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Constitutional self-assembly provides an evolutional
approach for the generation of functional supramolecular
systems through the implementation of reversible exchange
between different complex architectures of various function-
alities."™ A representative example is the generation of
H-bonded guanosine (G)-quadruplexes through cation tem-
plating, which may embody an important constitutional
(spatial and interactional) reorganization of G-networks by
dynamically exchanging between G-ribbons and cation-sta-
bilized macrocyclic G-quartets or tubular G-quadruplexes
(Figure 1a).5 Although they were already discovered in the
1960s,°"! the application of artificial G-quadruplexes as ion
channels®® and the direct quantification of natural G-quad-
ruplexes in human cells have only recently been studied
extensively.!”! Liposomes,”! surfaces,® dynamers,” hybrid
materials,'!! and mesoporous silical”” have been used as
scaffolding matrices to stabilize and to orient the anisotropic
directional G-mesophases. They are reminiscent of other
supramolecular pore-confined systems!™>!* or DNA-modified
surfaces.'>1¢]

Among confining matrices, single-layer thin films of
mesoporous silicon (pSi), multilayer Bragg reflectors, or
Rugate filters can be easily obtained by electrochemical
etching (Supporting Information, Figure Sla). The single-
layer films display properties suitable for optical interferom-
etry, and well-resolved Fabry—Perot fringes are obtained in
the pSi reflectivity interference spectrum.'”'¥ Numerous
optical (bio)sensors have been developed using reflective
interferometric Fourier transform spectroscopy (RIFTS).*2
Rugate filters of pSi multilayers that feature a sinusoidal
variation of the depth mesoporosity and a strong peak in their
reflectivity spectrum reflect a single color without a Fourier
transform operation.*?

We hypothesized that, under pSi confinement, the trans-
formation between the G-ribbon and G-quadruplex phases of
distinct molecular packing density would result in a change in
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the refractive index of the pSi structure (Figure 1b), which
can be detected as the corresponding shift of the effective
optical-thickness value in its fast Fourier interference pattern
(Figure 1c).

Herein, O-triacetylguanosine (AcG) and cation building
blocks have been used to stabilize the AcG,-ribbons and
AcG-quadruplexes under confinement within pSi. Their
formation under confined conditions can be detected with
single-layer films (RIFTS) or Rugate filters by monitoring the
real-time variation of the effective optical thickness in the pSi
host matrix and direct color changes, respectively.

G-quadruplexes were prepared from AcG and Na*, K*, or
Ba’" triflates in acetonitrile. A weak Cotton effect was
observed in the CD spectrum of AcG, which may be ascribed
to a very fast exchange between the twisted unstructured
G-quadruplex with ribbons in solution (Supporting Informa-
tion, Figure S2a). After addition of Na', K', or Ba®'
(0.25 equiv), the CD spectra closely resembled the calculated
spectra of chiral twisted G-quadruplexes, with adjacent
G-quartets having opposite polarities (Supporting Informa-
tion, Figure S$2a).*?" The spectra displayed the expected
negative (Na*, K) and positive (Ba>") Cotton effects, with
a zero-crossing at A=300nm in the region of the AcG
chromophore. Evidence for H-bonding and cation binding
was obtained from the shifts in the vibrational band of vc—g
from 1700 to 1680 cm™', which was observed in the FTIR
spectra of G-quadruplexes, while the vc_o band of external
acetyl moieties at 1750cm™ did not shift (Supporting
Information, Figure S2b).

Porous silicon films were prepared by anodic etching of
B-doped crystalline silicon in an ethanolic solution of hydro-
fluoric acid (HF) at various constant current densities of 2—
30 mA cm 2. Scanning electron microscopy (SEM) of the pSi
surface (Supporting Information, Figure S3) showed meso-
pores with a diameter of approximately 7-26 nm, which
increases with higher current densities as expected. The pSi
mesopores provide a large surface area for the confinement of
G-ribbons and G-quadruplexes that are considered to have
a length of 1 nm and a diameter of 3.5 nm, respectively.®'"!
The freshly etched hydride-terminated pSi was rendered
hydrophobic by hydrosilylation with hexadecene. Then, the
AcG, ribbons or pre-formed AcG,Na®, AcG,K*, and
AcG,Ba*" quadruplexes were confined or generated in situ
upon continuous addition of the corresponding salt solutions
to an AcG,~hexadecane—pSi sample mounted in a flow cell
(Supporting Information, Figure S1b). Upon sequestration
within the pSi pores, almost all of the vibrational FTIR bands
were shifted to higher frequencies compared with the
unconfined G-systems, which is reminiscent of the more
rigid vibrational modes under confined conditions (Support-
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Figure 1. a) Dynamic exchange between supramolecular architectures of G-ribbons, G-quartets, or G-
quadruplexes in the presence of ionic chemical effectors (). b) Dynamic constitutional confinement of
ribbon-type and cylindrical G-quadruplex architectures of different molecular packing density. c) A change
in refractive index results, which is detected as the corresponding shift of 2nL (effective optical thickness)
in the interference pattern of the hybrid pSi film.
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ing Information, Figure S4).
The X-ray powder diffraction
(XRPD) patterns of the AcG
powder entailed well-resolved
peaks that are reminiscent of
the co-existence of linear®
and zigzag?! ribbons B (Fig-
ure S5). The preferential for-
mation of ribbonsB is gov-
erned by strong interactions
between the three hydrophobic
acetyl groups that induce the
formation of the more compact
architecture to increase the
overall stability of the system,
as previously observed for sim-
ilar systems.*")

The confinement of G-sys-
tems within the hexadecane—
pSi films (7-26 nm) was then
investigated using RIFTS (Sup-
porting  Information, Fig-
ure S2b).”¥ The addition of
solutions of AcG, and of pre-
formed AcG,Na", AcG,KT,
and AcG,Ba’" induced a rapid
increase in optical thickness-
(A2nL), which was followed by
a plateau that is attributed to
non-covalent confinement and
then saturation of the pores by
the G-systems (Figure 2). The
increase in A2nl was higher
for the bigger pores, which
corresponds to larger amounts
of confined G-species (Sup-
porting  Information,  Fig-
ure S6). The AcG,, ribbons gen-
erated a larger red-shift in the
effective optical thickness than
the cationic AcG-quadruplexes
because of their different
molecular packing densities.
Then, the formation of AcG-
quadruplexes by the addition
of K* or Ba®" solutions to
a porous pSi system saturated
with AcG, was monitored.
Astonishingly, the value A2nL
shifted back to its initial value,
which  indicates  complete
removal of the confined AcG,
from the pores, along with the
formation of AcG,K* and
AcG,Ba*" in acetonitrile solu-
tion (Figure 2b,c).

When performed a month
later, the same experiment on
hexadecane-pSi samples that
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Figure 2. Variation of the effective optical thickness as a function of time. a) A2nL=f{(t) for hexadecane-
modified pSi samples prepared at different current densities (2-30 mAcm™2) and exposed to AcG,, ribbons.
b—e) A2nL=f(t) for hexadecane—pSi samples prepared at 2 and 5 mAcm™
exposed to b) K* and c) Ba®* cations; d, e) one-month old hexadecane—pSi samples, presaturated with AcG,,
and exposed to d) K™ and e) Ba’ cations. f) A2nL=f{(t) for pSi-COO~ samples prepared at 2 mAcm2 and
exposed to preformed AcG,Na™, AcG,K", and AcG,Ba>". g—i) A2nL=f{t) for pSi-COO~ samples prepared at
, presaturated with AcG,, and exposed to g) Na™, h) K*, and i) Ba®" cations. Traces for preformed
AcG,Na*, AcG,K*, and AcG,Ba’" are shown in each graph (b—e) and (g—i) for comparison. m=2 mA; @ =

2 mAcm™?

5mA; A=10mA; v=30 mA.

were aged and partially oxidized (by ambient air) revealed
a different behavior in the RIFTS experiment for low pore-
diameter pSi films (2 and 5 mAcm™?) that present a better
potential for interaction and stabilization of their inner-pore
surfaces with the G-systems. These results suggest that the
partially hydrophilic/charged Si—OH/Si—O~ aged pore sur-
face plays a role in the stabilization of the positively charged
AcG,K" and AcG,Ba*" when formed insitu in pSi (Fig-
ure 2d,e). For this reason, we then prepared pSiCOO~
samples (2 mA cm?) by the hydrosilylation of hexadecenoic
acid onto a pSi film. Introduction of preformed positively
charged AcG,K" and AcG,Ba*" to the pSi-COO~ films
induced a rapid red-shift to higher saturation values of A2nL,
which could be attributed to the increased charge compensa-
tion of confined G-quadruplexes (Figure 2 f). The real-time
formation of G-quadruplexes from saturated confined AcG,
that was exposed to the Na*, K, or Ba®" solutions showed
a significant and timely blue-shift, which corresponds to
a slow equilibrium between AcG, and the AcGNa*, AcG,K",
or AcG,Ba’" species within the pSiCOO™ pores. The final
value for the effective optical thickness was found to be
higher than the value that could be reached when introducing
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Indeed, it is known that in

1) 100 a series of quadruplexes,
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Teo : cally and kinetically more
€ 0] pca.par stable than AcG,K*,
220 :;?Q.n...___ whereas AcG,Na* is gener-
" - ally unstable.'>*! Confine-

ment and packing are
assumed to be more favor-
able when the system is
stabilized in one or the
other conformation (linear
ribbon or quadruplex), and
when only limited exchange
between those conforma-
tions occurs.

Finally, Rugate-filter pSi
structures, which strongly
reflect green light, were
etched with a sinusoidal variation of current density (15—
45 mA cm?) over time with a pore diameter of 5-30 nm and
then functionalized with hexadecenoic acid (Supporting
Information, Figure S7). They were exposed to acetonitrile
solutions of AcGNa", AcG,K", and AcG,Ba*". In air, the
green pSi-COO~ samples turned progressively orange/red,
with a darker red observed for AcG,K' and AcG,Ba’
(Figure 3). The incorporation of stable AcG,Ba’*" and
AcG,K" was expressed by greater red-shifts of the Rugate
peak in solution than for the peak observed for AcGNa*
(Table 1; Supporting Information, Figure S8), as previously
observed by RIFTS measurements (Figure 2 f). In fact, the
red-shift that was measured for AcG,Na* (44 nm) corre-
sponded to the red-shift observed upon introduction of pure
acetonitrile (46 nm; Supporting Information, Figure S8a,b),
which suggests the absence or a poor incorporation of
unstable AcG,Na™ within the pores. Then, after slow evap-
oration of the solvent, the samples were dried under high
vacuum for 48 hours. The pSi Rugate sample initially exposed
to the AcGNa* solution turned back to its original green color
as acetonitrile evaporated. In contrast, the pSi samples with
AcG,K" and AcG,Ba’" remained reddish or orange and were
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Figure 3. Photographs of pSi-COO™ Rugate films that display changes
in optical color when exposed to acetonitrile solutions of AcG,,
AcG,Na™, AcG,K", and AcG,Ba’", after solvent evaporation at room
temperature and under high-vacuum conditions to verify that the
observed effects were not only related to solvent evaporation.

Table 1: Rugate peaks of pSi-COO™ multilayer films.1!

G-System Wavelength of the Rugate
peaks® [nm]

AcG,Ba’"  AcG,K" AcG,Na*
pSi-COO™ (air) 539 562 555
Acetonitrile solution of the 622 (+83) 625 (+63) 599 (+44)
G-system
After solvent evaporation 597 (+58) 575 (+13) 562 (+7)
under high vacuum orange/  yellow/ green

red orange

[a] Rugate peaks for pSi-COO™ multilayer films in air, after immersion
into acetonitrile solutions of the G-systems, and after evaporation under
high-vacuum conditions. [b] The shifts of the Rugate peak for the
confined G-systems (solution/solvent evaporation) are given in brackets,
as a reference to the pSi-COO™ multilayer films in air.

stable for weeks in the absence of perturbing factors. The
differences in red-shift observed for AcG,K" and AcG,Ba>*
of 63 and 83 nm, respectively (Supporting Information,
Figure S8c,d), were in agreement with the expected stabilities
of the two complexes.

Our findings show a novel interesting strategy to stabilize
and to detect artificial G-quadruplexes under confinement
within scaffolding porous silicon pSi matrices. Moreover,
these experiments highlight the potential of pSi optical
systems to sense formation of the G-quadruplexes in real-
time, and to allow discrimination between the structurally
similar AcGNa*, AcG,K", and AcG,Ba*" quadruplexes; thus,
these systems can give information on dynamic binding events
of ion effectors under confined conditions. The reflective
optical properties of the pSi material can be used for fine-
selective sensing of artificial G-quadruplexes, and they can be
correlated with the stability of the G-quadruplexes
(AcGNa™ < AcG,K" < AcG,Ba’"). When G-quadruplexes
infused into the pores, a change in the film color from green
to red occurred, so that confinement and stabilization of

www.angewandte.de
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G-quadruplexes, or the color of self-assembly, can be directly
observed by eye.

Considering the simplicity of this strategy, applications for
the detection of other self-assemblies or molecular recogni-
tion processes could be developed.
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