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Two novel macrocyclic 6-methyluracilic amphiphiles (uracilophanes) with four (UP1) and two (UP2) uracil
moieties and ammonium groups have been synthesized. Tetracationic multi-uracilophane is composed of two
macrocyclic units bridged each other with an external methylene spacer, while in the cryptand-like dicationic
uracilophane pyrimidinicmoieties are connectedwith an internalmethylene spacer. This internal spacer provid-
ed a conformational rigidity to the macrocycle. The self-assembly of the uracilophanes is studied and compared
with a reference dicationic uracilophane (UP3) with no spacer fragment. Compounds UP1 and UP3 are capable
of aggregating, which is characterized by the analogous critical micelle concentration of 1 mM, although the
former has four decyl tails versus two decyl tails in UP3 molecule. NMR self-diffusion, fluorimetry and DLS
techniques revealed that bimodal size distribution occurs in the UP1 solution, with small (≤2 nm) and large
(ca. 30–50nm) aggregates contributed. Unexpectedly, the cryptand-like uracilophaneUP2with the samehydro-
phobicity asUP3 does not form aggregates. The balance of the geometry and energetic factors was analyzed and
comparedwith those contributing to the aggregation of the reference compoundUP3. It was established that it is
the geometry that controls the packing of the cryptand-like uracilophanes upon aggregation, while hydrophobic
effect plays aminor role. In contrast, both factors control the aggregation of oligomericmacrocycle, with energet-
ic factor prevailing. These findings are of importance for (i) the understanding the diverse structural behavior of
bioamphiphiles that have very similar chemical structure, but different conformations; and (ii) the design of
amphiphiles with controlled model of self-assembly. Supramolecular systems studied can be recommended
for biotechnological applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Amphiphiles are related to biomimetic compounds [1,2], and there-
fore their investigation may provide insight into the elementary mech-
anism of structural behavior of their prototypes, lipid molecules. The
exploration of amphiphiles bearing biological fragments (i) further em-
phasizes the biomimetic aspect of these systems and (ii) bring them
into focus of food industry and biotechnology [3]. Pyrimidinic moiety
is a component of nucleotide bases, i.e. structural units of DNA. There-
fore, on the one hand, the self-organization of pyrimidinic amphiphiles
is of interest from the viewpoint of theDNA–bioamphiphile interactions
[4], while on the other, it may be of practical importance for the rational
design of nonviral vectors for gene delivery. The presence of pyrimidinic
bases, in particular nucleotide bases makes it possible to involve
complementary interactions and stacking effect into self-assembling

behavior and bindingmechanism [5,6]. The combination of pyrimidinic
fragment, cationic groups and hydrophobic tails in a molecule is an ef-
fective approach for the design of carriers capable of complexing the
polyanionic biospecies and their transferring through the cell mem-
brane. Meanwhile, pyrimidine-based amphiphiles are scarcely studied
[7,8]. In our recent works, cationic surfactants with natural fragments
were explored as nanocontainers for model guests and nucleic acids
[9–11]. Role of the hydrophobicity, the nature of counterions and mor-
phological behavior in their binding capacity toward oligonucleotide
and integration with lipid bilayer have been elucidated. The introduc-
tion of macrocyclic scaffold maymarkedly change the so-called packing
parameter, association model and therefore, morphology of aggregates
[12–16]. For instance, the formation of large particles based onmacrocy-
clic pyrymidinic bolaamphiphiles instead ofmicelle-like aggregateswas
documented [17]. Importantly, macrocyclic platform have attracted
much attention in recent works [18–24] as advanced building block
for nanotechnological applications and biomedicine, e.g. as synthetic
ion channels.

Herein self-assembling behavior of novel amphiphilic macrocycles
bearing nucleotide base derivative, namely 6-methyluracil moieties
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(uracilophanes UP1 andUP2) covalently boundwith an external (UP1)
or internal (UP2) methylene spacer is reported (Fig. 1). Unbound
uracilophane (UP3) studied earlier [17] is used as a reference com-
pound. In these uracilophanes, topology is varied by introduction of
the intra- or intermolecular methylene spacers between C5 of uracil
units. Actually, uracilophaneUP3 is a conformationally labile compound
in solutions, and introduction of internal methylene spacer between
uracil moieties significantly limits a set of conformations [25]. Coupling
of two molecules of “monomeric” uracilophanes affords nanoscale
multiuracilophane with self-assembling behavior in aqueous solution
different from “monomeric” counterparts UP3 and UP2. In our opinion,
this series of amphiphilic uracilophanes presents the opportunity to de-
termine a contribution of geometry and energetic factors to the aggre-
gation of the uracil based amphiphiles in aqueous solution. Moreover,
to the best of our knowledge this is the first example of self-assembly
of amphiphilic multimacrocycle, in particular multiuracilophane
compared with its “monomeric” units. This type of macrocycles,
i.e., multimacrocycles, are of interest, since they are expected to possess
unique inclusive, aggregative and sensing properties due to the pres-
ence of several proximate cavities [26].

The following points were addressed upon the design of these
compounds: (i) the above mentioned biomimetic nature; (ii) the
multimacrocyclic structure of molecules favoring the multicentered
electrostatic interactions; (iii) analysis of the association model and ag-
gregation capacity, with the geometry and energetic factors compared.

2. Materials and methods

2.1. Synthesis

The details of synthesis of uracilophanes UP1–UP3 are given in the
Supplementary material section.

2.2. General procedure for NMR experiments

All NMR experiments were performed on a Bruker AVANCE-600
spectrometer operating at 600.1 MHz for the 1H. The spectrometer
was equipped with a Bruker multinuclear z-gradient inverse probe
head capable of producing gradients with strength of 50 G cm−1. All
experimentswere carried out at 30±0.2 °C. Chemical shiftswere report-
ed relative to HDO (4.70 ppm) as an internal standard. The description of
the technique and some details of NMR self-diffusion experimental and
post processing are given in Supplementary data section and in Refs.
[27–30].

2.3. Surface tension measurements

Surface tension was measured using the du Nouy ring detachment
method. Based on the surface tension isotherms, quantitative parameters
characterizing the adsorption of uracilophanes at the air/water interface
and their micellization were estimated. The surface excess Γmax and the
surface area per a molecule, Amin, have been calculated using the Gibbs
equation:

Γmax ¼
1

2:3nRT
limðdπ=dlog C

C→cmc
Þ ð1Þ

Аmin ¼ 1018
= NA � Гmaxð Þ ð2Þ

wereR=8.31 Jmol K−1 (gas constant),π is the surface pressure obtained
from the surface tension of waterminus the surface tension of the surfac-
tant solution, and T is the absolute temperature in K.NA is Avogadro num-
ber (6.02 × 1023 mol−1). The parameter n represents the number of
species at the interface the concentration of which changes with surfac-
tant concentration. The constant n takes the value 2 for an ionic surfactant
where the surfactant ion and the counterion are univalent, while the
values 3 or 5 are taken for the dicationic and tetracationic surfactants re-
spectively. The standard free energy of micellization per mole of a mono-
mer unit and the standard free energy of interfacial adsorption at the air/
saturated monolayer interface were evaluated by applying Eqs. (3) and
(4).

ΔGm ¼ 1þ βð ÞRTln cmcð Þ ð3Þ

here β is the degree of counterion binding to aggregates;

ΔGad ¼ ΔGm− πККМ=Гmaxð Þ: ð4Þ

2.4. Electrode potential measurements

The counterion binding (β) was measured by potentiometry. The
Nernst equation is known to describe the relation between the elec-
trode potential (ΔE) and the activity of bromide ion (aBr):

ΔE ¼ −RT
F

log aBrð Þ þ const ð5Þ

where F is the Faraday constant and the ideal slope (RT/F) is
59.2 mV/equiv at 298.2 K. The measurements were performed using
an ion meter I-160MI, with a Br-selective electrode ELIS-131Br and a

Fig. 1. Chemical structures of multiuracilophane UP1, cryptand-like uracilophane UP2 and “monomeric” uracilophane UP3.
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