously. Synchrotron 
(ultra-)small-angle X-ray scattering is ideal for in situ structural analysis 
of such hierarchical systems. Advanced SAXS instrumentation achieves 
resolutions from the sub-nm range to a few microns, enabling the struc-
tural elucidation over many orders of magnitude [22]. As SAXS patterns 
can provide information on the shape and size of the constituents, this 
experimental technique is highly suitable for studying hierarchical mi-
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crotube self-assembly. By analyzing SAXS profiles of samples at varying 
temperatures, we can identify features that enable the determination of 
the microtube diameter, as well as the inter- and intrabilayer periodic-
ity. Through such analysis, we can gain insight into how the microtube 
structure on different hierarchical levels is influenced by changes in tem-
perature and concentration.

In this article, we aim to explore the thermodynamic aspects of 
self-assembly of SDS@2𝛽-CD microtubes. Solutions of varying SDS@2𝛽-
CD concentrations were examined at different temperatures using syn-
chrotron SAXS. In our previous study, Ouhajji et al. [23] probed the 
structural properties of the system as a function of concentration at 
a fixed temperature. Then, Landman et al. [24] studied the kinetics 
of microtube formation after a temperature quench. Here, we perform 
a far wider detailed structural characterization of tubular aggregates, 
exploring temperature- and concentration-dependent microtube geo-
metrical parameters. The obtained SAXS results enable direct access to 
nanoscopic energies involved in the self-assembly processes, as opposed 
to the bulk thermodynamic properties [25,26], revealing valuable in-
sights into the mesoscopic microtube structure and constructing a partial 
microtube stability diagram.

In particular, we observe correlations between melting temperature, 
overall microtube diameter and SDS@2𝛽-CD complex concentration. 
We model this relationship and find that the overal conformation of 
the complex crystalline bilayer affects the saturation concentration — 
providing an example of what can essentially be called conformational 
freezing point depression.

2. Materials and methods

2.1. Preparation of [SDS@2𝛽-CD] microtube suspensions

𝛽-CD (Sigma-Aldrich, 97%), SDS (Sigma-Aldrich, >99%) and Milli-Q 
water were weighed and mixed together in the desired amounts with a 
constant SDS to the 𝛽-CD 1:2 molar ratio. SDS was used to prepare sam-
ples as received. 𝛽-CD was preliminary dried to remove excess water 
[27]. A sample series with SDS@2𝛽-CD concentrations ranging from 3 
to 20 wt% was prepared. Mixtures were stirred and heated up to 70 ◦C
(for concentrated samples of 15 wt% and up) or 50 ◦C (all other sam-
ples), until a turbid solution turned to a transparent liquid signifying 
the formation of SDS@2𝛽-CD complexes. Hot solutions were kept for 
48 hours at room temperature and transformed into viscous turbid gels 
indicating the tubular phase formation.

2.2. Temperature controlled SAXS experiment

All SAXS experiments have been performed at the Time-Resolved 

(Ultra)Small-Angle X-ray Scattering (TRUSAXS) beamline ID02, Euro-
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Fig. 2. Evolution of SAXS as a function of temperature for a 10 wt% sample. (a) Scattering intensity versus modulus of the scattering vector 𝑞 with an arrow 
indicating the temperature change direction. The dashed red line represents the best fit of the experimental data modeled by the form factor of a SDS@2𝛽-CD 
complex. Three main levels of the microtube organization are highlighted on the right: (b) oscillations related to the microtube radius at low 𝑞, (c) intermediate 𝑞
region reveals regular wall spacing, (d) 2D crystal structure of the bilayer membrane at large 𝑞 with the peak corresponding to the [11] crystallographic direction 
in 2D rhombic lattice. Scattering curves in (b) – (d) are offset, and red arrows indicate specific scattering extremes. (For interpretation of the colors in the figure(s), 

the reader is referred to the web version of this article.)

pean Synchrotron Radiation Facility [28]. The incident X-ray wave-
length was 1.01 Å. Scattering data were recorded using an Eiger2 4M 
(Dectris AG) hybrid pixel-array detector at two different sample-to-
detector distance: 31 m for ultra-small angles (𝑞min = 0.002 nm−1) and 
1 m for larger angles (𝑞max = 8 nm−1). These distances allow one to 
cover nominal sizes from 0.8 nm to 2.4 μm. Measured 2D SAXS patterns 
were normalized, regrouped and azimuthally averaged to obtain the 1D 
SAXS profiles as described elsewhere [28]. The background scattering 
curve was recorded at the same conditions as samples from a capillary 
filled with Milli-Q water.

To cover the full range of length scales in the system, from the micro-
tube diameter down to the crystalline structure, the sample-to-detector 
distance has to be changed after the experiment is finished. Then, the 
scattering experiment is repeated under the same conditions with a 
freshly filled sample from the same vial, which was not modified during 
the first experiment. That provides identical conditions for all acquired 
scattering curves. Then, the recorded curves were merged to span all 
nominal length scales of interest.

Samples were loaded into sealed thin walled quartz capillaries with a 
diameter of 2 mm and were placed in a temperature controlled stage for 
multiple capillaries. To avoid the loading induced sample orientation, 
the capillaries were preliminary heated to a temperature at which all 
structural features corresponding to the tubular phase disappear (60 ◦C). 
This procedure ensured that the samples were brought to the same 
molten state. Then, the samples were gradually cooled down with a cool-
ing rate of 0.2 ◦C/min and left for ten minutes at each set temperature 
to achieve equilibrium before recording a SAXS pattern. A downramp 
series was recorded in the temperature range of 70 ◦C-5 ◦C with a step 
of 1 ◦C. Afterward, a temperature upramp series was recorded using the 
same protocol, again allowing the system to equilibrate for 10 minutes 
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before each measurement.
Results of the SAXS experiment were visualized and analyzed using 
the software SAXSutilities2 [29] in combination with custom Python 
scripts.

3. Results and discussion

3.1. Characterization of temperature-variation SAXS

Static upramp SAXS experiments were conducted at the Time-
Resolved (Ultra-)Small-Angle X-ray Scattering (TRUSAXS) beamline 
ID02, European Synchrotron Radiation Facility [28] on samples of vary-
ing concentrations to investigate the temperature range encompassing 
microtube melting temperature. Data are available from ESRF [30], and 
extensive details of the experimental setup and analysis are thoroughly 
described in the supplementary materials.

Fig. 2 depicts 1D SAXS measurements of a 10 weight % (10 wt%) 
sample: curves display the sample scattering intensity 𝐼(𝑞) as a function 
of the modulus of scattering vector 𝑞 for different temperatures 𝑇 . Here, 
the magnitude of 𝑞 relates to the angle of a scattered photon with respect 
to the incident beam, 2𝜃, as 𝑞 = 4𝜋 sin𝜃∕𝜆 with 𝜆 the wavelength of the 
incident x-rays. The 3D diagram illustrates temperature-induced sample 
restructuring across spatial length scales from 2.6 ×10−3 nm−1 to 8 nm−1, 
which nominally corresponds to a real-space range of 0.8 nm to 2.4 μm.

Focusing on a specific range of 𝑞 allows for the quantitative analy-
sis of structural changes in the sample. The low 𝑞 oscillations observed 
in Fig. 2B reveal the typical diameter of the microtubes. At low temper-
atures, these undulations are wide and shallow, indicating the presence 
of polydisperse and densely packed microtubes. As the temperature in-
creases, higher order oscillations appear, signifying the microtubes be-
coming more uniform in their size. The shift in the minima to lower 𝑞

values indicates an increase in the mean microtube diameter.
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The results describe a melting trajectory where at lower tempera-
ture, the innermost microtubes melt while the larger microtubes remain. 
Through the melting trajectory, more and more of the inner microtubes 
melt until finally only a system of highly monodisperse, single-walled 
microtubes exists. The melting process essentially follows the reverse 
process of what we described in our earlier work [24]. The behavior
shows some similarities to melting trajectories found in liquid crystal 
systems, where at low temperatures highly strained structures and long 
ranged order is lost, while some local orientational ordering is retained 
until higher temperatures. [31]

The sudden disappearance of numerous low 𝑞 oscillations, coupled 
with a significant decrease of 𝐼(𝑞) at higher temperatures, points to-
wards the disintegration of the microtubes into separate complexes. 
Beyond the melting point, oscillations in this 𝑞 region are replaced by a 
power law decay (≈ 𝑞−2), and the intensity at 𝑞 < 0.1 nm−1 drops dra-
matically. A similar behavior has been observed in the work [24] and is 
likely due to a residual amount of flat objects, potentially consisting of 
fragments of membranes.

At even higher temperatures, the recorded scattering patterns remain 
unchanged without many of scattering features. These scattering curves 
do not have any specific fingerprints except for a minimum at ≈ 4.5 nm−1

coming from the form-factor of the individual SDS@2𝛽-CD complexes. 
At larger 𝑞 values, the scattering curve can be fitted with a theoreti-
cal form factor of a SDS@2𝛽-CD complex. The dashed red line in Fig. 2
shows the best fit result for the experimental data taken at 44 ◦C, which 
was obtained using molecular dynamics simulations that have been thor-
oughly described in previous studies [32,33].

Descending to the lower level of the microtube hierarchical self-
assembly depicted in Fig. 2C, it is evident that pseudo-Bragg peaks are 
present in the microtube scattering patterns. These peaks refer to the 
specific distance 𝑑 between walls inside a multi-walled tube that can be 
expressed by Bragg equation:

2⟨𝑑⟩sin𝜃 = 𝑛𝜆, (1)

where 2𝜃 is the scattering angle, ⟨𝑑⟩ - interbilayer separation between 
microtube walls, and 𝑛 is an integer.

Higher harmonics with 𝑛 > 1 of the repeat distance of the microtube 
layers can be observed at higher 𝑞 values, as shown in Fig. 2C. With 
an increase in temperature, the lamellar peaks shift insignificantly to 
higher 𝑞 values, indicating wall convergence. As the melting tempera-
ture is approached, the peak position shifts to lower 𝑞 values and its 
intensity gradually decreases. According to Ref. [24], the inner layers 
of the multilayered tubes are less energetically stable due to the higher 
bending energy of the crystalline membrane they consist of, which leads 
to their melting at lower temperatures compared to the outer layers. 
This results in a drop in the lamellar peak intensity and, ultimately, its 
disappearance. The melting of the microtubes can also be observed in 
polarized light optical microscopy images taken from a sample at differ-
ent temperatures, as shown in the supplementary materials. The gradual 
disintegration of the inner cylinders is accompanied by the release of 
pocket-like SDS@2𝛽-CD complexes into the solution.

The highest 𝑞 values in Fig. 2D provide insight into the inter-
nal crystalline structure of the microtubes. Previous studies, such as 
the work [14], have indicated that the microtubes are comprised of 
a crystalline bilayer membrane in which SDS@2𝛽-CD complexes are 
arranged in a 2D rhombic lattice that optimizes the positioning of 
hydrogen bonds between the seven-fold symmetric cyclodextrins. The 
temperature-dependent behavior of three tooth-shaped peaks, corre-
sponding to the [10], [11], and [11] in-plane crystallographic directions, 
is presented in Fig. 2D. The peak positions and, hence, rhombic unit cell 
parameters remain constant throughout the heating process. However, 
the peak intensities gradually decrease with increasing temperature and 
ultimately disappear around the melting temperature, indicating the ab-
sence of crystalline material in the observed volume.

The SAXS profiles obtained in this study enable both qualitative 
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tracking of temperature-induced sample evolution and quantitative 
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Fig. 3. Microtube melting point versus sample concentration. Circles repre-
sent transition points between microtubes and SDS@2𝛽-CD complexes at vari-
ous sample concentrations. The gray dashed line denotes the binodal.

analysis of changes in various structural features of the microtubes, such 
as the outermost radius, number of walls, and inter-wall distance, as a 
function of temperature.

3.2. Temperature-concentration phase space

The SAXS patterns for all concentrations show the same structural 
transformations: initially, polydisperse, densely populated multilayered 
tubes transform into more uniform objects, continuously breaking up 
into SDS@2𝛽-CD single complexes. The absolute value of the transition 
point is dependent on the sample concentration. The melting tempera-
ture for each sample was determined using the partial Porod invariant, 
integrated within a specific 𝑞 region, and the procedure is described in 
detail in the supplementary materials.

The existence of various phases in aqueous solutions of SDS@2𝛽-
CD complexes at room temperature has been reported previously in the 
study [14] In a more recent study, the phase behavior of pH-responsive 
surfactant-cyclodextrin complex mixtures was reported in Ref. [25]

By analyzing the upramp SAXS series, we have reconstructed a par-
tial thermodynamic diagram in temperature-concentration coordinates, 
as shown in Fig. 3. At temperatures exceeding melting temperatures, no 
tubular aggregates were found, we exclusively observed SDS@2𝛽-CD 
complexes. To the best of our knowledge, it is the first time that the full 
temperature-dependent behavior of our system has been demonstrated.

In general, an increase in sample concentration leads to a higher 
melting temperature. As previously observed in the temperature series 
of the 10 wt% sample (Fig. 2), only the form factor of single complexes 
is detected at temperatures exceeding the melting point. The same scat-
tering curve evolution was observed for all concentrations investigated. 
Therefore, the dashed line in Fig. 3 separates the region of tubular phase 
existence and the region where only free single SDS@2𝛽-CD complexes 
are present.

The restored transition point curve in Fig. 3 is located near the physi-
ological temperature. The reversible transition between tubes and single 
complexes around the temperature of the human body could be excep-
tionally advantageous for controlled drug release. Due to the biocompat-
ibility of 𝛽-cyclodextrin, an increasing number of studies [34,35], em-
ploy this cyclic oligosaccharide as a basic component to create nanocar-
riers and drug delivery systems.

3.3. Structural parameters

The scattering data were analyzed using a structural model of long 
concentric cylinders [36,37,23] and coexisting thin circular disks [38]. 
The model is described in detail in the supplementary materials. In 

Fig. 4A, B we show how the model can fit a scattering pattern at 10 wt%
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Fig. 4. Tracing the microtube parameters. (a) Azimuthally averaged scattering curve of the 10wt% sample taken at 34 ◦C (blue) and the linear combination of 
scattering functions of concentric hollow cylinders (dark blue) and disks (red). (b) Experimental data taken from a 3wt% sample recorded at 5 ◦C (circles) and the 
best fit obtained using the linear combination of concentric cylinders and disks (line). (c) Normalized scattering intensity of the crystalline membrane [11] peak as 
a function of the sample temperature. The apparent dip and recovery in the intensity of the 20wt% sample is an artifact of the overlap of the [11] peak with the 
form factor minimum of the crystalline bilayer, as shown in Supplementary Fig. S6. (d) Interbilayer separation at different temperatures for various concentrations. 
For low concentrations, its value does not depend on the temperature and fluctuates around the average value. For higher concentrations, a certain decaying trend 
with the temperature increase is observed. (e) Microtube outermost radius for various concentrations. The values found from the fitting procedure follow a uniform 
temperature dependence. The gray dashed line corresponds to the parabolic fit line with empirical parameters of the best fit result.
and 3wt% respectively. From the model we can quantitatively describe 
the scattering contributions of the multi-walled tubules, up to a scatter-
ing vector of 𝑞 = 1.8 nm−1. At higher 𝑞 the sample scattering is governed 
by the crystalline organization of complexes within a bilayer, which is 
not taken into account in the model.

Fig. 4B demonstrates the ability of the proposed model to describe 
a SAXS curve taken from a 3 wt% sample at 5 ◦C. The fit is excellent at 
low to medium 𝑞, but a slight bump can be observed in the fit at around 
0.2 nm−1 that has not been observed in the data. This bump is artificial 
and is likely a consequence of an inadequate polydispersity distribution 
in the disk size. A polyhedral capsid phase was found at ≤ 6 wt% in 
cryo-EM micrographs [12]. We find no evidence for this phase in our 
experiments. SAXS patterns of samples recorded in this concentration 
regime all show the existence of the microtubular phase, as shown in 
the supplementary materials.

In Fig. 4C, we plotted the relative intensity of the most prominent 
intra-bilayer peak (in the [11] crystallographic direction) against tem-
perature. Assuming that the tubular phase is the primary source of 
crystalline material in the system, this trend allows us to estimate the 
fraction of complexes that are released into the solution. For all con-
centrations, the intensity decay is the same, which suggests that the 
energetics of microtube disintegration is concentration-independent.

The distance between microtube walls can also be traced in the 
785

fitting procedure. As shown in Fig. 4D, the interbilayer separation is 
relatively constant for low concentrations within the available temper-
ature range, whereas for higher concentrations, its value decreases with 
increasing temperature. In our previous work [24], we proposed an ex-
pression for this quantity

𝑑 =

√√√√𝑘𝐵𝑇𝜎
2

𝜌𝑠

4𝜋𝑅2√
3𝑎0𝜅𝑐

. (2)

Here, 𝑘𝐵 is the Boltzmann constant, 𝜎 represents the surface charge 
number density of the membrane, 𝜌𝑠 is the salt number density, 𝑎0 is 
the interfacial area occupied by a single SDS@2𝛽-CD complex, 𝜅 is the 
bending modulus of the crystalline membrane, and 𝑐 is the number den-
sity of SDS@2𝛽-CD complexes.

The temperature term 𝑇 in the numerator in eq. (2) intuitively sug-
gests a positive correlation in the average distance with increasing tem-
perature. However, highly concentrated samples demonstrate the oppo-
site trend. The temperature driven decrease of 𝑑 can be explained as 
an effect of the ionic strength increased by free SDS@2𝛽-CD complexes. 
As the temperature increases, the inner layers of the microtubes disin-
tegrate, providing additional macroions to the salt reservoir, screening 
the remaining electric double layer repulsions between the layers that 
remain.

Fig. 4E represents the outermost radius values obtained from the fit-

ting procedure. Resulting values are temperature-dependent and exhibit 
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a uniform master curve that is independent of the sample concentration. 
A parabolic fit is shown as the gray dashed line, indicating that the mi-
crotube size increases with increasing temperature. We can infer from 
Fig. 4E that the microtube size is determined by the competition be-
tween energetic contributions that define the self-assembly path, which 
are independent of the sample concentration and change only with tem-
perature.

3.4. Microtube melting model

In our earlier work we found that the mechanism is driven by the 
gain in free energy achieved by a crystalline bilayer of SDS@𝛽-CD com-
plexes when it closes to form a cylinder [24]. This happens at a definite 
size determined by optimizing the free energy gain per unit interface 
and the bending penalty. The outcome is a nucleation-dominated in-
ward growth until a space-filling structure is formed.

In current temperature ramp experiments, we found that the inner-
most cylinders have the lowest melting temperatures. Essentially, when 
slowly increasing the temperature of a microtube system, the tubes melt 
from the inside out. This aligns with the idea that tightly curved inner 
cylinders gain less free energy upon closure due to increased bending 
energy.

Two key physical parameters influencing the melting behavior are 
the bond enthalpy of a complex being incorporated into the bilayer, and 
the bending modulus of that bilayer. Although direct access to these pa-
rameters is unavailable, we monitored key observables in the SAXS anal-
ysis of microtube melting: macroscopic complex concentration, melting 
temperature of the outermost cylinder, and outermost cylinder radius.

We propose a model here that is inspired by the classical deriva-
tion of the colligative property of freezing point depression — well 
known from undergraduate physics — although here it is not an added 
solute decreasing the chemical potential of the liquid state, but a con-
formational change increasing the chemical potential of the crystalline 
(bilayer) state. Deviations from the classical picture of colligative freez-
ing point depression have previously been found in MD simulations of 
Lennard-Jones fluids in confinement [39]. The central assumption in 
the model proposed here is that the bond enthalpy of a complex being 
incorporated into a bilayer is temperature-dependent, but the bending 
modulus, at least to the first order, is constant. The crystalline nature of 
the membrane forming the tubular aggregates distinguishes it from soft 
matter composed of lipid bilayer membranes, as the latter is easily de-
formed, having a bending modulus typically not exceeding a few tens of 
𝑘B𝑇 [40,41]. While even minor temperature variations can significantly 
impact bilayer membranes, the bending modulus of SDS@𝛽-CD micro-
tubes is presumably notably higher and can be reasonably assumed to 
remain constant, irrespective of temperature changes. According to our 
previous study [24], the enthalpic contribution is expected to be sig-
nificantly smaller, typically on the order of 𝑘B𝑇 , as it characterizes the 
energy associated with the bonding interactions between cyclodextrin 
molecules [42,43].

The (Helmholtz) free energy of bending per unit interface of a sheet 
of material bent uniformly along one principal axis is given by

𝑓bend =
𝜅

2
1
𝑟2
, (3)

where 𝜅 is the elastic bending modulus of the bilayer [44] and 𝑟 is the 
radius of the curvature. Here we have omitted the Gaussian curvature 
term, which is zero for all flat and cylindrical objects. Upon deforming 
a bilayer of width 2𝜋𝑟 and length 𝓁 (assuming an approximately rect-
angular geometry) and closing the cylinder, the line tension along the 
length of the bilayer is removed. Per unit interface, the free energy gain 
of this process is given by

𝑓bond = − 𝜏

2𝜋
1
𝑟
, (4)

where 𝜏 is the line tension, i.e. the free energy per unit length that arises 
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from the unpaired bonds at the edge of the cylinder. In terms of micro-
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scopic quantities, the line tension 𝜏 scales with the typical bond energy 
through a lengthscale 𝓁0 that is on the order of the lattice parameter of 
the bilayer.

Combining the free energy of bending per unit interface and the free 
energy gain of closing the cylinder, and then setting the derivative with 
respect to 𝑟 to 0, we find an optimum cylinder radius given by

𝑟0 =
2𝜋𝜅
𝜏

. (5)

The optimal cylinder radius can be determined experimentally by 
analyzing SAXS patterns near the melting temperature. Eq. (5) relates 𝜅
and 𝜏 , connecting mesoscopic and molecular scales.

We now assume that at the melting point, there is an association 
equilibrium between a SDS@2𝛽-CD complex incorporated into a tube, 
and a SDS@2𝛽-CD complex floating free in solution. This assumption 
does not take into account any other larger self-assembled structures, 
such as the capsids found by Jiang et al. [12], but such a reservoir 
could be added to the equations in a straightforward way. In our ex-
periments we found no evidence of such capsids at any temperature or 
concentration, as detailed in supporting section S1.3. This equilibrium is 
reminiscent of a surfactant solution that can self-assemble into micelles. 
As such, we can establish the equilibrium condition

𝜇
(aq)
A = 𝜇

(c)
A , (6)

with the superscripts now denoting the aggregation state of the complex. 
Assuming the ideal behavior of the solution, the chemical potential can 
be written as

𝜇
(aq)
A = 𝜇

−◦(aq)
A + 𝑘B𝑇 log

𝑥A

𝑥−◦A
, (7)

where we have chosen an arbitrary concentration to act as the refer-
ence state for which 𝜇−◦

A holds. Here, following our assumption of ideal 
behavior, 𝑥A denotes the molar fraction of the complexes. The chem-
ical potential of a complex inside the cylinder 𝜇(c)

A can be seen as the 
reference chemical potential of a pure component, 𝜇⋆

A . We can identify 
Δr𝑔A ≡ 𝜇⋆

A − 𝜇
−◦(aq)
A as the difference in reference chemical potentials as 

the standard molar Gibbs free energy of the reaction A (aq) ←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←← A (c), 
which in turn can be split into an enthalpic and an entropic contribu-
tion.

log
𝑥A

𝑥−◦A
= −

Δr𝑔a

𝑘B𝑇
=

ΔrℎA(𝑇 )
𝑘B𝑇

−
Δr𝑠A

𝑘B
. (8)

At this point, we take eq. (8) evaluated at the reference concentration 
𝑥−◦A ,

log
𝑥−◦A
𝑥−◦A

= 0 =
ΔrℎA(𝑇 )
𝑘B𝑇

−◦ −
Δr𝑠A

𝑘B
, (9)

and subtract it from eq. (8) to cancel out the temperature-independent 
entropy terms. We are then left with

log
𝑥A

𝑥−◦A
=

ΔrℎA(𝑇 )
𝑘B𝑇

−
ΔrℎA(𝑇 −◦ )
𝑘B𝑇

−◦ . (10)

Assuming that the enthalpic contribution ΔrℎA in eq. (10) is equiva-
lent to the bond energy gained from the complex incorporation into the 
bilayer, we say that

ΔrℎA(𝑇 ) = −
𝓁0𝜏(𝑇 )

2
, (11)

where the factor 1∕2 is introduced because the structure is a bilayer. 
This can be inserted into eq. (10) to yield

log
𝑥A

𝑥−◦A
=

𝓁0𝜏(𝑇 −◦ )
2𝑘B𝑇

−◦ −
𝓁0𝜏(𝑇 )
2𝑘B𝑇

. (12)

While we do not have access to 𝜏 directly, we use the established 
relationship between the line tension 𝜏 and the experimentally accessi-

ble preferential radius 𝑅, where the bending modulus 𝜅 is considered 
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Fig. 5. Microtubule melting model applied to SAXS experimental data. (a) Experimental points and a linear trend following the developed model, eq. (13). A 7 
wt% sample was used as a reference (𝑥−◦A , 𝑇 −◦ ). (b) Bending modulus in 𝑘B𝑇 units for differently chosen reference temperature 𝑇 −◦ and (c) line tension values obtained 
from the model (𝑇 −◦ = 298 K).
constant across the entire temperature range. Additionally, the role of 
line tension in nucleation rate, as discovered in [24], provides an inde-
pendent 𝜅 value, offering a parameter-free closure. From the nucleation 
rate at room temperature, a line tension is about 0.8 kT∕nm.

We insert the relationship given by eq. (5) into the model, yielding

log
𝑥A

𝑥−◦A
=

𝓁0𝜋𝜅
𝑟0(𝑇 −◦ )𝑘B𝑇

−◦ −
𝓁0𝜋𝜅

𝑟0(𝑇 )𝑘B𝑇
. (13)

We tested the derived expression against the experimentally deter-
mined outer radii as discussed above, where the melting temperature, 
the outermost radius value, and the sample concentration were con-
sidered the three main parameters necessary to access the energetics 
underlying tube formation. When plotting [𝑟0(𝑇 −◦ )𝑇 −◦ ]−1 − [𝑟0(𝑇 )𝑇 ]−1
as a function of log𝑥A∕𝑥−◦A, we obtain a straight line with slope 𝓁0𝜋𝜅, 
as can be seen in Fig. 5A for a chosen reference concentration of 7 wt%. 
The bending modulus can then be isolated directly from the proportion-
ality constant. We verified the assumption of constant 𝜅 by choosing 
different sample concentrations as the reference state and obtained the 
corresponding slope and concurrent bending modulus. In Fig. 5B we 
show the fitted bending modulus as a function of the melting tempera-
ture of the chosen reference state. Indeed, we see that 𝜅 is independent 
of the selected reference state, validating our a posteriori assumption 
of a constant bending modulus. The ability to get this physical quantity 
from the SAXS experiment is extremely valuable: usually, more sophis-
ticated methods are implemented [45].

Fig. 5C illustrates the line tension 𝜏 resulting from the fitting proce-
dure. The model assumes that the line tension is essentially the enthalpy 
contribution: its value should lie around ≈ 1𝑘B𝑇nm−1 [24], which is in 
line with current results. Moreover, we observe a decrease in 𝜏 with 
increasing temperature, consistent with earlier observations about the 
temperature dependence of hydrogen bonds which are the primary con-
tribution to the line tension in this system [46] – as temperature rises, 
787

intensifying thermal fluctuations ultimately cause hydrogen bonds be-
tween 𝛽-cyclodextrins to break, with concomitant reduction of the line 
tension 𝜏 , and the microtubes disassemble.

As has been already mentioned, the SDS@2𝛽-CD system shares some 
similarities with natural objects such as proteins and peptides [47–49]. 
The microtube membrane is rigid and crystalline, which is a significant 
difference from soft matter structures based on bilayers that are easily 
distorted and have a bending modulus that does not exceed tens of 𝑘B𝑇 . 
Therefore, while slight temperature deviations can substantially affect 
soft matter structures based on bilayers, this is not the case for SDS@2𝛽-
CD tubes, whose bending modulus value is much larger.

The microtube melting model presented above, despite its simplicity 
and underlying assumptions, provides valuable insights into the ener-
getic contributions crucial for microtube formation, directly derived 
from the SAXS experiment. The obtained micro- and macroscopic pa-
rameters enable us to manipulate the tube formation and vary the ener-
getic contributions of different nature, providing guidance for designing 
and optimizing tube formation processes. Importantly, the model can be 
extended to other systems that operate at different length scales, provid-
ing a powerful tool for studying the disassembly and related energetic 
processes of such systems. For instance, similar models can be applied to 
SAXS data on peptide nanotubes or other amphiphilic systems forming 
nanotubes to track the conditions and geometrical parameters of their 
disassembly and relate them to the energy governing this process.

4. Conclusions

In this study, we have investigated the structural response of multi-
walled tubular supramolecular aggregates formed in aqueous solutions 
of SDS and 𝛽-CD as a function of temperature and concentration by 
means of the SAXS technique. Furthermore, we propose a model, analo-
gous to the freezing point depression phenomenon, locking in the driv-
ing forces of microtube self-assembly. Consequently we are able to find 
bending modulus and line tension values, derived solely on the results 
of a single SAXS experiment. The traditional approaches to obtain these 

variables are more resource-consuming [50].
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Key parameters of tubular aggregates (e.g. outer radius, distance be-
tween shells) are of great potential to use these objects as microcarriers 
and artificial colloidal confinement. The use of SDS@𝛽-CD microtubes as 
1D confinement was previously demonstrated by studies [51,52]. Many 
ordered structures, such as linear chiral assemblies, zigzag, and zipper 
configurations of isotropic colloidal spheres, were synthesized with high 
yield employing their coassembly with microtubes [23,18]. We believe 
that the output of our study will significantly promote the coassembly 
of microtubes and colloidal particles to the next level and aid in the de-
sign of chiral materials, thanks to the demonstrated possibility to finely 
tune the size of the confinement depending on sample concentration or 
temperature.

While much has been known about the general morphology of mul-
tilamellar tubes in general (see e.g., [53–55]) and on this system in 
particular (see e.g., [13,14,23]), we go well beyond the morphological 
description alone. In a single experiment we are able to obtain experi-
mentally hard to access parameters such as the line tension and bending 
modulus of a crystalline membrane, and show that these two parame-
ters are key to the resulting superstructure. The slow assembly in a state 
of quasi-equilibrium essentially follows the same mechanism as for a 
rapid temperature quench [24] — that of inward growth by successive 
nucleation of new crystalline membranes constrained by existing outer 
cylinders. Similarly, when the temperature is slowly increased, the re-
verse process is observed: multilamellar microtubes melt from the inside 
out due to the fact that their tighter radius of curvature increases the 
chemical potential of the complexes.

Where the existing literature focuses on the appearance and mor-
phology of the outermost cylinder [56], our work provides a key insight 
into the further self-assembly process: the mechanism by which micro-
tubes self-assemble follows a growth process that is constrained by the 
morphology of an intermediate state. Indeed, based on the resulting 
line tension and bending moduli, the free energy per unit interface of 
a fully lamellar phase is lower than that of the microtubular phase, yet 
the microtubular phase is consistently found, regardless of whether the 
temperature is quenched quickly (see e.g., our previous work, [24] or 
slowly in quasi-equilibrium (as in this work). It is the strong stability of 
the single-walled microtubular state that essentially constrains the self-
assembly process towards its eventual conclusion. This insight is not 
limited to this particular system at all, but depends simply on the exis-
tence of a strong line tension and rather stiff bending modulus, a very 
common feature in assemblies of crystalline membranes [57,25].

We believe that the presented results are of importance to a much 
broader range of systems. Similar analysis could be performed in a 
fairly straightforward fashion on other self-assembling systems of multi-
lamellar microtubes, such as the 12-hydroxystearic acid / ethanolamine 
system (see e.g., [58]) or the self-assembly of bolaamphiphiles into 
single-walled nanotubes [59]. Indeed, in the latter work, the formation 
mechanism was demonstrated to follow the process of cylinder closure. 
Extending the analysis to more chemically distinct systems would re-
quire a different approach, but MD-simulations have already shown 
depressed freezing points for materials in strong confinement, such as 
in [60].
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