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Metallo-responsive self-assembly of lipophilic guanines in hydrocarbon solvents: a systematic SAXS
structural characterization.t
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Lipophilic guanines (LipoGs) in aprotic solvents undergo different self-assembly processes based on different
H-bonded motifs. Cylindrical nanotubes made by p-pstacked guanine tetramers (G-quadruplexes) and flat
tape-like aggregates (G-ribbons) have been observed depending on the presence of alkali metal ions. To
derive information on the structural properties and stability of these LipoG aggregates, Small-Angle X-ray
Scattering (SAXS) experiments have been performed in dodecane, both in the presence and in the absence
of potassium ions. As a result, the occurrence of the two different metallo-responsive architectures
(nanoribbons or columnar nanotubes) was confimed and we reported here for the firs time a systematic
study on the dependence of the aggregate properties on composition, temperature and molecular units
structure. Even if dodecane was selected to favour LipoG solubility, a strong tendency to self-organization
into ordered lyotropic phases was indeed detected.



Introduction

It is well known that organic nanoarchitectures (as nanotubes and
nanowires) form in solution by self-assembly of molecular and
supramolecular motifs, such as cyclic peptides, dendrimers, DNA
and surfactants 8. In all cases, and unlike inorganic nanotubes,
the formed nanostructures are dynamic systems stabilized by in-
ter and intra-molecular interactions and by solvophobic effects.
This special characteristic allows modular self-assembly with a
rich structural diversity, through a delicate balance between dif-
ferent interactions, thanks to a proper choice of experimental con-
ditions and a fine control of the properties of the building blocks
by functional synthesis (see, e.g.,*19).

Among the different self-assembling motifs, guanine (G) is a
singular system, possessing a polarized aromatic surface cou-
pled with different donor (N'H and N?H) and acceptor sites
(0°, N3 and N7), located in a self-complementary arrangement.
In water, guanine shows self-assembling, with the formation of

G-quartets by multiple hydrogen bonding of four G in the so-
called Hoogsteen mode, and x-x stacking, with the formation
of long, helical aggregates named G-quadruplexes, as shown for
guanosine 5-monophosphate (GMP) in Fig. 1. Being appropri-
ately sized to fit into the cavity located between two G-quartets
and because of interactions with the O° carbonyl groups of the
eight guanines, metal ions have been observed to enhance base-
stacking forces, thus controlling length and thermal stability of
G-quadruplexes !1-22,
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Fig. 1 Representation of the aggregates formed by GMP in water. From
the left: G-quartet, G-octamer (dimer of G-quariets), G-quadruplex. In
the GMP molecule, the H-donor and acceptor sites are highlighted.

Lipophilic guan(os)ines (LipoGs), i.e., G-derivatives with differ-
ent lipophilic substituents attached to the sugar moiety or directly
replacing the sugar unit, show similar but more heterogeneous
supramolecular properties when dissolved in organic solvents

23-28_ Indeed, evidences for the formarion of at least two differ-
ent architectures based on different, self-complementary hydro-
gen bond schemes were reported. In the first case, LipoG/metal
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Fig. 2 Ribbon-like assemblies of LipoG derivatives, as observed in or-
ganic solvents in the absence of salt.

ion complexes were obtained by addition of potassium picrate
(KPi): NMR and CD data suggested the formation of G-octamers
and pseudo-polymeric G-quadruplexes?®3?, that X-ray diffrac-
tion experiments in condensed phases confirmed to be formed
by stacked G-quartets, with cations sandwiched in between ad-
jacent quartets®!. Conversely, by dissolving LipoGs in chloro-
form solution in the absence of salts, the formation of largely
self-associated ribbon-like structures was observed on flat sur-
faces by STM and in the solid state by NMR32, Moreover, new
2D lyotropic mesophases made of supramolecular nanoribbons
were evidenced by X-ray diffraction335 (see Fig. 2). There-
fore, it was assessed that for guanosine derivatives (without ster-
ically demanding groups on the guanine base) the formation of
supramolecular nanoribbons in solution, in the solid state, and
on flat surfaces is universal.

LipoG architectures have attracted much interest for possible
(bio)technological applications at the nanometric and micromet-
ric scales. Indeed, G-quartets were used as ion channels for trans-
port through a phospholipid membrane 3 or as sensors anchored
at Langmuir monolayers or living cell membranes®’, while G-
nanoribbons were proposed for constructing molecular electronic
nanodevices*®. In addition, based on either G-quartets or ribbon-
like H-bonded networks, different nanomaterials were fabricated,
like reversible organogels with photoconductive properties 3%, hy-



brid organic-inorganic systems for conduction and optical appli-
cations **#1, flexible and self-supporting films*2, functional mi-
croporous films or membranes, *>* and nano- and microcapsules
with high stability in highly polar aqueous media®S. In this con-
text, new insights into structural features and dynamics of LipoG
arrangements in solution, as well as relationship between the
molecular level and the supramolecular organization, represent
a key step for designing new materials with specific properties
and functions. While the G-quartet structure is the one normally
observed in water, the ribbon structure exists exclusively in the
case of lipophilic derivatives in apolar media or in the solid state,
and it is stable upon drying/dissolution. This paves the way to
possible applications of this architecture in lipidic environments
(mimicked here by the hydrocarbon solvent, see e.g.?”) where,
analogously to nucleolipids *¢, should likely pose no biocompati-
bility issues.

LipoG quadruplexes formed in diluted conditions in cyclohex-
ane and in the presence of K, Na and Sr picrate and KI were
recently investigated by Small-Angle X-ray Scattering (SAXS)*7.
As a main result, the structural features of octamers and pseudo
polymeric G-quadruplexes and their amount at the equilibrium
were obtained. However, no data were collected on ribbon-like
assemblies. Since a fine SAXS characterisation of these super-
structures was lacking, similar experiments have been now per-
formed on LipoGs dissolved in dodecane, at very low concentra-
tions and both in the absence and in the presence of potassium
picrate (KPi). Dodecane was used as solvent, because of its high
boiling point, the rather large solubility of the different inves-
tigated compounds and the already detected ability to promote
solute-solute intermolecular H-bonds*3. To confirm the influence
of salt on self-assembling, but mainly to derive information on
elongation, flexibility and thermal stability of the different ar-
chitectures, SAXS data were analysed considering different pos-
sible structural motifs and using a global data firting approach.
While the presence of the two expected supramolecular architec-
tures was confirmed, a strong tendency of both nanoribbons and
G-quadruplexes to interact and to phase-separate in ordered ly-
otropic phases has been also detected.
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Fig. 3 Molecular formula of the different investigated LipoGs

2 Materials and methods

2.1 Materials and procedures

The four LipoGs considered, synthesized as previously re-
ported 254748 are shown in Figure 3. For preparing samples in
the presence of KPi, 8 mg of each LipoG were added with ca. 4
mg of KPi and 0.8 mL of chloroform (typically used for promot-
ing ion-templated complexation of LipoG derivatives) in a 4ml
glass vial (15 mm in diameter). The suspensions were stirred
for three days at room temperature, then the excess of solid salt
was removed by centrifugation. For each derivative, 0.6 mL of
the clear chloroform solution containing the LipoG/KPi complex
were dried at ca. 40°C for 12 hours and added with 0.6 mL of
dodecane to obtain the 1.3% wt sample. The 0.26% wt dodecane
solutions were obtained by further five time dilution. Samples
in the absence of KPi (1.2 wt%) were prepared by dissolving ca.
7 mg of the requested LipoG into 0.8 mL of dodecane, by heat-
ing when necessary. All prepared samples were stored at room
temperature and appeared as stable solutions for at least 10 days.

The studied conditions are listed in Table 1.

Table 1 Investigated LipoG samples and conditions.

LipoG __ salt C (Wilo) T range ('C)
LZ

~dG(Cio)2 no 20 =90
dG(Cyp)2 KPi 0.26/13 25+ 95
Gace(Cjp) no 12 20 =+ 90
Gace(Cip) KPi 026/1.3 25 + 95
Cgly(Cio)z_ no 5} 70 = 90
Ggly(Cio)» KPi  0.26/1.3 25 + 95
18 no 1.2 20 =90
G(Cig) KPi 0.26/13 25+ 95

2.2 SAXS experiments

SAXS experiments were performed at the DESY synchrotron
(Hamburg, Germany) at the A2 beam-line, during 2 different
beam-time allocations. The investigated Q-range (Q=4x sin6/4,
where 26 is the scattering angle and A=1.50 A the X-ray wave-
length) was 0.026-0.33 A-! in the first and 0.02-0.23 A-! in the
second beam-time allocation. 1 mm diameter quartz capillaries
were used. Scattering data were recorded on a bi-dimensional
MAR CCD 126 detector with 1024x1024 pixels, radially averaged
and corrected for the dark, detector efficiency, sample transmis-
sion and solvent contribution, as usual*’. No absolute scale cali-
bration of the experimental data was available,

Experiments were run at different temperatures, as indicated
in Table 1. Particular attention was paid to check for equilibrium
conditions and to monitor radiation damage. In a few tests, mea-
surements were repeated several times (up to 30) at the same
temperature or on refilled capillaries to account for a constant
scattering signal. Accordingly, to avoid radiation damage the ex-
posure time was 180 s/frame, while to establish equilibrium con-
dition during heating cycles the dead-time was around 5 minutes.



2.3 SAXS data analysis and fitting

The SAXS curves here obtained (see Figures 4 and 5) are usu-
ally fearureless, but in a few conditions Bragg peaks, or ar least
a large band dominating the low-angle scarttering, were detected
(see, e.g., dG(Cyp); in the presence and in the absence of KPi,
respectively). Therefore, the data analysis was differently man-
aged.

In the presence of Bragg peaks, the analysis was limited to the
determination of the peak position. Because in all the different
cases only one peak was observed, peak indexing was not possi-
ble and then the structure of the lyotropic phase was described
considering previous results obtained at higher concentrations.

In the absence of Bragg peaks, SAXS curves were investigated
by standard Guinier's analysis>® and by using a global fitting ap-
proach®!. At one side, a linearized representation of the X-ray
scattering intensity /((Q) in term of In(f(Q)) vs @ or In({(Q)Q) vs
() plots allows the determination of the particle gyration radius
(Rg, related to the average particle size) or of the radius of gy-
ration of the particle cross-section (R,, related to the size of the
particle section) 5253, Ar the other side, a global fitting analysis,
based on the simultaneous fit of several scattering curves using
singular and common set of parameters, allows to obtain unam-
biguous information on particle shape, size and size-distribution,
overcoming effects due to model parameter correlations and un-
reliability.

The model fitting procedure is here shortly described. The ex-
cess X-ray scattering intensity /() can be written as>0:

1(Q) = KNpP(Q)Smeas(Q) 1

where N, is the number density of the scattering particles, x a
calibration factor (which is related to the absolute units of the
scattering cross section) and P(Q) and Smeqs(Q) are the particle
effective form factor and the measured structure factor, respec-
tively.

Smeas(Q) is related to particle-particle interactions, which are
usually negligible in dilute solutions (Smeqs(Q) = 1). However,
both nanoribbons and G-quadruplexes in dodecane show a strong
tendency to interact: van der Waals attraction (which could
be responsible for the phase-separation detected for example in
dG(Cjp)2/KPi or in Ggly(Cig )2 samples) and short-range steric re-
pulsion (which contributes for example to the swelling behaviour
observed in Gace(C)p)/KPi at 1.3 wt%, see below Table 2) could
balance in a few cases, and modulate interactions that eventually
manifest even at these low concentrations as a low-intensity band
in the scattering profile. The evaluation of the S,.q.(Q) has been
performed considering the basic and simple approximation of a
two-body hard-sphere interaction potential 54 which has been al-
ready demonstrated to be very convenient for a coarse estimate of
particle-particle interactions in similar systems*7, References*’
and>® provide complete details on the potential and the form fac-
tor, whose fitting parameters are the effective particle diameter,
O.(f, and the excluded volume, @;phere-

The effective form factor P(Q) was derived using different
simple models based on the expected self-assembling patterns.
For the G-quadruplex, P(Q) was described considering straight

cylinders with circular section of radius R and composite scat-
tering length density profile (see”>*). Because dodecane and
guanine hydrocarbon chains show the same electron density
(Psots =Pehain=0.26 e~ /A%), the cylinder cross-section was split
into only two homogeneous regions: an inner cavity (radius roor
and electron density pore), where cations are expected to be lo-
cated, and a shell of thickness (R — r..r.) and electron density pss,
which corresponds to the guanine (and sugar) regions*-53. Ac-
cording to possible elongation mechanisms*7, a polydispersity of
the cylinder length H was included by integrating the orientation-
ally averaged form factor of the cylinder over a Schulz distribu-
tion of its length 5657, In particular:

PQ) =« [ fH)dl ‘ﬂrz{ a)sin(a)da (2
Q) =x [ sunal [ FQ.a)
where f(H) is the normalized Schulz distribution of the length

(note that x = H /[Hgy, being Hyye the mean cylinder length) and
F(Q.a) is the core-shell cylinder form factor:

(H cosa [ pe—rT

+ 2(pah — Paoty) TR H 2] JiGRna

The fitting parameters were the radii and electron densities of the
cylinder and the mean value and variance of the G-quadruplex
length distribution.
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Fig. 4 Log-log SAXS profiles observed from LipoGs in dodecane in the
presence of KPi at different temperatures. The LipoG concentration was
c=0.26 wt% (curves in the top row) and c=1.3 wt% (curves in the bottom
row). Curves are scaled for clarity: as an indication, the arrow in the top,
right frame points out the temperature change, from 25 to 95°C (with
10° steps).

For the ribbon-like aggregates, the form factor was calculated
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Fig. 5 Log-log SAXS profiles observed from LipoGs in dodecane in the
absence of KPi at different temperatures. The LipoG concentration was
c= 1.2 wit%. Curves are scaled for clarity: as an indication, the arrow in
the top, right frame indicates the temperature change from 20° to 90°C
(with 10° steps).

considering a worm-like model, based on a flexible rod with el-
liptical cross section (which excludes the guanine hydrocarbon
chains) and a uniform scattering length density>®. In the model,
the flexible rod of total length C; (the contour length) is described
by a number of locally stiff segments of length /,, (the persistence
length, the length along the chain over which the flexible rod can
be considered rigid). The non-negligible cross section of the rod
is included by accounting for excluded volume interactions within
the walk of a single segment. Then, the fitting parameters were
the contour length C;, the Kuhn length (i.e., 2/,) and the chain
cross-section semi-axes A /2 and B/255,

3 RESULTS AND DISCUSSION

SAXS results obtained from LipoG samples prepared in dodecane
(0.26 to 1.3 wt%) in the presence and in the absence of KPi, are
shown in Figures 4 and 5, respectively. Data show that the overall
scattering profile is influenced by the presence of the salt, sug-
gesting that addition of potassium ions is responsible for the for-
mation of different aggregate species in solution. Moreover, the
scattering intensity changes on heating, indicating that stability
of aggregates is controlled by temperature.

The occurrence of a large band dominating the low-angle re-
gion (see, e.g., the Gace(C;)/KPi sample at c¢=0.26 wi% in Fig.5

or the dG(Cjp)2 sample at c=1.2 wt% in Fig.4) or even the pres-
ence of Bragg peaks (see, e.g., the dG(Cyp)2/KPi sample at both
the analysed concentrations in Fig. 5 or the Ggly(Cjp)2 sample
at e=1.2 wt% in Fig.4) are really surprising at the relatively low
concentrations here investigated. Indeed, they are clear indica-
tions of the presence of strongly correlated system and eventually
of the formation of ordered phases. Featureless curves were in-
deed detected for analogous samples dissolved in cyclohexane at
similar concentrations*”, proving that the solvent plays a crucial
role in the early formation of supramolecular assemblies.

The general behaviour is summarised in Table 2: it has to be
noticed that in the presence of Bragg peaks the profile features
have been labeled according to the structure of the proximate
Ivomesophase, already characterised in more concentrated con-
ditions 3159,

Table 2 Summary of the results. SAXS curve features are indicated as
“diffuse” if a large and diffuse band is present, "BP" if Bragg peaks are
present, "band” if a high intensity diffuse peak is present; the phase as-
signment is the following: 7 for isotropic liquid phase, H and R for hexag-
onal or rectangular columnar phases, N for nematic phase. a is the unit
cell parameter, as derived from the position of the Bragg peak according
to the assigned structure; T,, is the H-/ phase-transition temperature. a
and T,, ranges are eventually reported if a concentration dependence is
observed.

sample features a(A) phase T (°C)
dG(Cio)2 diffuse - I -
dG(Cyp)2/KPi BP 36.3-36.1 H 50-70
Gace(Cio) band/BP ~120/25.6 N/R -
Gace(Cyp)/KPi BP 47.6-36.4 H 45.85
Ggly(Cio)z BP 30.9 H 45
Ggly(Cyo)2/KPi - - ! :
G(Cys) diffuse - I .
G(Cys)/KPi E = 1 3

3.1 Structure of the supramolecular assemblies

Guinier analysis of SAXS profiles provided the first information on
LipoG self-assembled architectures. In particular, Guinier plots
for rod-like particles (In(/(Q)Q) vs Q%) allowed to confirm the
presence of elongated supramolecular objects and to obtain the
radius of gyration of their cross-section, R.. A few representative
examples are reported in Figure 6 (note that in the presence of
correlation bands, such an analysis was not possible).

The whole cross-sectional radii analysis is resumed in Figure 7.
In the presence of KPi, the cross-sectional radii of gyration, R.,
show a minor reduction with temperature, but a clear indepen-
dency on the considered LipoG derivative and on its concentra-
tion. R.c, centred around 8 A, are in very good agreement with
the radii estimated from G-quadruplex molecular models (the cal-
culated R, value of the tetrameric core is around 8.5-7 A, depend-
ing on whether the sugar residues are considered or not). Sam-
ples dissolved in dodecane in the absence of KPi show lower R.
values, centered around 4 A, irrespective of temperature and na-



Table 3 Single and common parameters obtained by the global-fitting procedure applied to G(Cys) SAXS data. Errors in cylinder length and in the
ribbon contour and Kuhn lengths are around 10%; errors in electron densities are + 0.02 ¢~ /A*; erors in 6.y and @, ... are around 4%. Symbols as
in the text.

G(Cy)/KPi, c=1.3 wi% G(Cyg), c=1.2 wi%

“cylinder model ribbon model
1'(°C) 25 35 45 29 6> ) 1(°C) 20 S0 LUl oU ol /U0
length (A) 248 214 185 130 103 85 | contourl (A) 807 765 723 720 710 650
polydisp. 027 039 049 056 050 0.39 Kuhnl. (A) 60.0 539 582 630 579 60.7

Peore (€ /A3 038 037 038 036 035 037 Oeff (&) 207 212 212 214 216 215
Ophere 006 008 008 008 009 008
pai (e /1K) 0.47 Prim (e~ /B0) 0.47
R(A) 13.7+ 08 A2 (A 32104

Toore (A) 1.3+03 axis ratio 3.7+05
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Fig. 6 Elongated rod-particles Guinier analysis of SAXS curves for Li-
poGs dissolved in dodecane, in the presence of KPi. Concentration and
temperatures are indicated in the different frames. Continuous lines are
the Guiner best fits.
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Fig. 7 Temperature dependence of the particle cross-sectional radii of
gyration, R., as derived in the presence (open symbols) and absence
(filled symbols) of KPi.

ture of the LipoG derivative. This lower dimension agrees with
the presence of ribbon-like superstructures, like those depicted
in Figure 2 (the averaged cross-sectional radius of gyration of a
ribbon, estimated from molecular models, is about 4.3 A).

3.2 Model fitting: the case of G(Cis)

Model data fitting was performed on high concentrated samples
to derive particles shape and size. Here, results obtained in the
special case of the G(Cy3) compound will be detailed.

According to Guinier results described above, G(C,g) data were
analysed considering the possible presence of pseudo-polymeric
LipoG-quadruplexes or nanoribbons. As a clear outcome, SAXS
data obtained in the presence of KPi were best fitted by using the
effective form factor for circular cylinders with a core-shell scat-
tering length density profile and polydisperse height (see™ and
Eq.2). Best fitting curves are superposed to experimental data in
Figure 8, and the very consistency of the model is evident. The
relevant fitting parameters are reported in Table 3 and in Figure
9. Structural data (i.e., radii and electron densities) appear fully
consistent with the presence of G-quadruplexes, made of ca. 70
piled G-quartets at 25°C. The G-quadruplex gradually disassem-
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Fig. 8 SAXS profiles observed for G(Cys) in the presence and absence
of KPi at difierent temperatures. Curves are scaled for clarity. Left side,
c=1.3 wi% with KPi and temperatures from 25 to 75°C with 10” steps,
as indicated by the arrow; right side: c=1.2 wt% and temperatures from
207 to 70°C with 10° steps, as indicated by the arrow. Continuous lines
are best fit curves; the fitted Q-range cormresponds to the length of the
traced lines.

bles on heating: as shown in Fig. 9, the variance of the quadru-
plex length distribution is larger when particles are longer (i.e.,
at low temperatures), as expected for an isodesmic elongation
mechanism.47 Another point should be underlined: the rather
constant electron density of the G-quartet core (p.or) is a strong
indication of the fact that the inner cavity of the quadruplexes is
filled by cations. As previously observed in cyclohexane’, the
hole potassium occupancy, calculated as the ratio p_... V.o /Ny,
where V.. is the volume of the inner cavity and Ny is the number
of electrons for the potassium ion, resulted around 75% at all the
investigated temperatures.

12¢10°

Fig. 9 Temperature dependence of the length polydispersity of the model
cylinder used o fit G(Cs)/KPi SAXS data (c = 1.3 wt%:). The arrow points

out the temperature change from 25° to 75°C (with 10” steps).



SAXS data obtained with G(C3) solutions prepared in the ab-
sence of KPi are very different (compare profiles in Fig. 8). In par-
ticular, a characteristic broad band at Qe = 0.15 A~!, which in-
dicates interaction among structure elements, is detected. Model
fittings show that the form factor of a worm-like flexible particle
with elliptical cross section and uniform scattering length density,
combined with a spherically symmetric two-body hard-sphere in-
teracting potential, best reproduces the data. Best fitting curves
are shown in Figures 8 and 10 (where the different P(Q) and 5(Q)
contributes at 60°C are reported separately), while fitting param-
eters are listed in Table 3. Three points should be underlined.
Firs, the broad band which characterizes the SAXS curves is very
well reproduced by using a rather smooth hard-sphere potential
(see Figure 8), suggesting that only minor, repulsive short-range
particle-particle interactions occur in this system. Indeed, a small
increase in @, is detected as a function of temperature. At the
same time, the structure factor at Q=0 meaningfully decreases at
increasing temperature, while its first peak intensity adequately
increases, as clearly shown in the right panel of Fig. 10. Both
these results are congruent with an increase of the number of
interacting particles in solution, possibly determined by ribbon
disassembly on hearting. Second, the fitted electron density, prpe,
and the size of the particle section (5* = zAB/4 = 128 + 23 A2)
are in full agreement with what expected for a single ribbon: in
particular, the guanosine ribbon I cross-section determined from
molecular models is around 110 A2%0. Third, the aggregates are
long, but relatively flexible, being the number of statistical seg-
menits in the range from 13 to 10 when the temperature increases
from 20 to 70°C. Interesting is the fact that the persistence length
(Ip, half of the Kuhn length) is constant, and corresponds to about
twice the length of the guanine repeat unit along the ribbon. On
the other side, the small decrease of the ribbon contour length as
a function of temperature, even inside the experimental errors,
seems to confirm the suggested ribbon disassembling.
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Fig. 10 Fitting results for G(Cyy) in dodecane (c = 1.2 wi%). Left side:
fitting analysis of the SAXS curve measured at 60°C: the P(Q) and 5(Q)
contributions are shown separately (see Eq.1). Right side: S(Q) struc-
ture factors as derived as a function of temperature by fitting procedure.
The arrow points out the temperature change from 25° 10 75°C (with 10°
staps).

3.3 Model fitting: the other LipoGs

When applicable, model data fitting was also performed to SAXS
curves related to the other investigated LipoGs. Best fitting pa-
rameters are reported in Table 4.

G-quadruplex formation in the presence of KPi is confirmed
for all derivatives (see Table 4, cylinder model). Interestingly,
quadruplexes are particularly short (i.e., made by less than 15-
20 piled G-quartets), with a very low length polydispersity for
the Ggly(Cyg); and Gace(Cyg) cases. Electron density values in-
dicate that quadruplex central cavity is filled by potassium ions,
although the corresponding average cation hole occupancy factor
is around 75% for Ggly(Cio)2 and dG(Cio)2, but lower than 60%
for Gace(Cyg) (note that because the intrinsically low experimen-
tal resolution, errors in electron density determination and then
in occupancy factor calculations are large, and a more precise de-
tail on fitted numbers is definitely unphysical).

In the absence of salt, model fitting confirms the formation of
elongated flat particles, with an elliptical cross-section of area
fully consistent with the hydrogen-bonding guanine ribbon-like
motifs. In the case of Ggly(Cyg);, ribbons are infinitely long and
rather rigid, while they are flexible and with a contour length very
dependent on temperature in the case of dG(Cyg);. The markedly
different flexibility could be indicative of different self-assembly
patterns: as the ribbon I structure can be assigned to dG(Cyg),
on the basis of previous experiment in solution and at the solid-
liquid interface, 61 3 different ribbon arrangement with a stronger
H-bond network may occur for Ggly(Cio)2 (see e.g. the different
hydrogen-bonding motifs that characterize the "narrow” and the

"wide" ribbon structures for dG(Cyp); itself in the solid state5).



Table 4 Single and common parameters obtained by the global-fitting procedure applied to analyzable SAXS data. Errors in cylinder length and in the
ribbon contour and Kuhn lengths are around 10%; errors in electron densities are + 0.02 ¢/ AY; errors in o, 77 @nd @, 4. are around 5%. Symbols as
in the text, but = means "longer than 2000 A" and - "data fitting not appropriate*.

Ggly(Cy0)2/KPi, c=1.3 wt% Ggly(Cyp)2, c=1.2 wtho
“cylinder model ribbon model
TTC) 75 35 25 55 65 75 Tee) 20 30 40 50 60 70
length (A) 58 59 56 47 43 40 contour l. (A) - - - - o= o
polydisp. 0.10 0.11 0.13 0.11 0.24 0.26 Kuhn L (A) - - 164 159
Pore (e/A') 039 039 038 038 038 037 oD - - 483 486
S y - - 008 0.9
P (e /A) 0.47 Prom € /) 0.47
R(A) 124 £ 0.5 A2 34+08
Feore (A) 1.2+ 0.2 axis ratio 3.7+07
Gace(Cyp)/KPi, c=1.3 wtd% Gace(Cyo), c=1.2 wit%
“cylinder model ribbon model
TG) 25 35 a5 L 65 75 T (°C) 20 30 40 S0 60 70
length (A) 54 52 52 54 contour l. (A) = = - =
polydisp. 013 011 012 0.14 Kuhn L. (A) -
Peore (e~ /(A3) . 032 031 032 030 o - .
a:lj'lb(!’( = - =
P (e~ [A%) 0.47 Prim (e~ /A7) B
R(A) 123+ 08 A2 A -
Feore (A) 1.3+ 05 axis ratio -
dG(Cy0)2/KPi, c=1.3 w1% dG(Cip)2, c=1.2 w1%
cylinder model ribbon model
TTO) 75 5 75 55 5 75 TCC) 70 30 40 50 60 70
length (A) - = = - - 64 contour . (A) 1200 850 490 540 530 495
polydisp. - - 0.28 Kuhn L (A) 184 165 160 159 16.1 16.1
Peore (e~ /A3) - 0.37 o A) 469 467 451 456 449 450
Qsphere 007 007 0.06 006 0.07 0.06
Pay e /AY) 0.47 Prim (€~ /A7) 0.47
R A) 129 + 1.0 A2 (A 3.5+ 04
Feore (A) 1.4+ 0.6 axis ratio 7.4+ 03




3.4 Ordered lyotropics and strongly correlated systems
As summarized in Table 2, Bragg peaks occur in some SAXS pro-
files, both in the presence (Figure 4) and in the absence of KPi
(Figure 5). Because phase separation, results will be discussed
only qualitatively, taking into account previously reported data.
dG(Cip)2: Concerning dG(Cyp)2, the formation of ordered
liquid-crystalline phases at low concentrations was already de-
scribed: in the absence of salt, a 2D-square packing of ribbons
were observed both in toluene (at 4%, w/w) and in hexade-
cane (at 8%, w/w) by X-ray diffraction®, but in the presence
of KPi, columnar cholesteric and hexagonal phases, based on
G-quadruplexes, appeared to form in heptane at concentrations
higher than 6% (w/w) 59,

In the present case, stual interacting flexible nanoribbons
were observed in the absence of KPi (Figure 5), while the SAXS
profiles obtained in the presence of KPi are characterised by a
Bragg peak at Q = 0.173 A~! (see Figure 4). Due to the experi-
mental set-up, no other peaks were observed and the structure of
the phase cannot be assigned. However, the peak position roughly
corresponds to the position of the (1,0) peak of the hexagonal
phase observed in heptane for the same LipoG at higher concen-
tration and in the presence of the same salt>%, Therefore, it can
be argued that in dodecane the columnar hexagonal phase made
by G-quadruplexes forms already at very low concentration. No-
ticeably, the peak position is slightly dependent on concentration,
indicating a small, but general swelling behaviour: the 2D hexag-
onal unit cell increases from 41.7 to 41.9 A when the concen-
tration changes from 1.3 to 0.26 %). Upon heating, the peak re-
duces in intensity and finally vanishes at around 50°C at ¢=0.26
% and 70°C at c=1.3 %, indicating that a direct transition from
the hexagonal to the isotropic phase occurs. Note that similar
temperatures were detected in heptane and in the presence of
KPi in correspondence of the cholesteric-to-isotropic phase transi-
tion and of the hexagonal-to-cholesteric phase transition®? (Table
4).

Gace(Cjp): Regarding Gace(C,;), while no mesogenic prop-
erties were reported in the presence of salts, a birefringent gel-
like phase was described in toluene (or chloroform) withour salts
at ¢ >2.5% (w/w)%2. X-ray diffraction experiments performed
at higher concentrations confirmed the existence of an ordered
structure made by infinitely long nanoribbons, packed in a 2D-
rectangular lattice (unit cell parameters were ¢=25.9 A and
b=10A at c=50%).

The Bragg peak observed in SAXS data obtained in the absence
of KPi suggests that the same lyotropic ordered phase exists in
dodecane. Indeed, its position (21/Q= 25.6 A) perfectly corre-
sponds to the unit cell parameter a of the 2D-rectangular lartice
previously determined. Due to the diluted conditions, the situa-
tion is however more complicated, as a wide band is further de-
tected at 0=0.053 A-1, This band probably indicates the contem-
poraneous presence of a less ordered phase, possibly a nematic,
formed by weak interacting ribbons. Interestingly, the band be-
comes better and better defined by increasing the temperature,

even if the particle-particle correlation distance remains constant
(abour 120 A), suggesting that the two phases are in equilibrium.

The formation of an ordered structure is also detected in the
presence of KPi. A Bragg peak is indeed observed at large @, in
a position which depends on concentration. Assuming a possible
2D-hexagonal packing of G-quadruplexes, a swelling behaviour
is detected: the unit cell increases from 42 to 55 A when ¢ de-
creases from 1.3 to 0.26 % w/w. It should be noticed that the
peak disappears when the temperature exceeds 35°C, suggesting
that a direct transition from the hexagonal to the isotropic phase
occurs also for this LipoG (accordingly, fitting results in Table 4
indicate that quadruplexes are rather short53).

Ggly(Cio)2: For Ggly(Cio)2, gel- or liquid-crystalline phases
have not been described before. The present SAXS data indicate
that an ordered structure forms in dodecane in the absence of KPi.
As only one Bragg peak at 0= 0.2 A-1is detected, the phase can-
not be assigned. The peak disappears on heating at about 55°C,
at a temperature in which a wide band dominates the low-angle
region: a transition from a long-range ordered phase to a corre-
lated organization of very long nanoribbons can be inferred.

4 CONCLUSION

Self-assembling properties of different LipoG derivatives dis-
solved in dodecane in dilute conditions have been investigated
by SAXS. In all cases, the formation of supramolecular elongated,
pseudo-polymeric aggregates, i.e., quadruplexes or nanoribbons,
has been demonstrated.

As expected *560.62 the formation of quadruplexes or nanorib-
bons is dictated by the presence or the absence of salt, although
the structural properties of the supramolecular assemblies depend
on the LipoG chemical structure. In all the considered cases, rib-
bons are very long, suggesting that their formartion and elonga-
tion primarily depends on hydrogen donor-acceptor complemen-
tarity. However, different flexibilities emerge in different cases.
In particular, ribbons made by dG(Cjp)z are very flexible, and
show a persistence length of the order of the guanine repeat unit,
while nanoribbons generated from G(C,z) and Ggly(Cyy), show
a persistence length from 2 to 6 times the guanine repeat unit,
respectively, indicating less and less flexible objects. On the basis
of previous data and according to the derived structural proper-
ties, nanoribbons of type I are suggested to form in dG(Cg), and
G(C;3) dodecane solutions, while nanoribbons of type Il are pro-
posed for the Ggly(Cp)2 dodecane sample.

Also the structural properties of the quadruplexes forming in
the presence of KPi depend on the considered derivative. Indeed,
the less soluble (and less polar) G(Cig) gives rise to long, poly-
disperse quadruplexes, while short (and rather monodisperse)
quadruplexes are formed by the other LipoGs. In particular,
stacking ability appears to follow in dodecane the same order al-
ready observed in cyclohexane47, i.e., dG(Cyo)2 =~ Ggly(Cio)2 <
G(Cyg): since a comparable average potassium hole occupancy
has been detected for all the investigated systems (around 70%),
additional stabilization terms may be related to the global LipoG
molecular shape. Indeed, G(C,g) is flat, Ggly(Cin)2 is a little less
planar and dG(C,g); is almost bent.

With respect to the behaviour observed in cyclohexane, one



main difference should be underlined: in dodecane, LipoG aggre-
gates show a strong tendency to (laterally) interact. Bragg peaks
(indicating the formation of columnar phases) and intense corre-
lation bands have been in fact detected in several samples. In the
absence of KPi, lyotropic behaviour appears when ribbons are in-
finite in length (in the case of Ggly(Cjq)2, ribbons more than 200
nm long are present at the transition to isotropic phase), but in
any case interparticle interactions are rather evident. Neticeable

the—pronounced-intersetion—pesks: In the presence of K, the
appearance of ordered lyotropic phases (for continuity reasons
indexed as H and R, for Gace(Cyp) and Ggly(Ci0)2, respectively)
is probably caused by a low aggregation number, i.e., when the
quadruplexes are short, so thar the particle number density is
rather large. Indeed, heating induces a direct transition to the
isotropic phase: on the basis of the approach developed by Taylor
and Herzfeld®, a stable nematic (or cholesteric) phase interven-
ing between the hexagonal and isotropic phases can be found in
columnar lyotropic systems only when finite rigid aggregates are
on average sufficiently elongated.

In summary, the presented SAXS analysis gives a description
of the different LipoG architectures occurring in hydrocarbon sol-
vents, in the presence and in the absence of potassium ion. The
quantitative estimate of G-ribbon flexibility and thermal stabil-
ity, as well as the determination of G-quadruplex structural fea-
tures, including ion hole occupancy, provide final insights into
the relationship between LipoG organization at molecular and
supramolecular level. Such information is clearly unavoidable for
the design and development of new applications based on these
biomaterials.
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