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Self-Assembly of Chemically Programmed Amphiphiles into
Aqueous Nanotubes with a Lipophilic Lumen

Fatima Aparicio,” ¥ Irene Sancho-Casado,” Paula B. Chamorro,” Marina Gonzélez-Sanchez,”

Silvia Pujals,” Victor Vega-Mayoral,” and David Gonzélez-Rodriguez*!

The creation of complex hollow nanostructures with precise
control over size and shape represents a great challenge in
supramolecular soft materials. Here, we have further developed
a bioinspired methodology for the formation of aqueous
nanotubes of well-defined dimensions and pore coating

Introduction

In nature, confined cavities provide recognition sites for host-
guest interactions. These specific nanospaces are important, for
example, for the binding of substrates to enzymes to execute
catalytic reactions.!" Inspired by these biological systems, much
effort has been devoted by supramolecular chemists to the
design of artificial nanoconfined spaces in self-assemblies, so as
to target applications in molecular recognition, sensing, and
catalysis.”) The most common strategy historically employed
considers the formation of hydrophobic environments in
aqueous solution through the organization of amphiphilic
molecules in, for instance, micellar architectures.®’ All the
hydrophobic groups that don't show an affinity for the solvent
tend to group within the assembly, while the hydrophilic
groups are instead disposed towards the external aqueous
medium.

However, it is still challenging to create complex hollow
nanostructures from simple amphiphilic molecules with precise
(i.e. sub-nanometer) control over size and shape.” Several
advantages would be acquired if such goal succeeds: 1) the use
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through the self-assembly of amphiphiles that are chemically
programmed with complementary nucleobases. These nano-
tubes are endowed with a hydrophobic lumen, whose diameter
can be expanded as a function of the monomer length, in
which apolar dyes can be efficiently encapsulated.

of small molecule building blocks allows to make multiple
structural modifications with minimum synthetic cost; 2) the
soft, reversible nature of the assembled structures may enable
controlled guest release upon application of a stimulus; 3) a
highly precise control of cavity dimensions may open the door
to selectivity upon substrate uptake. Even though many recent
investigations have focused on the design and development of
self-assembled nanotubes through the stacking of discrete
supramolecular cycles formed by small molecules,**%* very
little attention has been put onto tailoring their external and
internal interfaces with chemical groups of different nature, so
as to target applications as selective aqueous nanocontainers.”

In this context, we recently developed a versatile and
unconventional approach for the generation of self-assembled
nanotubes that exploited, in a cooperative and hierarchical
manner, H-bonding between complementary DNA bases and
stacking interactions between macrocyclic rings.” In order to
take this strategy to aqueous environments, amphiphilic
dinucleobase molecules are programmed with directional and
complementary Watson-Crick H-bonds, which must be shielded
from the competing water within a lipophilic shell to associate
in rectangular tetrameric assemblies.” Upon stacking of these
cyclic sections, micelle-like nanotubes with a hydrophobic
lumen of controlled dimensions and chemical coating are
generated.”

Here, we further prove the success of this strategy with a
monomer comprising an amphiphilic biphenyl central block in
between guanine (G) and cytosine (C) bases (GC2; Figure 1) that
generates larger water-soluble nanotubes, having a diameter of
about 4 nm. Moreover, these nanotubes are endowed with a
confined nanospace that is able to encapsulate molecules that
are complementary in size and shape, and that show a higher
affinity for the lipophilic pore coating than for the external
aqueous media. Our new GC2 design is intended to adjust and
improve some aspects with respect to the self-assembly of GC1.
Firstly, we want to prove that nanotube pore diameter can be
fine-tuned as a function of the length of the spacer connecting
the bases, which might lead to higher guest loadings or to the
encapsulation of larger guests. Secondly, an extended =-
conjugated central block should enhance hydrophobic inter-
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Figure 1. Structure of the amphiphilic GC1 and GC2 dinucleobases and schematic representation of their self-assembly into nanotubes. Hydrophobic and
hydrophilic parts are shown in red and blue, respectively. Note that only one of the 2 possible GC1 and GC2 regioisomers is represented (see the S.I. for more

information).

actions and thus result in stronger assemblies. This was a
drawback in the case of GC1 when trying to visualize the
tubular structures by fluorescence microscopy, due to strong
contamination by the intense residual monomer emission
because of incomplete self-assembly.

Results and Discussion

The synthesis of compounds GC1 and GC2, having respectively
phenyl and biphenyl central blocks, required the preparation
and coupling of 3 main units, as detailed in earlier work for
GC1® and at the S. I. of this work for GC2 (Section S0). On one
hand, G and C derivatives were equipped with alkyl chains that
start with a hydrophobic alkane segment, with the aim to
protect Watson-Crick pairing from the H-bond-competing
environment, and finish with hydrophilic ethylene glycol units,
so as to impart solubility in water to the ensemble. On the
other, the central phenyl/biphenyl block was endowed with a
hydrophilic carboxylate group on one side, and a chiral
lipophilic chain on the other, which serves to try to bias the
helical sense in the final columnar stacks. The choice of this
new 2,2'-dialkoxybiphenyl central block was made attending to
different reasons: i) it is a rather planar biphenyl derivative with
a fixed conformation where the alkoxy groups adopt an “anti”
orientation to avoid electronic repulsion, thus guaranteeing
that the lipophilic and hydrophilic chains will point to opposite
sides of the monomer axis, as it happens in GC1; ii) it affords a
moderately higher monomer length, that would be translated
into nanotube diameters of just about 0.5-1.0 nm wider; iii) it
presents an extended hydrophobic =n-surface, which should
enhance aggregation strength in water with respect to GC1;
and finally iv) it supplies an additional candidate to test the
reproducibility and enlarge the scope of our supramolecular
approach.
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Diluted solutions of GC1 and GC2 in water reveal the same
spectroscopic features that can be ascribed to supramolecular
aggregation (Figure 2): the 'H NMR signals broaden and vanish,
red-shifted absorption and emission features appear, emission
intensity decreases, and a Cotton effect emerges in the CD
spectrum, which has a negative sign for both monomers.
However, such CD response, attributed to a helical aggregate
organization, only emerged in aged samples, so we performed
a more detailed investigation to study their evolution as a
function of time.

Whereas monomer GC1 required a few hours to reach the
maximum CD response at room temperature, the timescale for
GC2 was extended to several days (Figure S9). On the contrary,
absorption experiments revealed an instantaneous aggregation
process (see below), and no additional changes were observed
after hours or days. We attribute this effect to the fact that the
self-assembled structures may keep increasing internal chiral
order with time even after they are fully formed, so the
measured timescales indicate very slow helical organization
processes, especially for GC2. This could be due to changes in
the chiral chromophore arrangement influenced by a very
subtle communication between the S-chiral lipophilic chains at
the central blocks. In addition to the different conformations
that this chain can adopt, the phenyl/biphenyl central blocks
can rotate so as to place this chiral group within or out of the
pore, though it is expected that most of these alkyl chains will
concentrate, with time, inside the tube’s lumen, due to hydro-
phobic repulsion. Furthermore, compounds GC1 and GC2 are
actually composed of a 1:1 mixture of regioisomers (see S.l.)
that have this lipophilic chain in meta-position to either the
ethynylene group connecting to the C base or the one linking
to the G base. The dynamic reorganization of these regioisom-
ers along the polymer structure, so as to reach the most stable
helical arrangement, may be another reason for the slow
growth of the CD signal in water. It is in any case clear that
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Figure 2. Solvent-dependent experiments monitored by (a, g) UV-Vis, (c,e) '"H NMR and (b, h) CD of (a,b,c) GC1 and (e, g,h) GC2 in H,O/THF mixtures at
5.0x107° M (UV-vis, CD) or 1.0x10~* M (NMR) and 298 K. Circles and squares in (c, €) indicate protons in the monomer and aggregated species, as designated
in Figure 1. The volume fraction of THF-dg in H,0O is indicated at the side of each spectrum. The top spectrum in (e) contains a tiny amount of DMSO-Ds to fully
dissociate GC2. (d,f) Depolymerization curves acquired from the UV-Vis and CD data for (d) GC1 and (f) GC2, and fitting to the nucleation-elongation model

(red line).

these conformational rearrangements and/or monomer ex-
change processes required to maximize the chiral response are
considerably slower for GC2 than for GC1, which suggests a
higher kinetic stability of the aggregates of GC2.

The stable aggregates formed in water can be denatured by
increasing the volume fraction of THF in this solvent (Vq), so
that above Vi,>025 at a 5.0x10™° M concentration, the
monomer state is reached, which displays well-defined '"H NMR
signals, high intensity emission at 422 nm and null CD signal
(Figure 2). The depolymerization process upon increasing Viye
could be monitored by UV-Vis and fitted to the corresponding
nucleation-elongation model,”” which allowed the determina-
tion of the Gibbs free energy gain upon monomer addition
(AG®), as well as the degree of cooperativity (o) (Table 1). By
means of this quantitative thermodynamic analysis, both

substances led to very similar degrees of cooperativity (c=0.44
for GC1, 0.31 for GC2). The aggregation transition can also be
monitored by 'H NMR as a function of the volume fraction of
THF-d; at higher concentrations (i.e.> 10~* M; Figure 2c,e). Both
GC1 and GC2 display very broad NMR signals in aqueous
samples, which is consistent with the formation of polymeric
species, but as the content of THF is increased the signals
become better defined until the monomer state is reached.
Interestingly, evidence for G:C Watson-Crick pairing can be
obtained in both cases at intermediate THF:H,0 compositions,
as noted in the characteristic G-amide and C-amine H-bonded
proton signals detected above 9 ppm (marked with squares in
Figures 2c, e).

The supramolecular polymers in water of GC2 are, nonethe-
less, very resistant to temperature variations, and no change in

Table 1. Thermodynamic parameters calculated for GC1 and GC2 upon (a) depolymerization by increasing Vi at 5.0x10 "> M by UV-Vis spectroscopy and
(b) polymerization by decreasing temperature at Vy;-=15% and 1.0x10~° M by fluorescence spectroscopy.

c® m AG K, K. AH° AS° AH? T, (K ®
(KJ/mol)®! (KJ/mol) (A (M (KJ/mol)® (J/mol-K)© (KJ/mol)™
a GC1 0.44+0.04 496+1.4 —36.140.2 - - - - - -
GC2 0.31£0.10 46.44+9.0 —38141.9 - - - - - -
b GC1 1.2x1072 - - 2.6x10° 2.2x10° —68.5+6.8 —127.6+£236 —11.0£1.0 3034403
GC2 1.3x10°3 - - 3.0x10? 2.3x10° —480+16 —58245.2 —164+08 311.642.1

calculated upon cooling.

[a] Degree of cooperativity, [b] m Parameter and [c] Gibbs free energy of the depolymerization process observed by increasing V;. [d] Nucleation and [e]
elongation constants, elongation [f] enthalpy and [g] entropy, nucleation [h] enthalpy and [i] elongation temperature of the polymerization process
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absorption could be appreciated within the 273-333 K range
(Figure S10). However, important CD changes were noted upon
heating. As shown in Figure S10, the stable and clear bisignated
signal acquired at room temperature changed in intensity and
sign with temperature and time, a phenomenon that was also
observed for GC1 in previous work,® and that we attribute to a
reorganization of the helical aggregates due to the dehydration
of the ethylene oxide chains above a critical temperature,
similar to the case of lower critical solution temperature
(LCST)."? Contrarily to classical LCST behavior, we do not see
any cloud point and the solubility of the solution remains
unaltered. The recovery of the original CD spectrum upon
cooling back to room temperature was not immediate, but
required again several days. In order to avoid this dehydration
events and record the whole supramolecular polymerization
from the monomer, the concentration of the sample was
lowered to 1.0x10°M and 15% THF was added (Figure 3).
Although no CD signal was observed under these conditions,
cooling experiments performed by UV-Vis and fluorescence
spectroscopies enabled us to analyze the complete polymer-
ization process (Figure 3). In UV-vis, a single absorption band
centered at 343 nm was detected, accompanied by an emission
band at 432 nm. Even though only a small decrease in intensity
was detected in UV and fluorescence with the decrease of
temperature, together with a slight red-shift of the emission
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Figure 3. Temperature-dependent (a, c) UV-Vis and (b, d) emission experi-
ments of compound (a,b) GC1 and (c,d) GC2 (A, =390 and 348 nm,
respectively) in H,0/THF 85:15 at 1.0x10> M (/=1 cm). (e) Corresponding

curves from emission data for both compounds at a fixed wavelength
(422 nm) and fitting to the nucleation-elongation model (blue and red lines).
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band, cooling experiments performed by these techniques
revealed non-sigmoidal curves that could be fitted to a
nucleation-elongation model,"” which afforded the elongation
enthalpy (AH°) and entropy (AS.°), the nucleation enthalpy
(AH,%), the nucleation (K,) and elongation (K, equilibrium
constants, as well as the cooperativity factor (o) of the polymer-
ization process (Table 1). A first comparison between the
cooling curves of GC1 and GC2 (Figure 3e) reveals a higher
elongation temperature for the latter (T,=303 K for GC1 and
312 K for GC2), which confirms the predicted higher thermal
stability of the polymers containing the larger biphenyl core.
Besides, the corresponding fittings resulted now in a higher
degree of cooperativity for GC2 (c=1.3x10"%) than for GC1 (6=
1.2x107?), which stems from a smaller nucleation constant.

We next investigated the morphology of the aggregates
formed by GC2 by AFM and TEM microscopies, to compare with
the results previously obtained for GC1, as displayed in
Figures4 and S11-13. In both techniques and for both
compounds, the presence of unidimensional objects was
observed. Although in some cases individual longitudinal
polymers were spotted, it was quite frequent to observe heavily
bundled fibers, both in AFM and TEM. The last technique
revealed a high contrast (darker) profile at the walls of these
fibers and a low contrast (lighter) section in the middle, which
is consistent with the formation of hollow tubular assemblies.
Height dimensions measured by AFM (~2.0-3.5 nm for GC1 and
~3.5-4.5 nm for GC2; Figure 4d) and width dimensions obtained
by the analysis of multiple TEM images (~5.8+0.7 nm for GC1
and 7.6+ 1.1 nm for GC2; Figure 4e) match rather well with the
section expected from our models (Figures 4f and S14) and
confirm the larger diameter of the aggregates formed by the
novel biphenyl-containing monomer. The slightly smaller diam-
eter measured by AFM is attributed to compression effects
caused by both the surface-assembly interactions and the force
applied by the tip.'?

An indirect approach to test the hydrophobicity of the
cavity created in the nanotube, according to our design,
consists in proving the selective encapsulation of apolar
substances, insoluble in water, into the tube’s pore. For that
purpose, mixtures with the well-known fluorescent hydrophobic
dye Nile Red (NR) were investigated (Figures5 and S16).
Compound GC2 and NR (0.5 egs.) were mixed in water and
measured by UV-Vis and emission spectroscopies (selectively
exciting NR at 588 nm or GC2 at 348 nm). The results were
compared with those of isolated GC2 or NR control samples
under identical experimental conditions within a concentration
window of 107™* to 10 M (see Figures S16 and S19). Dye
extraction was confirmed by an increase in the absorbance
(Figure 5¢) and emission (Figure 5e) of the dye when mixed
with the GC2 nanotubes. Moreover, a blue-shifted NR emission,
from ca. 655 nm to 630 nm (see Figures 5e and S16 and S19),
was noted in the mixtures, which is characteristic of this
fluorescent probe when surrounded by apolar environments."
These observations were ascribed to the solubilization of the
dye due to its encapsulation within the hydrophobic pocket
created within the nanotubes. Experiments performed under
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Figure 4. Microscopy measurements of (a,b,c) GC1 and (g, h,i) GC2 deposited by drop-casting from 5.0x10~" M H,0 solutions onto (a) HOPG and (g) mica, and
imaged by AFM, or (b, c,i) C-Formvar Cu grids and (h) C-Formvar Ni grids treated by glow discharge and stained with uranyl acetate, and imaged by TEM. (d)
Nanotube height profiles measured by AFM. (e) Diameter distribution measured by TEM. (f) CPK Models and relative dimensions of the GC1/GC2 nanotube

sections.

identical conditions for GC1 nanotubes led to very similar
results, as reproduced in Figures 5b,d and 515, S18.
Interestingly, when GC1/GC2 was selectively excited in the
350-390 nm region in the mixtures, an emission quenching,
accompanied by the appearance of the NR emission at 628 nm,
was noted (Figure S15c and S16d), despite NR alone did not
show emission when excited at the same wavelength, which is
due primarily to its lack of solubility in water, but also to a low
absorbance in this spectral region. This is consistent with an
energy transfer process from GC1/GC2 to the NR probe, which
was confirmed by excitation experiments (Figure S16¢), and
suggests that these two molecules are in close proximity. We
additionally performed time-resolved fluorescence measure-
ments to evaluate the emission lifetime changes experienced
by GC1/GC2 and by NR upon guest encapsulation within the
nanotubes in water (Figure S20-521). On one hand, nanotube
emission decay dynamics accelerates when NR is extracted,
which is an additional sign of energy transfer. For the
assemblies of GC1 and GC2 in water the average lifetimes are
reduced from 15,=0.62 to 15,=0.30ns, in the first case, and
from 1,=0.09 to 15,=0.07 ns, in the second, upon NR
encapsulation, where 15, and 1p are the lifetimes of the donor
molecule in the presence and absence of the acceptor. On the
other, NR decay dynamics is also modified substantially when
embedded in the nanotubes, exhibiting an average
fluorescence lifetime of 1,=0.15 ns and t,=0.53 ns, in GC1 and

Chem. Eur. J. 2024, 30, €202402365 (5 of 7)

GC2 assembilies, respectively, in comparison to the t,=3.39 ns
recorded when solubilized in ethanol. The efficiency (E) of the
energy transfer can be then calculated using the expression E=
(1 —1pa/1p)%x100, leading to values of 52% and 22 % for GC1 and
GC2 respectively.

The encapsulation efficiency, that is, the maximum amount
of dye extracted by the GC1/GC2 nanotubes, was calculated
through titration experiments with increasing amount of NR.
Our results (Figure S22) indicate that saturation occurs around
0.2-0.4 equivalents of added dye per GC1/GC2 monomer,
suggesting that NR molecules are nested in the lipophilic pores
in between cyclic tetramers. However, no measurable differ-
ences in dye extraction capability were noted between the
nanotubes of GC1 or GC2. Moreover, control TEM images of
drop-casted NR and GC2 mixtures in water showed again
unidimensional objects that indicated that the morphology of
GC2 assembles was maintained and not disrupted due to the
presence of the dye molecules (Figure S25). In addition, we
tested other dyes that are insoluble in water and that absorb
and emit at longer wavelengths than our GC1/GC2 molecules,
which include a BODIPY derivative (BPY) and Disperse Blue 14
(DB). The results obtained in absorption and emission measure-
ments, as displayed in Figures S23 and S24 respectively, were
very similar to those recorded for NR.

Next, we evaluated whether the aggregates could be
visualized by fluorescence microscopy with the help of the
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Figure 5. (a) Chemical structure of Nile Red (NR) and schematic representation of its encapsulation inside nanotubes. (b, c) Absorption, (d,e) emission

(hexc =588 nm) spectra of (b,d) GC1 and (c,e) GC2 (in blue), NR (in black), and their mixture (in green) in Milli-Q water ([GC1]=2.0x10"* M and

[NR]=2.0x10"° M, [GC2] =1.0x10"* M and [NR]=5.0x10"° M; /=1 mm for GC1 and /=1 cm for GC2). Inset in b,c shows a zoom of the dye absorption area. (f)
Low resolution (left), PAINT (middle) and corresponding merged (right) images of the GC2 nanotubes (5.0x10~7 M) in the presence of NR molecules

(1.25%1077 M) in Milli-Q water.

emission coming from the encapsulated NR molecules in the
nanotube. For that purpose, we chose the point accumulation
for imaging in nanoscale topography (PAINT)™ to picture our
nanotubes. PAINT is based on the reversible photoactivation of
fluorescent probes. Through this approach, the dye emission is
photocontrolled and the fluorophores can be switched on and
off with laser illumination, enabling molecular localization with
high accuracy and the construction of a super resolution map
of the object of interest. These experiments were not successful
for GC1, because the nanotubes were insufficiently stable, and
the strong residual monomer emission contaminated the
images. However, the higher stability of the supramolecular
nanotubes formed by GC2 enabled us to acquire images
through the PAINT technique in a reliable and reproducible
manner.

Thus, compound GC2 (5.0x1077 M) and NR (1.25x10°7 M)
were mixed in water and deposited on glass coverslips suitable
for the PAINT equipment (for experimental protocols, see S.1.).

Chem. Eur. J. 2024, 30, €202402365 (6 of 7)

The photocontrolled emission of NR molecules obtained by the
selective irradiation of the sample at 561 nm, led to PAINT
images (Figures 5f and S26) in which multiple clear nanofila-
ments could be observed. The alignment of NR emission points
in the form of lines in the image corroborated the presence of
dye molecules within the hydrophobic lumen of GC2 nano-
tubes. These lines could be easily identified in the correspond-
ing low resolution image of the same area (prior to photo-
controlled emission of NR) of the sample in which multiple
complete nanotubes could be visualized. Moreover, control
experiments of GC2 nanotubes (5.0x1077 M) in the absence of
NR and of NR alone (1.25x1077 M), both in identical exper-
imental conditions to the previous measurements, led, in
contrast, to very poor emission in the first case (Figure S27)
(note that, by using a 561 nm laser, only NR molecules are
excited) and to emission coming from very different morpholo-
gies in the other (Figure S28). In none of the control experi-
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ments, emission points specifically organized in longitudinal
orientations was observed.

Conclusions

In summary, we have demonstrated that the combination of
hydrophobic forces and directional H-bonding interactions,
encoded in the monomer structure, can provide tubular
amphiphilic assemblies with a precisely defined shape, of
rectangular section, size, which was extended to over 4 nm in
diameter, and with a lipophilic pore coating. The use of apolar
dye probes, like NR, in spectroscopic and fluorescence micro-
scopy experiments corroborated the formation of nanoconfined
hydrophobic cavities within the nanotubes, in which these
apolar guests are nested.

Supporting Information Summary

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
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