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ral and environmental factors for
stability of rosette nanotubes

Usha D. Hemraz, *abc Takeshi Yamazaki,ab Rachel L. Beingessner,b Jae-Young Chob

and Hicham Fenniri*abd

Rosette nanotubes (RNTs) are biocompatible tubular architectures self-assembled under physiological

conditions from a self-complementary DNA base hybrid molecule which features the hydrogen-bonding

arrays of both guanine and cytosine (G^C motif). The formation of these architectures is a hierarchical

process involving H-bonding and p–p stacking interactions. While motifs possessing either a single, twin

or tetra G^C bases form RNTs, twin RNTs are more versatile due to high stability stemming from

intermolecular H bonding interactions, greater preorganization and amphiphilic character and ease of

chemical modification. These twin RNTs experience a lower charge density and steric repulsion when

functionalized on their outer surface. In order to fully exploit these organic materials which have an

intrinsic stability suitable for biomedical and other materials applications, it was necessary to explore the

factors that can optimize the self-assembly process and resulting RNT stability. Here we describe the

synthesis and characterization of several single and twin G^C modules that were used to produce self-

assembled nanotubes and investigated key environmental and structural factors including solvent,

counterions, outer RNT functionalization, G^C core structure and charge on the self-assembly process.
Introduction

The self-assembly of simple monomeric building blocks into
complex structures requires the coordination of both non-
directional and directional non-covalent interactions.1–7 Notable
examples of natural self-assembled systems include the DNA
double helix2 and the coat protein of the tobacco mosaic virus.8

These systems are remarkable due to their complexity and ability
to form in physiological and aqueous environments, where
competitive solvation of hydrogen donor and acceptor sites can
inuence intermolecular interactions. Less directional forces like
hydrophobic contacts9–11 and aromatic stacking interactions,12

which are particularly strong in aqueous solutions, assist in
achieving strong complexation. Using nature as inspiration,
a myriad of articial nanostructures self-assembled in water and
protic solvents have emerged; some of which include
capsules,13–16 vesicles,17–19 and wires.20–23 While the properties and
stability of these and other supramolecular architectures largely
depend on the structure of the monomers themselves, the
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formation and strength of the non-covalent bonds can be medi-
ated by their surrounding environment. This allows for both
internal control (e.g. monomer structure) and external control
(e.g., pH, solvent, temperature) over the self-assembly process.

Rosette Nanotubes (RNTs) are formed through the self-
assembly of a self-complementary heterobicyclic DNA base
hybrid molecule that integrates the hydrogen-bonding patterns
of both guanine and cytosine (G^C motif).24–27 The self-assembly
process is hierarchical, beginning with the formation of hexa-
meric rosettes stabilized by hydrogen bonding interactions, fol-
lowed by p–p stacking of these supermacrocycles to form the
RNTs. The versatility of these organic nanotubes, due to their
ease of chemical modication and biocompatibility, have made
them suitable candidates for various biomedical applications
including tissue engineering materials and delivery
applications.28–37 We have developed the single,24,25 twin26,27 and
quad38 G^C systems, all of which self-assemble by an initial
rosette formation through 18, 36 and 72 intermolecular hydrogen
bonding interactions per rosette, respectively. While the quad
rosette system does offer enhanced stability due to the higher
number of intermolecular hydrogen bonding interactions (72 vs.
36), the twin rosette system provides a wider scope for functional
group diversication. We have designed twin RNTs with a wide
range of attachments, including amino acids,26,27 peptides,30,33

a uorescent group34 and chiral groups.27 We have also shown
that the twin G^C system can be functionalized with up to 15
lysine residues and the resulting modules formed nanotubes
under aqueous conditions.27
Nanoscale Adv.
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Fig. 1 Twin G^C motif functionalized with L-lysine 1T (A), single G^C
motif functionalized L-lysine 1S (B), double stacked hexameric rosette
formed from the association of 6 twin G^C motifs 1T (C) and rosette
nanotube (RNT) (D).
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Compared to the single G^C system (B), the twin (A) G^C
system shown in Fig. 1 has enhanced stability due to greater
preorganization and amphiphilic character, increased number
of intermolecular hydrogen bonding interactions, lower charge
density and steric repulsion on their outer surface.26 These
attributes are reected in the association free energy, which is
approximately twice that of the single G^C analogue at any
given length. The twin-G^C system self-organizes into the lower
energy syn conformer to produce RNTs, as shown in Fig. 1.
Given the inherent advantages of having a robust twin-RNT
system for several applications, we wanted to explore the vari-
ables that could optimize the self-assembly process of the twin-
G^C motif. In this report, we looked at how the twin RNT
stability could be tuned with the (1) solvent system and (2)
counterions as well as by the structural aspects of the motif
itself including the (3) attached functional groups and (4) core
structure, to bring about subtle changes in self-assembly. We
also designed some single G^C analogues and investigated how
the net charge and the functional group density can inhibit self-
assembly, and used hydrogen bond donor/acceptor properties
of the solvents to trigger the formation of RNTs.

Results and discussion

Thirteen twin-G^C motifs were synthesized as presented in
Table 1 that were both unfunctionalized (2T) and functionalized
with primary amines (3T–5T), alcohols (6T) aliphatic (7T–10T,
12T), L-lysine (1T, 11T) and aromatic groups (13T). A selected
number of single G^C building blocks (1S, 4S, 6S, 8S, 11S) were
also synthesized. The general synthetic strategy involved
a reductive amination reaction of an aldehyde precursor with
the R1 functional group (Scheme S1). The protected single G^C
modules were subjected to a second round of reductive ami-
nation to produce the protected twin-G^C compounds. The
Nanoscale Adv.
resulting molecules were deprotected under acidic conditions
using triuoroacetic acid (TFA) in thioanisole to produce the
single and twin-G^C building blocks as TFA salts or HCl salts,
aer treatment with hydrochloric acid. The structure and purity
of all new molecules were established using 1H and 13C NMR,
HR-MS and elemental analysis (see SI). The synthesis of motifs
1S,26 1T,26 4T,30 9T,27 10T (ref. 27) and 11T (ref. 27) have previ-
ously been reported.
Solvent and counterions

As with all self-assembled systems, the surrounding environ-
ment is crucial for the formation and stability of RNTs and
appropriate adjustments can be used to ne-tune the properties
of these materials. In previously reported studies of 1T, the self-
assembly was performed under pH conditions which correlated
to the protonation sites of the L-lysine side chain.26 Three
different aggregation states corresponding to short well-
dispersed RNTs, ribbons and superhelicies were observed
under acidic (pH 4), neutral (pH 7) and basic (pH 11) condi-
tions, respectively. Temperature dependent circular dichroism
(CD) studies of 1T also showed that the RNTs are very stable and
can persist at 95 °C.26 At higher temperatures, the RNT aggre-
gates dissociate back to their monomers and upon cooling,
reassociate into RNTs once again.26 Along with the pH and
temperature, the surrounding media is equally important to the
self-assembly and stability of the RNTs. While these supramo-
lecular structures can be formed in both polar and non-polar
solvents, for biomaterials applications, we have focused on
their assembly under aqueous conditions. In this solvent envi-
ronment, the aggregation is an entropically driven process,39,40

whereby water molecules are released into the bulk solvent as
rosettes are sequestered onto the growing RNTs.

As a means of optimizing the twin-RNT formation in this
polar media, the self-assembly of the model compound 4T with
a butyl ammonium pendant and isolated as the TFA salt, was
studied in neat and binary mixtures of MeOH (0%, 25%, 50%,
75%, 95% 99%) (Fig. 2A–F) in water. The graph in Fig. 2G
depicts the percentage growth in total RNT length (with respect
to the 99% MeOH solution F) that is measured in each of the
scanning electron microscopy (SEM) images (Fig. 2A–F) aer 1
day of aging in the respective solvent mixtures. Although rosette
formation is a spontaneous and quantitative process, the RNTs
that are quantied in each image and by dynamic light scat-
tering (DLS) (Fig. 2H), are only those which have p–p stacked
into RNTs of detectable length. In this approach, it was
assumed that the RNT distributions on the grid were random-
ized and that aer the self-assembly process was complete, all
solutions would have the same net assembly irrespective of the
solvent ratio. A nearly linear increase in percent growth in RNT
length with higher concentrations of MeOH was observed
(Fig. 2G). Clearly, MeOH is more favourable for RNT stability
because of the decreased solvation of the donor and acceptor
sites on the G^C monomers. The integrity of the hexameric
rosettes within the RNTs are better maintained by the stronger
H-bonding interactions. In addition to more abundant RNT
density, the solvent system also affects the length distribution of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Functionalized twin-G^C motifs 1T–13T and single G^C modules (1S, 4S, 6S, 8S, 11S). With the exception of 12T where R2 is a methyl
group (Me), all other building blocks have R2 as a hydrogen atom

N Single G^C motif (S) Twin G^C motif (T)

1 H 1S 1T

2 H — 2T

3 H — 3T

4 H 4S 4T

5 H — 5T

6 H 6S 6T

7 H — 7T

8 H 8S 8T

9 H — 9T

10 H — 10T

11 H 11S 11T

12 Me — 12T

13 H — 13T
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the RNTs. The RNT's length was categorized into three groups:
10–100 nm (short tubes), 101–300 nm (medium sized tubes) and
301–2000 nm (long tubes) (Fig. S1), where the RNT length
distribution is shown in the histograms for model compound 4T.
About 90% of RNTs consist of short to medium-sized nanotubes
that are less than 300 nm for the 0–75%MeOH solution samples
(A–D). In contrast, about 40% and 80% of the total visible RNTs
range between 300-2000 nm for E and F, which have a 95% and
99%MeOH ratio, respectively. UV-vis spectroscopy was also used
tomonitor self-assembly of 4T over time (Fig. 2K). Further insight
into the growth of RNTs 4T in neat MeOH was obtained using
DLS. As shown in Fig. 2H, there was an increase in the apparent
hydrodynamic diameter over time, which was expected as the
RNTs grow in length. Upon closer inspection, a sigmoidal curve
(from the inset, I) within the rst few hours, identied the
autocatalytic nature of the RNTs, in which a larger number of
seed aggregates shown in Fig. 2J template longer RNTs and
© 2026 The Author(s). Published by the Royal Society of Chemistry
bundles in the solution as the sample ages. UV-vis spectroscopy
has been used extensively for investigating nucleic acid structure
and stability. It is oen predicted that a hyperchromic effect is
equivalent to the melting of DNA, however Williams and
coworkers41 reported that in some cases UV-vis spectroscopy fails
to be an adequate technique in correlating the hyperchromic
effect to disassembly. In our case, the 4T RNTs absorb UV light
between 220-320 nm due to chromophores present in the G^C
base. A signicant hyperchromic effect (0.5 h / 10 d) and
a small hypsochromic effect (lmax = 234 nm, 0.5 h / lmax =

229 nm, 10 d) were observed. We believe that RNTs formation in
methanol starts immediately aer dissolution (as observed by
SEM), so the UV absorbance might just be associated with the
formation of RNTs. Over time, RNTs concentration and length
increased, and this may be correlated to the hyperchromic effect
observed. This is also consistent with increased scattering
Nanoscale Adv.
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Fig. 2 SEM images of 4T in MeOH–watermixtures: 100%water (A), 25%MeOH (B), 50%MeOH (C), 75%MeOH (D), 95%MeOH (E), 99%MeOH (F).
Scale bar = 200 nm. Graph of percentage growth of RNTs with respect to 99% MeOH solution as a function of solvent mixture shown in (A)–(F)
and (G). DLS spectrum of 4T in neat MeOH (H), showing autocatalytic nature of RNT synthesis (I). SEM image of RNTs 3 in neat MeOH after 30min
of aging, highlighting the seed aggregate (J). UV-vis spectroscopy of 4T in neat MeOH, monitored over time (K).
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observed as the particles grow from shorter to longer tubes, as
observed by DLS and SEM.

Solvent properties can modulate the RNT stability, size
distribution and supramolecular chirality of RNTs. We have
previously shown that a motif bearing a single G^C base func-
tionalized with L-lysine, self-assembled in water and MeOH to
give RNTs with opposite chiralities, and computation revealed
that the solvent molecules located in the pockets of the RNT
surface act as a molecular switch in determining the RNT
chirality.42 To establish whether a similar effect would be
observed with the chiral twin-G^Cmotifs 1T, 9T, 10T and 11T as
the TFA salts, their self-assembly was performed MeOH and
water and monitored by CD spectroscopy. The nature of the
solvent only affected the twin G^C RNTs 11T and a supramo-
lecular switch, triggered by an achiral solvent, was observed.27

In this study, we aimed to explore the inuence of residual
water, constituting less than 1%, on the self-assembly behavior
of RNTs in a methanolic solution. Four twin monomers (3T, 4T,
10T, and 11T as HCl salts) were prepared in 99.8% HPLC-grade
methanol and allowed them to age for one day, followed by the
Nanoscale Adv.
addition of dried molecular sieves to eliminate residual water.
The SEM images revealed that initially long and well-dispersed
RNTs transformed into thick bundles (Fig. S2). These observa-
tions led us to conclude that trace amounts of water are vital for
the self-assembly and dispersibility of RNTs, as their removal
resulted in aggregation and precipitation. We propose that trace
water molecules in the methanol solution provide the initial
solvation layer in pockets and around the RNT surface. The
nanotubes are preferentially solvated by water because it is
a superior solvent for ions compared to methanol. Removing
this hydrophilic solvation shell results in less charged RNTs due
to the formation of tighter ion pairs in methanol. Consequently,
dispersion decreases as water content diminishes, leading to
thicker bundles. As water molecules are absorbed by the drying
agent, larger aggregates form, eventually precipitating out of
solution. In addition to solvent selection, further enhancement
of the stability of twin-motif RNTs can be achieved by choosing
appropriate G^C base counterions. As illustrated in Fig. 3, RNTs
from building blocks 1T, 9T, 10T and 11T with TFA counterions
in methanol (A–D), are notably shorter compared to those with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of twin G^C building blocks 1T, 9T, 10T and 11T as the TFA salts (A–D) and HCl salts (E–H) respectively, in MeOH after 1 day of
aging. Scale bar = 300 nm.
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Cl− counterions (E–H). For self-assembled systems, the associ-
ation free energy, an indicator of RNT stability, depends on both
the association internal energy and association solvation free
energy. Assuming that the molecular geometry of an RNT
remains consistent regardless of solvent, the variation in asso-
ciation free energies between different counterions should
solely reect differences in association solvation free energy.
The association solvation free energies, dened as the sum of
solvation entropy and solvation energy (excluding enthalpy due
to isochoric conditions), are nearly identical for both Cl− and
TFA ions. Modeling calculations have revealed that in meth-
anolic solutions, the strongly solvated Cl− ions enhance the
association solvation free energy more effectively than the less
solvated TFA ions.43 This could be applicable to the twin RNT
system as well, with a higher overall association free energy for
the RNT-Cl− system, leading to more stable RNTs of a given
length in methanol, as observed in the SEM images (Fig. 3).
Conversely, in water, the counterions had no effects and the
effect on self-assembly was indistinguishable by SEM imaging
on RNTs 9T and 10T (Fig. S3). It is speculated that in water any
increase in solvation energy (which opposes RNT formation)
gained with Cl− ions was counterbalanced by a decrease in
solvation entropy (favoring RNT formation).
Functional groups

In addition to the environmental factors, the properties of the
functional groups covalently attached to the hydrophobic G^C
core are perhaps most crucial to the self-assembly and stability
of the RNTs. Since these groups are expressed on the periphery
of the nanotubes, their hydrophobicity and charge density
strongly inuence the self-assembly process, particularly in
highly polar solvents such as water and MeOH. This was
demonstrated by comparing the self-assembly through SEM
© 2026 The Author(s). Published by the Royal Society of Chemistry
imaging of twin-RNTs having functional groups with the same
alkyl chain length of 4 atoms, but have either charged (4T,
NH3

+), polar (6T, OH) or neutral (8T, Me) at the terminal ends.
The more hydrophobic building block 8T have more than 53%
of the RNTs were greater than 300 nm in length, whereas for 3
and 5 this corresponded to only 37% and 16% of the RNT
population (Fig. S4). We believe that the hydrophobic effect of
the non-polar alkyl chain on 8T contributes to the enhanced
association and growth of the longer RNTs in the aqueous
solvent, while the charged and polar side-chains of 4T and 6T
stabilize the rosettes, thereby inhibiting the growth of longer
tubes. A further example demonstrating the importance of the
hydrophobic effect are RNTs 7T and 8T (Fig. 4 and S4), where
both display non-polar R1 alkyl groups (Me and pentyl respec-
tively) but the presence of a longer alkyl chains has more
abundant and longer nanotubes. Subtle changes in the charge
density of the functional groups such as the sequential addition
of a methylene group also have signicant effect on the self-
assembly process, as illustrated with 2T–5T (Fig. 4A–D and
S5). While the population of RNTs below 200 nm increased
dramatically in MeOH from 22% to 93% from 2T–5T, RNTs
greater than 300 nm in length decreased substantially. This
could presumably be due to the increased steric stability from
a longer side chain and as the charge separation between the
protonated amine at the branch point between the two G^C
bases and the terminal ammonium ion. While studies up to this
point focused on twin-motifs that featured one functional
group, bis-alkylated adducts such as 12T which is dimethylated
is an interesting candidate since the charge density (+1) on the
alkylated nitrogen atom is independent of pH. With a theoret-
ical interplanar separation between the rosettes of around 4.0
Å,26,44 this pocket should be able to accommodate functional
groups with a diameter less than 4.0 Å if the p–p stacking
interactions are to be maintained. Keeping in mind that the
Nanoscale Adv.
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Fig. 4 SEM images of 1T–7T (A–G), 12T (H) in water, aged for 1 day. Scale bar 200 nm.
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charge of the functional group will also impact the distance,
angle and arrangement (syn vs. anti) of the two G^C bases
within a twin-motif, which in turn will alter the stability of the
RNTs. The SEM images of RNTs 12T (Fig. 4H) were very similar
in length compared to 7T (Fig. 4F) which has only one methyl
group but has the same charge density in the protonated state.
Similar RNT stability was expected since the diameter of this
neutral methyl group is within the 4.0 Å limit.45

To further the scope of the twin-motif functional group
studies, the twin-G^C motif coupled to acridine was synthesized.
Several aromatic molecules such as acridines are signicant for
their antimicrobial and anticancer properties.46–50 More pertinent
to these studies however, is their known ability to intercalate
nucleic acids51–54 and exhibit several polymorphic structures in the
solid state due to strong electrostatic and p–p interactions.55–57

The self-assembly of 13T into RNTs would demonstrate the
selectivity and stability of these architectures in the presence of
molecules which could alter the self-assembly pathway and
supramolecular structure formed. Long and well-dispersed RNTs
were observed in both MeOH and water, thereby conrming the
robust nature of the twin-RNTs (Fig. S6). As the stock solutions
were aged over longer time periods, thicker bundles emerged
(Fig. 5). Transmission electron microscopy (TEM) images (Fig. S7)
of 13 established that the outer diameter of the RNTs was 5.2 nm
which is in agreement with the theoretical value of 5.1 nm,
whereby the acridine units are extended out from the periphery of
the RNT (Fig. S8 and S9). Although thismeasurement suggests the
acridine molecules were not intercalating the G^C motifs within
its own RNT, their intercalation with neighbouring RNTs as the
bundles form over time could not be ruled out. Thus, the self-
assembly was monitored by UV-vis spectroscopy. As shown in
Fig. 5, there were some spectral differences of 13T when self-
assembled in water or MeOH due to solvent polarity.58–60 Both
acridine and the nucleobase residues exhibit intense absorption
bands in the UV region between 200 and 300 nm, making this
Nanoscale Adv.
range unsuitable for monitoring acridine–base interactions.61,62

The acridine fragment also shows weaker absorption bands
between 325 and 400 nanometres – a region free from G^C
residue absorptions—so this range was selected to track potential
spectral changes associated with the acridine moiety. It was
hypothesized that if the acridine unit were intercalated between
two twin rosettes, a signicant hypochromic effect would occur
due to p–p stacking interactions. However, the absence of hypo-
chromism in this region for both water and methanol samples
ruled out the possibility of intercalation. This suggests that p–p
stacking interactions between G^C rosettes and acridine units of
neighbouring RNTs, or between acridine units within the same
RNT, did not occur during RNT growth. This interpretation is
consistent with molecular modelling calculations, which indicate
that the distance between acridine groups within an RNT exceeds
10 Å – a separation too large to permit effective p–p stacking
interactions. The absorption bands around 250 nm are attributed
to the p / p* transitions of the acridine fragment, while the
bands near 240 nm originate from the G^Cmoieties. A signicant
hypochromic effect at lmax = 250 nm was observed, consistent
with p–p stacking interactions among double-stacked hexameric
rosettes, reecting increased self-assembly over time. At the early
stage of self-assembly (1 hour), a red shi was observed between
280 and 300 nmwhen comparing samples inwater andmethanol.
This was attributed to methanol's lower polarity and weaker
hydrogen bonding, which reduces the ground-state stabilization
and shi the p / p* transition to longer wavelengths.
Modications to the core structure

The twin G^C motif self-organizes into a lower energy syn
conformer shown in Fig. 1A, whereby the CH3NH groups are
positioned on the same side. This preorganization is essential
in forming the initial hexameric rosettes that are then further
organized into the RNTs. While the relatively small methyl
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-vis spectra of 13T in MeOH and water (A). Inset after 1 hour of self-assembly highlighting the blue shift and red-shift in going from
water to MeOH (B). SEM image of 13T showing helical RNTs in water after 14 days of aging (C), in MeOH after 3 days of aging (D). Scale bar
200 nm.
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group on this exocyclic nitrogen does not sterically inhibit the
stacking of these rosettes, bulkier substituents could impart
destabilization on the RNT. To test this theory, analogues of 4T
with hydrogen, ethyl and methyl as R1 and R2 group were
synthesized and self-assembled in MeOH (Fig. 6 and S10).
Although TEM measurements revealed that the diameters of 4T
(with a methyl group on the exocyclic nitrogen of each G^C (A),
4T-H (with a hydrogen atom on the exocyclic nitrogen on each
G^C) (B) 4T-E (with an ethyl group on the exocyclic nitrogen on
each G^C) (C) and 4T-M (with a hydrogen atom on the exocyclic
nitrogen of one G^C and a methyl group on the exocyclic
nitrogen of the second G^C) were of negligible difference, the
lengths of RNTs 4T-E were shorter (234 ± 92 nm) than the other
three, which spanned in the micrometre range (Table S1). This
demonstrates that functional groups on the exocyclic nitrogen
larger thanmethyl do in fact destabilize the RNTs as the rosettes
p–p stack and thereby provides yet another alternative means of
tailoring the stability of the RNTs. Given that the self-assembly
of RNTs is a dynamic and reversible process, a large standard
deviation in the length of the RNTs was expected and observed.
The values obtained from AFM (2.9 ± 0.2, 3.0 ± 0.1, 3.0 ± 0.2
and 3.0± 0.1 nm for 4T, 4T-H, 4T-E and 4T-M, respectively) were
lower than those obtained by TEM (3.5 ± 0.2, 3.5 ± 0.2, 3.6 ±

0.2, 3.6 ± 0.2 for 4T, 4T-H, 4T-E and 4T-M, respectively) due to
compression arising from the interaction with the tip (Table
S1). RNTs are so materials and when AFM measurements are
carried out, sample deformation from substrate compression
and interactions with the AFM tip can lead to attening of the
tubes, resulting in an inferior value.63
Self-assembly for single G^C systems

The existence of built-in features in the chemical structure of
a building block does not always guarantee the formation of
© 2026 The Author(s). Published by the Royal Society of Chemistry
RNTs. While the twin RNTs has enhanced stability due to pre-
organization, increased amphiphilic character, greater number
of hydrogen bonds per module, less steric congestion and lower
electrostatic repulsion, some single G^C motifs have been
shown to self-assemble.24–26 The creation of supramolecular
structures from the interaction of two or more neutral or
charged species has been primarily observed in aqueous
medium, however other solvents are also known to have a great
impact on the stability of such superstructures.64–68 The func-
tion of such solvent systems is not just limited to the dissolu-
tion of the solute in the medium, but also contribute immensely
to the existence and stability of such architectures by favourable
solute–solvent interactions. A head-to-head comparison
between modules 1S and 1T showed that unlike the latter, the
former did not form any RNTs in aqueous or methanolic
conditions. It was hypothesized the existence of intramolecular
hydrogen bonding could block the cytosine face of the G^C base
from engaging in intermolecular hydrogen bonding, preventing
self-assembly. We could also not discount the environmental
factors that could inuence the stability and self-assembly of
the RNTs. As such, the self-assembly was investigated in
different solvent systems (Table 2). For most derivatives (with
the exception of 8S), no self-assembly was observed upon
dissolution in water (Fig. S11). Since the monomers were iso-
lated as either HCl or TFA salts, the pH of the resulting aqueous
solutions was about 4, and under these conditions, the nitrogen
atoms on the side-chain of the monomers exist in the proton-
ated form, leading to high charge repulsion, which hinders RNT
formation. A trend was observed between the net charge on the
monomers and their ability to self-assemble. Although 6S had
similar net charge as 8S, no nanostructures were observed in
solution. This could be related to the stability and solvation of
the monomer, resulting from the hydrophilicity of the terminal
hydroxyl group in the medium. In water, aggregation is driven
Nanoscale Adv.
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Fig. 6 Atomic force microscopy (AFM) image of 4T, 4T-H, 4T-E and 4T-M (A–D) in MeOH respectively after 1 day of aging (A). The outer
diameter of (A–D) from the AFM images was determined to be 2.9 ± 0.2, 3.0 ± 0.1, 3.0 ± 0.2 and 3.0 ± 0.1 nm, respectively.

Table 2 Self-assembly of single G^C motifs in different solvents

Single G^C 1S 4S 6S 8S 11S
Net charge +3 +2 +1 +1 +3

Solvent Solvent type
Dielectric
constant Self-assembly

Water (pH 4) HBA/HBD 78

Water (pH 11) HBA/HBD

Methanol HBA/HBD 33

DMF HBA 38

DMA HBA 38

DMSO HBA 47
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by entropy and water molecules are released into the bulk
solvent as rosettes are sequestered onto the growing RNTs. In
addition, the hydrophobic nature of the side-chain in 8S
Nanoscale Adv.
contribute to the self-assembly.9–11 Evidence that the net charge
plays a signicant role in the self-assembly of these monomers
was demonstrated by successful RNT formation in the case of 6S
© 2026 The Author(s). Published by the Royal Society of Chemistry
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at pH 11, where the nitrogen atoms would be unprotonated,
reducing electrostatic repulsion (Fig. S12). These conditions
were still not favourable for the self-assembly of 1S, 4S and 11S,
and other solvents were therefore explored. In methanol, there
are stronger electrostatic interactions between the ammonium
groups on the G^C base and the chloride anions than in water
due to decreased cation and anion solvation.43,69,70 The charge
neutralization resulting from the tighter ion pair, reduces the
charge density on the RNTs, justifying the presence of nano-
structures for 6S in methanol and its non-assembly in water
(Fig. S13). So far, only the molecules with the lowest charge
density showed higher order aggregation and the monomers 1S
and 11S have higher functional group densities, could not.
Water and methanol are amphiprotic solvents, which can act
both as a hydrogen-bond donor (HBD) and hydrogen-bond
acceptor (HBA).70 We envisaged that the high positive charge
density on the RNTs would be better stabilized in a HBA solvent.
We thus investigated dimethyl sulfoxide (DMSO) and N,N-di-
methylformamide (DMF) and N,N-dimethylacetamide (DMA) as
solvents for the self-assembly of compounds (Table 2, Fig. S14
and S15). DMF is a dipolar aprotic solvent and possesses both
donor and acceptor properties. However the absence of a strong
proton-donor group limits the extent of H-bonding due to which
liquid DMF does not form chains or lattices. As such, DMF can
be considered as a HBA solvent. One of the most striking
differences in the physical properties of water and DMF is the
dielectric constant. The higher the dielectric constant, existence
of ion pairs would be less prevalent due to the greater charge
separation. In addition, the partial molar volume of ions
determines the type and the strength of the ion-pair in solution.
In water, the chloride ion displays a partial molar volume of
24.3 cm3 mol−1, whereas in DMF the partial molar volume is 2.8
cm3 mol−1. While the change in partial molar volume of the
chloride ion fromwater to DMF is quite alarming, the difference
in partial molar volume of the cations is relatively small. For
instance, the difference in partial molar volume of tetra-
methylammonium ions is only 1.1.71 The lower solvation in
DMF and DMA leads to a tighter ion pair between the ammo-
nium and chloride ions, thus leading to more stable RNTs due
to less electrostatic repulsion. Unlike the DMF and DMA
samples, the DMSO samples failed to display any nano-
structures. Although, we do not have a denite answer to the
non-assembly under these conditions, we presume that it could
be related to the polarity of the solvent. Compared to DMF and
DMA, DMSO has a higher dipole moment, which can lead to
more interference with the H-bonding pattern within the
rosettes and the stacking of the RNTs. 2D NMR experiments
were carried out to investigate any intramolecular hydrogen
bonding within the monomers that could hinder the self-
assembly. The absence of through space correlation from the
TROESY spectra negates this hypothesis (Fig. S16–S19).

Conclusion

The self-assembly and stability of twin-RNTs are dictated by
a delicate yet highly tuneable balance between solvent envi-
ronment and molecular architecture. Solvent selection emerges
© 2026 The Author(s). Published by the Royal Society of Chemistry
as a decisive factor, inuencing both the solvation of the G^C
motif and the behaviour of associated counterions. In meth-
anol, reduced solvation of donor and acceptor sites enhances
hydrogen bonding within the hexameric rosettes, resulting in
greater structural integrity, while counterions such as chloride,
with their favourable solvation free energy, further stabilize the
nanotube assemblies. The design and intrinsic structural
features of the twin-G^C motif are the primary determinants of
supramolecular stability, highlighting the critical inuence of
molecular architecture on RNT behaviour. In polar solvents,
hydrophobic and electrostatic effects can be harnessed to
promote the formation of longer, more stable nanotubes.
However, steric interference from bulky adducts or substitution
of a methylamine with an ethylamine group in the core modi-
cation disrupts p–p stacking and weakens overall stability.
Collectively, these ndings highlight a powerful design prin-
ciple: by strategically tailoring both molecular structure and
solvent environment, it is possible to exert ne control over RNT
stability and morphology. This insight not only deepens our
understanding of supramolecular assembly but also opens new
avenues for engineering functional nanomaterials with
programmable properties.
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