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Hierarchical Nanotube Self-Assembly of DNA
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Halide Triggering
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A systematic study into a novel self-assembling system is presented whereby
the small molecule DB921 forms nearly monodisperse nanotubes upon
addition of a suitable salt. Small-angle X-ray scattering and negative stain
transmission electron microscopy are employed as the principal characteriza-
tion methods to study both the fundamental assembly processes and
reaction kinetics. The assembly is found to be hierarchical, culminating with
helical winding of intermediate ribbon structures into nanotubes. The driving
force for this process is likely the electrostatic interaction between DB921
and salt anions; this aspect can be used to control nanotube assembly and
morphology.
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1. Introduction

Self-assembling systems consist of materi-
als that enable complex structures to form
from molecular building blocks without
external impetus. In particular, the chemi-
cal and physical properties of the self-
assembled structures are encoded in the
corresponding characteristics of the build-
ing blocks, thereby offering the potential to
rationally design materials with properties
that are tailored to specific applications.[1–3]

However, the assembly process is often
driven by a subtle interplay of multiple
intermolecular forces such as electrostat-
ics, hydrogen bonding, hydrophobic, and
solvent interactions. Control and rational design considerations
are thus based on a thorough understanding of these
fundamental driving interactions.
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Figure 1. a) The chemical structure of a DB921 molecule, b) Cryo-TEM images of fully assembled DB921 nanotubes in NaCl, with an enlarged image of
the nanotube cross section to indicate the estimated dimensions from TEM image analysis. c) SAXS data (ID02, ESRF) recorded from the fully
assembled DB921 nanotubes in 150mMNaCl, fitted with a hollow core-shell cylinder form factor. The cross-sectional dimensions obtained from the fit
are illustrated in the inset figure. d) SANS data (Instrument D11, ILL) recorded from fully assembled DB921 nanotubes in 150mMNaCl for H2O (black)
and D2O (blue), fit with a core-shell cylinder form factor. Reproduced with permission.[4]
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We have recently reported a novel supramolecular nanotube
system formed by a heterocyclic cationic molecule, DB921
(Figure 1(a)).[4] This structural characterization work exploited
small-angle X-ray and neutron scattering (SAXS and SANS),
along with cryo-transmission electron microscopy, and indicates
a hierarchical assembly mechanism via helical intermediates
that is triggered by the addition of specific alkali halide salts. It is
proposed that the primary driving interactions for the assembly
are ionic interactions and the formation of aromatic π-π stacking
interactions. Importantly, it is found that the alkali halide
provides a convenient handle for modulating key properties of
the system. The time-resolved SAXS studies highlight a critical
anion concentration above which the rate of self-assembly is
greatly enhanced. The alteration of the halide anion from
chloride to bromide results in a clear change in nanotube
diameter.
2. Experimental Results

2.1. Structural Characterization: DB921 Nanotubes in NaCl

DB921 nanotubes were assembled in the laboratories of ILL’s
Sciences Group.[5] They were formed by mixing a saturated
aqueous solution of approximately 12mMDB921 (including 8%
(v/v) of dimethyl sulphoxide (DMSO)) with an equal volume of
an aqueous solution of alkali halide at room temperature. Unless
stated otherwise, a 300mM alkali halide solution was employed,
such that the final solution in which the nanotubes were formed
contained 150mM salt, 4% DMSO (v/v), and aqueous DB921 of
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approximately 6mM concentration. It is noted that DB921 was
supplied in powder form with an acetate counterion, and
therefore all DB921 nanotube solutions of a given DB921
concentration will also contain an equivalent concentration of
the acetate counterion.

The morphology of assembled DB921 nanotubes in NaCl was
studied using solution-state small-angle X-ray scattering (SAXS)
and neutron scattering (SANS), performed on the BM29, ID02
beamlines at the ESRF, and instrument D11 at the ILL,
respectively.[6–9] Complementary cryo-transmission electron
microscopy (TEM) of the assembled nanotubes was also
performed to provide direct visualization of the nanotubes. As
shown in the TEM images in Figure 1(b), the nanotubes are
characterized by varying lengths that reach into the microns. In
contrast, their cross-sectional diameters appear nearly monodis-
perse, yielding approximate values for inner and outer diameters
of 20 and 26 nm respectively.

As shown in Figure 1(c), the 1-D high-resolution SAXS profile
(ID02, ESRF) from fully assembled nanotubes shows numerous
oscillations that can be modelled using a hollow core-shell
cylinder form factor of uniform scattering length density.[10]

Fitting the data using the software SASView yielded inner and
outer nanotube diameters of 22.4 and 26.1 nm respectively, in
close agreement with the values obtained from cryo-TEM.
Similar values were found according to SANS (D11, ILL),
yielding inner diameters (22.4 nm and 23.0 nm) and outer
diameters (26.2 nm and 26.8 nm) for nanotubes in H2O and
D2O solution, respectively, shown in Figure 1(d).

It is worth noting that the corresponding wall thickness of the
nanotube (1.85 nm) closely matches the calculated length of a
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 7)
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Figure 2. a) X-ray diffraction from fibres of partially aligned nanotubes (ID23-2 beamline, ESRF), where the nanotube long axis is aligned vertically along
the meridional (M) axis. The red box indicates reflections at 3.45 Å corresponding to π-stacking. Reproduced with permission.[4] (b) FTIR spectra from
unassembled DB921 (powder) and assembled nanotubes (dried), with N–H stretching (A), aromatic C–H stretching (B) and N–H bending (C) modes
indicated.
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single DB921 molecule along its long axis (1.92 nm), suggesting
that the wall consists of a single layer of DB921 molecules. It is
also noted that the sharp peak observed at approximately 7 nm�1

in Figure 1(c) is attributed to the periodicity of the DB921
molecules in the plane normal to the nanotube long axis,
according to the proposed molecular model illustrated in ref. [4].

Given that nanotube formation was not observed in the
absence of salt, the primary interaction that drives the self-
assembly process is understood to be electrostatic by nature.
However, it is believed that secondary non-bonding interactions
may also contribute to dictate the assembled morphology. X-ray
diffraction pattern from fibers of partially aligned nanotubes
(Figure 2(a), taken on the ID23-2 beamline, ESRF) also exhibit
prominent scattering peaks at 3.45 Å. This periodicity is
consistent with typical aromatic π–π stacking arrangements.[11]

Fiber samples of nanotubes were formed by suspending a
droplet of aqueous nanotube solution between two rods and
pulling the rods slowly apart as the droplet dried, allowing shear
forces to induce molecular alignment. The fact that the aromatic
stacking peak occurs on the meridian (the direction of the fiber
axis) of the fiber diffraction pattern suggests that the π-stacking
direction is parallel to the nanotube axis. Conversely, the
diffraction peaks that lie on the equator of the pattern reflect
features in the cross-sectional plane of the nanotube. In
particular, the peaks found near to the center of the pattern in
Figure 2(a) are equivalent to the peaks at approximately 7 nm�1

in Figure 1(c). In addition to π–π interactions, the Fourier
transform infrared (FTIR) spectra obtained from unassembled
DB921 powder and dried DB921 nanotubes exhibit small but
noticeable differences. As shown in Figure 2(b), peaks found in
the regions indicated by A and C are identified as N–H stretching
and bending modes respectively, and are attributed to N–H
bonds of the terminal amidinium groups and central benzimid-
azole group. These modes are both found shifted to lower
wavenumbers upon formation of the nanotubes; it is assumed
that this arises from a slight weakening of the N–H bonds that
are associated with weak inter-DB921 hydrogen bonding
interactions. For reference, it is noted that the aromatic
stretching C–Hmodes identified as region B remain unchanged,
Macromol. Symp. 2019, 386, 1800243 1800243 (
reflecting the absence of hydrogen bonding associated with these
groups.
2.2. Assembly Mechanism: DB921 Nanotubes in NaCl

In order to understand the self-assembly mechanism and
kinetics of DB921, time-resolved (TR) studies were performed
using joint SAXS and negative stain TEM imaging. In the case of
TR-SAXS (BM29, ESRF), nanotubes were assembled with NaCl
concentrations ranging from 30mM to 150mM to study the
kinetic effect of increasing salt concentration on the assembly.
For nanotubes assembling at a given NaCl concentration,
multiple SAXS measurements were obtained over time to yield
the time-evolution of the SAXS curves. From these studies, it was
firstly found that a threshold NaCl concentration of �60mM
exists, below which the characteristic SAXS oscillations of the
nanotubes do not appear over the experimental timescale of
several hours (Figure 3(a)). It is important to note that such low
NaCl concentrations may not necessarily preclude self-assembly
altogether, but rather induce the process over significantly longer
timescales (e.g. days). Above �60mM, nanotube assembly may
be confirmed by the emergence of characteristic SAXS
oscillations over time, as illustrated in Figure 3(b) for 70mM
NaCl. In particular, two time regimes are noted: an initial
induction period τi, that characterises a delay time before SAXS
oscillations may be observed, followed by a growth period τg ,
during which the SAXS oscillations appear and evolve.

By taking the integral of SAXS intensity with scattering vector
as a function of time, the induction time may be obtained
according to the Avrami equation for growth kinetics.[4,12]

Figure 3(d) illustrates how the induction time varies with
NaCl concentration; importantly, this shows that increasing salt
concentration 60mM and up to 100mM dramatically shortens
this induction period, and results in more rapid assembly. This
may be rationalized in terms of the dicationic nature of the
DB921 molecule in which the anions of the prevailing salt
solution neutralize the positive charges on the terminal
amidinium groups. Thus higher salt concentrations reduce
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 7)
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Figure 3. Time-resolved SAXS spectra (BM29, ESRF) at (a) 60mM NaCl, exhibiting no nanotubes after �4 h, (b) 70mM NaCl, illustrating nanotube
formation in under 30min. τi and τg indicate the induction and growth time respectively. (c) SAXS curves on a log-log plot for 70mM NaCl after 5min
(black) and 10min (blue) of assembly time. The curves are both fitted with a power-law fit shown by the solid lines, with the corresponding power-law
relation shown. Note: the curves have been vertically displaced for visual clarity. (d) The variation of induction time with NaCl concentration, as
calculated using the Avrami equation for growth kinetics, and (e) the shifting of nanotube SAXS curves to higher Q with increasing growth time at 70mM
NaCl. The inset shows the shift of the maximum of the first oscillation to higher Q with time. Reproduced with permission.[4]
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the electrostatic repulsion between a larger number of DB921
molecules, facilitating more rapid self-assembly. The signifi-
cance of the anion (and not the cation) of the salt is further
corroborated by our systematic study of alternative salts, as
explained in section 2.3. In contrast, Figure 3(e) shows that
during the growth period, here illustrated for 70mM NaCl, the
maxima and minima of the SAXS curves are found to shift to
higher scattering vectors. This is shown in detail in the inset of
Figure 3(e), in which the position of the first oscillation
maximum (shown by the red arrow in Figure 3(e)) is plotted over
time in order to illustrate a shift from approximately 0.24 nm�1

to 0.29 nm�1. With reference to the hollow core-shell cylinder
form factor, such a shift suggests a decrease in cross-sectional
diameter of the nanotubes.

The origin of the two time regimes may be understood from
the TR-TEM shown in Figure 4, which illustrates that the
nanotube assembly proceeds hierarchically via multiple inter-
mediate structures. The assembly was followed for nanotube
assembly in 4.5mM DB921 and 60mM NaCl to achieve slow
assembly over 48 h and therefore improved ease of imaging.
Within less than 1 h, short filaments with lengths of 2–5 nm
Macromol. Symp. 2019, 386, 1800243 1800243 (
emerge (Figure 4(a)). These subsequently evolve to longer fibrils
(Figure 4(b)). Following 24 h of incubation, such ribbons appear
to pack laterally into ribbons as shown in Figure 4(c), with the
inset illustrating the splitting of the ends of the ribbons into
individual fibrils. Finally, after 48 h, the ribbons proceed to form
nanotubes via a helical winding process, illustrated for two
different nanotubes in Figure 4(d). Importantly, it is assumed
here that the assembly process and the observed intermediates
remain unchanged at this lower DB921 concentration as
compared with the �6mM DB921 concentration employed in
the TR-SAXS. Furthermore, TR-TEM was only performed for
one NaCl concentration, and thus a similar assumption is made
concerning the validity of the hierarchical assembly of
intermediates across all tested NaCl concentrations during
TR-SAXS.

With regards to the TR-SAXS, the characteristic SAXS
oscillations of these nanotubes only emerge upon formation
of hollow core-shell cylindrical structures. Therefore, the initial
induction period is attributed to the time taken for the assembly
to proceed up to the formation of ribbons, prior to their helical
winding into nanotubes. During this induction period, the
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 7)
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Figure 4. Time-resolved negative stain EM images taken during nanotube assembly with 4.5mM DB921 in 60mM NaCl, illustrating the hierarchical
intermediates starting with (a) short fibrils, (b) long fibrils, (c) ribbons, and finally (d) ribbons helically winding into nanotubes. Reproduced with
permission.[4]
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scattering intensity I Qð Þ follows an approximate power-law with
scattering vector Q according to I / Q�n for low scattering
vectors. This is illustrated in Figure 3(c), where the SAXS curves
recorded from DB921 nanotubes in 70mM NaCl after 5 and
10min have been fitted using power-law relationships of Q�2:5

andQ�2:9, respectively. Deviations from this power law at higher
scattering vectors are likely to arise from deficiencies in
background subtraction (remaining DB921 molecules and salt
in the solution). For an ideal system of dilute ribbons, the
corresponding scattering is expected to follow a power law with
n¼ 2.[13] The larger exponents found for the present system,
along with their different values at these two times, are perhaps
indicative of the multiple structural moieties (incomplete
ribbons, curled ribbons, partially formed nanotubes) that are
simultaneously present and evolving in solution.

In contrast, the growth period reflects the final helical
winding step to complete nanotubes. With reference to the
shifting of SAXS curves as described in Figure 3(e), it is
important to note that the total scattering arises from a
population of ribbons in which there is a distribution of ribbons
at different stages of this helical winding process. Therefore,
the peak shift to higher scattering vector reflects an increasing
population of nanotubes that have formed from loosely wound
helices to more tightly coiled nanotubes, leading to an apparent
Figure 5. SAXS spectra (BM29, ESRF) of DB921 assembly in 150mM salt
alternative inorganic anions, namely SO4

2� (black), C2H3O2
� (blue) and H

(green). In all cases, a Naþ counterion was used. In (a), SAXS curves are vert
measured after one day of assembly, but characteristic oscillations were no
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decrease in the cross-section. With reference to previous
literature, such a hierarchical self-assembly via the helical
winding of ribbon intermediates has also been observed in
many systems, in particular the highly monodisperse nano-
tubes formed by lithocholic bile acid (LCA) studied by Terech
et al.[14–16] Notably, the LCA nanotube system exhibits
remarkably similar time-dependence of SAXS during nanotube
formation, including the shifting of oscillations to higher
scattering vector over time. This effect which is similarly
attributed to the tightening of loose cylindrical structures into
nanotubes of smaller diameter.[15]
2.3. Nanotube Assembly in Different Salts

In our previous report, the assembly of DB921 in different alkali
halide (AX) salts was tested, whereby both the alkali metal cation
(A) and halide anion (X) were systematically varied.[4] While
varying the metal cation yielded no change in the assembly
behavior (for A¼ Li, Na, K and X¼Cl), Figure 5(a) illustrates that
varying the halide anion significantly affects the assembly (X¼F,
Cl, Br, I). Notably, nanotube assembly occurred for chloride and
bromide ions while no assembly was observed for fluoride and
iodide anions. In addition, the nanotubes formed in chloride or
for (a) different alkali halides, with the halide anion varied, and (b) for

2PO4
�/HPO4

2� (red), compared to the fully formed nanotubes in NaCl
ically translated in intensity for visual clarity. In (b), SAXS intensities were
t observed for the new anions tested.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 7)
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bromide ions exhibited different cross-sectional diameter as
shown by the different maxima and minima positions in SAXS
profile and TEM imaging. Indeed, fitting of the SAXS data
recorded from bromide nanotubes with the same core-shell
cylinder form factor (as described in ref. [4]), yields inner and outer
diametersof27.8and32.0 nm, respectively, thatdiffer significantly
from the chloride nanotubes. In contrast it is noted that the wall
thickness in thebromidenanotubes (2.1 nm)doesnotsignificantly
increase from that observed for the case of chloride nanotubes
(1.9 nm), further supporting the proposal that thewall thickness is
determined by the DB921 molecular length.

These results indicate that the choice of anion is critical in
determining whether or not the assembly proceeds and also the
final nanotube morphology. This opens up the possibility of
tuning the physical properties of the nanotubes. In order to
investigate this further, preliminary experiments using alterna-
tive anions have been conducted recently using SAXS. The salts
tested were Na2SO4, NaC2H3O2, and a solution of NaH2PO4/
Na2HPO4 at pH 7. The DB921 nanotube samples were prepared
as previously described via a two-fold dilution, adding a saturated
DB921 solution (at a concentration close to 12mM) to 300mM of
the salt and the solution was kept in the dark at 4 �C. The SAXS
measurements were carried out one day after the samples were
prepared on the BM29 beamline at ESRF, with each sample held
at 20 �C. Figure 5(b) shows the SAXS curves from DB921 in
Na2SO4 (black), NaC2H3O2 (blue), and NaH2PO4/Na2HPO4

(red) after buffer subtraction. As can be seen, none of these
newly investigated salts formed any regular nanotubes such as
the ones we have seen for NaBr or NaCl (green, Figure 5(a))
under the conditions tested, further highlighting the elegant
selectivity of the nanotube assembly for the nature of the anion.
In particular, it is noted that in contrast to the solely monovalent
halide anions that were previously studied, the anions of such
salts include both monovalent anions (C2H3O2�, H2PO4�) and
divalent anions (SO4

2�, HPO4
2�).
3. Conclusion

In conclusion, a novel self-assembling nanotube system is
presented, whereby DB921 molecules are found to self-assemble
in salt solution. The study has investigated both the fundamental
assembly process and the experimental parameters that
influence it. The system is of fundamental value since it offers
a platform for understanding self-assembling systems in the
context of the various non-bonding interactions that dictate the
assembly. The DB921 nanotube system is found to be governed
by a complex interaction between salt anion and DB921. While
electrostatic effects are likely to be an important contributor, the
absence of self-assembly for anions other than Cl� and Br�

suggests other competing effects that are not fully understood at
this stage. Additional interactions between DB921 molecules
themselves including aromatic π-stacking may also contribute.

The system is also extremely promising for potential
applications, given the opportunities for rational control of
the assembly. The time-resolved SAXS studies indicate that by
simply varying the salt concentration, it is possible to alter the
speed of assembly. In addition, our preliminary studies of
different anions have indicated that the nanotube morphology
Macromol. Symp. 2019, 386, 1800243 1800243 (
may also be tuned by suitable selection of the salt. Combined
with the fact that assembly proceeds in a hierarchical manner
that culminates with the helical winding of ribbons into
nanotubes, the system may be very promising as an encapsulat-
ing vessel for applications such as drug delivery.
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