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HIGHLIGHTS GRAPHICAL ABSTRACT

ATR-FTIR spectroscopy unveils new in-
sights on the formation of guanosine
hydrogels.

Different cations (K* and Na*) affect
the stability of the promoted quadruplex
structures.

The aggregation properties of quadru-
plexes can be tuned by varying Gua:GMP
molar ratio.

@

2

©

£

(o]

8

<

Wavenumber
ARTICLE INFO ABSTRACT
Keywords: Guanosine nucleosides and nucleotides have the peculiar ability to self-assemble in water to form supramolec-
ATR-FTIR ular complex architectures from G-quartets to G-quadruplexes. G-quadruplexes exhibit in turn a large liquid
G-quadruplex crystalline lyotropic polymorphism, but they eventually cross-link or entangle to form a densely connected 3D
g}'d?g‘?lal haracteriati network (a molecular hydrogel), able to entrap very large amount of water (up to the 99% v/v). This high
tophiysical characterization water content of the hydrogels enables tunable softness, deformability, self-healing, and quasi-liquid properties,

making them ideal candidates for different biotechnological and biomedical applications.

In order to fully exploit their possible applications, Attenuated Total Reflection-Fourier Transform InfraRed
(ATR-FTIR) spectroscopy was used to unravel the vibrational characteristics of supramolecular guanosine struc-
tures. First, the characteristic vibrations of the known quadruplex structure of guanosine 5’-monophosphate,
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potassium salt (GMP/K), were investigated: the identified peaks reflected both the chemical composition of
the sample and the formation of quartets, octamers, and quadruplexes. Second, the role of K* and Na* cations
in promoting the quadruplex formation was assessed: infrared spectra confirmed that both cations induce
the formation of G-quadruplexes and that GMP/K is more stable in the G-quadruplex organization. Finally,
ATR-FTIR spectroscopy was used to investigate binary mixtures of guanosine (Gua) and GMP/K or GMP/Na,
both systems forming G-hydrogels. The same G-quadruplex-based structure was found in both mixtures, but the
proportion of Gua and GMP affected some features, like sugar puckering, guanine vibrations, and base stacking,
reflecting the known side-to-side aggregation and bundle formation occurring in these binary systems.

1. Introduction

Guanosine nucleosides and nucleotides are known to self-assemble
in water to form supramolecular complex architectures [1]. This is a
peculiar association since, among nucleobases, only guanine is able to
interact even in a large water environment (up to 99%) with other
three guanines, leading to the formation of a supramolecular aggregate
known as G-quartet. G-quartets in turn stack one on top of the other
to form chiral columnar structures named G-quadruplexes. Several
low-molecular weight guanine derivatives are present in nature and
are involved in this phenomenon: in this paper, guanosine (Gua) and
guanosine 5’-monophosphate (GMP) were considered. The G-quartet
is a planar structure derived from non-conventional H-bonds, called
Hoogsteen scheme, among four guanine molecules [2]. In this arrange-
ment the phosphate groups of GMP are in the external part of the
structure. By the regular z—z stacking of tetramers, other ordered
structures form in water in the presence of alkali metal cations: first
the G-octamer (a dimer of G-quartets), afterwards the G-dodecamer (a
trimer of G-quartets), and finally the G-quadruplex. The G-quadruplex
supramolecular organization is similar to that of DNA, but the helix is
four-stranded and the backbone is absent. Two points can be under-
lined: each G-quartet is rotated of around 30° with respect to the next
one [1]; the stacking distance between the G-quartets, as derived from
X-ray diffraction experiments [3], is around 3.34 f\, similar to the one
observed in the DNA molecule.

Although G-quadruplexes can be observed in the telomeric region
of the chromosome into the cells [4], there is a double possibility to
prepare stable G-quadruplexes in solution. At one side, GMP in water
at concentrations larger than 10% w/v and in the presence of K* or Na*
forms stiff G-quadruplexes that organize in columnar liquid crystalline
lyotropic phases of hexagonal and cholesteric type [5]. The stability
and structural properties of the phases were related to the phosphate
negative charges on the G-quadruplex surface, which provide lateral
repulsive forces between neighbor G-quadruplexes. At the other side,
we recently demonstrated that, by replacing a fraction of GMP with
Gua at a proper molar ratio, the G-quadruplexes maintain their archi-
tecture, but the induced flexibility and the enhanced contribution of
attractive van der Waals forces determine G-quadruplex cross-linking
and entanglement, and then the formation of a densely connected 3D
hydrogel network [1]. The Gua molecule holds the key to understand
such behavior since, being uncharged, insoluble [6], and still able to
form G-quartets, it controls the G-quadruplex properties [7].

A last observation concerns the G-quadruplex formation, which
occurs when guanine molecules are dissolved in water in the presence
of alkaline metal ions. The role of the cation is crucial for the stability
of the G-quartets (through the coordination of the oxygen atoms in
the G-quartet central cavity) and of the G-quadruplexes, through the
coordination of eight oxygen atoms in two stacked G-quartets. Not
all the cations are effectively able to fit the G-quadruplex cavity,
hence they were evaluated according to their stabilizing ability [8] and
classified as follows:

K* > Rb* > Na* > Cs* = Lit

In particular, considering two forms of GMP, i.e., the potassium (GMP/
K) and the sodium (GMP/Na) salts, it has been observed that both
of them are able to originate the G-hydrogel, but the presence of
potassium ions induces more stable (more longer) G-quadruplexes.
Probably, the size of the cation and the dehydration energy plays an
important role in determining the bonding strength to the 06 of staked
guanines.

Among the others, the absence of a backbone, the Gua-GMP re-
placement, and the counterion coordination strongly control the self-
assembling process, the G-quadruplex stability and, as a consequence,
the hydrogel properties. Because of the several and unique applications
that have been suggested for the G-hydrogel, a comprehensive analysis
of intramolecular and intermolecular interactions, including hydrogen
bonds, cation—06 coordinations, z—r interactions, and base stacking is
mandatory.

In this paper, Attenuated Total Reflection-Fourier Transform In-
fraRed (ATR-FTIR) spectroscopy was used to identify vibrational modes
of molecular bonds, functional groups, and intra- and intermolecular
interactions characteristic of guanosine hydrogels. The systematic de-
scription of these vibrational fingerprint will let obtain some reference
parameters to be monitored when setting up applications of guanosine
hydrogels.

2. Experimental
2.1. Sample preparation

The GMP/K was prepared by using ion-chromatography exchange,
starting from a solution of GMP/Na (purchased from Sigma Aldrich).
The eluted solution was precipitated by adding a water/ethanol mix-
ture at 1:3 ratio, centrifuged at 4000 rpm for 15 min. Pellets were
lyophilized overnight and then stocked at —20 °C. GMP/Na was used
as it is.

GMP/K and GMP/Na quadruplexes were prepared by adding to the
lyophilized derivatives the proper amount of milli-Q water. The water
sample concentration was 200 mg/ml.

G-hydrogels were prepared at different Gua:GMP/K and Gua:GMP/
Na molar ratio (3:2, 1:1, 1:2, 1:4) and at a water composition of 95%
v/v. For hydrogel preparation, two stock solutions of Gua and GMP
(GMP/K or GMP/Na), 150 mg/ml and 200 mg/ml respectively, were
prepared. The right volumes of the two solutions were mixed in a vial
tube and then milli-Q water was added to reach the desired hydration
amount. To improve the kinetic of the hydrogel formation and to
homogenize the samples, the mixtures were heated in a thermo-bath
at 80 °C for a few minutes. By cooling down the samples, a stable and
transparent hydrogel forms at room temperature. Samples were stoked
at 4 °C and they remain stable also for one month. Note that the G-
hydrogel 3:2 is stable only for a few hours in contrast with the other
samples.

2.2. ATR-FTIR measurements

ATR-FTIR measurements were carried out at the IR SISSI beamline,
Elettra Sincrotrone Trieste (Trieste, Italy), by employing a MIRacle
Single Reflection ATR box (PIKE Technologies) with a diamond crystal,
mounted on a Vertex 70 interferometer (Bruker Optics, Ettlingen, Ger-
many) equipped with a deuterated triglycine sulfate detector. Samples
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Fig. 1. Absorbance (A) and second derivative (B) spectral profiles of the GMP/K sample. The center position of the most prominent bands are reported.

deposited onto the diamond crystal were purged with a continuous
stream of nitrogen gas. IR spectra were collected every 10 s until
complete removal of the free water content, as monitored by the
disappearance of the band at ~2100 cm™!, indeed relative to the
free water molecules. This time evolution is shown in Fig. A.14. For
each sample, three spectra were acquired in reflection mode in the
spectral range 4000-400 cm~! (spectral resolution 4 cm~!, 256 scans).
A background spectrum was collected on the clean diamond crystal,
before each sample measurement. All IR spectra were converted into
Absorbance mode, interpolated in the spectral range 1800-600 cm™!,
two-points baseline linear fitted, and converted in second derivative
mode (OPUS 7.5 software, Bruker Optics).

2.3. Infrared data analysis

The curve fitting in some spectral regions of interest was performed
upon local straight baseline correction and vector normalization. The
number and position of the underlying subpeaks were identified by
the analysis of second derivative minima and fixed during the fitting
procedure by means of Gaussian functions (OriginPro 2023b, OriginLab
Corporation). The detailed fitting results are reported in Appendix C.

3. Results and discussion

IR experiments were performed by analyzing at first the charac-
teristic vibrational spectra of the quadruplex structure obtained by
GMP/K in water, then by evaluating the role of Kt and Na‘t cations
in promoting the quadruplex formation, and finally by considering
binary mixtures of Gua and GMP/K and GMP/Na, which form G-
hydrogels. The section is divided into several paragraphs, each focused
on a significant spectral marker and its interpretation for the analyzed
condition, and repeated for all the considered systems.

3.1. Mid-IR spectrum of GMP/K quadruplexes

To assess the characteristic vibrations of the known quadruplex
structure, the spectral features of GMP/K were evaluated by studying
its mid-IR spectrum. Fig. 1 displays the absorbance and second deriva-
tive spectral profiles obtained. The peaks identified from absorbance
and second derivative spectra reflect the chemical composition of the
sample, hence comprise the vibrational modes of guanine, ribose, and
phosphate groups. In addition, some features were ascribable to the
formation of quartets, octamers, and quadruplexes. The detailed assign-
ments and interpretation of the accounted bands are described in the
subsequent sections.

3.1.1. The C6<06---N1-H

The first relevant and the most pronounced peak is centered at
~1685 cm~! and is related to the stretching mode of the C6=06
(Ves—og) of guanine. It has been reported that this peak arises at
1655-1670 cm™! in single stranded DNA. When guanosines undergo
self-association, forming a tetramer through Hoogsteen-type G-G in-
teractions, this carbonyl group becomes engaged in a hydrogen bond,
causing a shift in this band to higher wavenumbers, as in the present
case [9-11]. Several factors affect the position of the vo_q peak. First,
it is known that the vc_g peak in aromatic carbonyl units appears
approximately 60 cm~! lower (~1665 cm~!) than that in saturated
carbonyl units (~1720 cm™!). This is due to conjugation, the partial
overlap between the aromatic ring p-type orbitals extending above
the molecular plane, and the carbonyl group’s p-type orbital directed
towards the aromatic ring. This conjugation diminishes the strength of
the G=0 bond, reducing its force constant and resulting in an average
peak position shift of about 30 cm~1 [12].

Moreover, the significant shift of the vqs_os band reflects the forma-
tion of hydrogen bonds on this carbonyl, the cation coordination, and
the stacking interaction between contiguous G-quartet planes [9,13-
15]. The first of these two factors relies on the formation of G-quartets.
However, in this structure, hydrogen bonds polarize the z-electrons of
single GMP monomers: this leads to the formation of resonance forms
for all the four monomers, which display cyclic [4n+2] z-electrons
delocalizations [16]. As a result, in the G-quartet the GO groups
display a greater length (1.223 A) with respect to the aromatic carbonyl
of the monomer (1.208 A) [16], thus leading, as a matter of fact, to
a decrease in the absorption frequency. Moreover, in the presence of
cations complexed to the G-quartet, the polarization of ring z-electrons
is even greater, leading to a further increase in carbonyl bond length
both with one K* (1.241 10\) and with two K* (1.258 10\) [16]. Hence,
the blue shift from ~1665 cm~! of aromatic carbonyls to ~1690 cm™!
of G-quadruplexes does not seem to be ascribable to hydrogen bonding
and cation coordination at the basis of G-quartet formation.

Hence, since Hoogsteen hydrogen bonding and metal coordination
induce G=O bond lengthening, the coupling effects of quartets should
be also considered, like base stacking, which are able to delocal-
ize vibrations among multiple bases within the ordered structure of
quadruplexes [13]. Indeed, as in the present case, GMP quadruplex
formation induced a blue shift of the vgs_gg, With respect to aromatic
carbonyls of GMP alone. This result, besides being consistent with
previous literature [9,15,17-20], has not been thoroughly investigated
and explained. Price and colleagues suggest that the blue shift of the
peak assigned to vgg_oe is due to the coupling between G-quartets, a
shift that they report to be ~+20 cm~! [13].

3.1.2. The guanine base

The peak centered at ~1603 cm™! is attributed to the guanine base
stretching/deformation vibrations [14,21]. It has been reported that the
IR spectrum of monomeric GMP displays the absorption assigned to the
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Fig. 2. Hoogsteen type hydrogen bonds between C6=06 and N1-H groups (green) and
between N7 and N2-H groups (blue).

guanine ring at ~1570-1580 cm~! [21,22]. In the present case, the ab-
sorption is significantly blue shifted: a similar shift (up to ~1593 cm™!)
has been ascribed as a signal of the GMP quadruplex formation [11,21].
Not only the shift, but also the intensity of this band seems to be
quantitatively related to the formation and stability of quadruplexes,
as suggested by its decrease upon an increase of temperature [11].
Moreover, the intensity of this band upon G-quadruplex formation
decreases with respect to single GMP spectrum, probably due to an
hypochromic effect related to the z-r electron interaction of the stacked
guanine bases [21].

Next to this peak, a shoulder, centered at 1582 cm™! in absorbance
mode and at 1578 cm™! in second derivative mode, is clearly visible.
Since both the infrared bands at 1603 cm~! and at 1582 cm~! can be
assigned to G=C and G=N guanine ring deformations, it can be hypoth-
esized that multiple forms of GMP coexist in the sample, from single
monomers, to G-quartets, to G-octamers, to G-quadruplexes. Moreover,
the contribution of the terminal G-quartet of cylinders may also play a
part in the presence of both these peaks.

The peak found at 1360 cm~! in absorbance mode is also ascribable
to guanine vibration modes: in particular, it is assigned to the stretching
vibrations involving C8 (vgg_n9 and veg_n7) [22,23]. In second deriva-
tive mode, this peak appears divided into a doublet, with a major
contribution at 1366 cm™! and a shoulder at 1358 cm™!.

3.1.3. The N7---N2-H

Besides the Hoogsteen type hydrogen bonds between C6=06 and
N1-H groups, the involvement of GMP in tetrads also relies on the
formation of a hydrogen bond between N7 and N2-H groups (Fig. 2).

There is consensus that the existence of the N7---N2-H hydrogen
bond is evidenced by the emergence of a new absorption located at
~1535 ecm~!, which is almost absent in the spectrum of isolated deoxy-
guanosine 5’-monophosphate (dAGMP) and that is considered indicative
of the formation of a helical structure [9,10,21]. This is also confirmed
by the evidence that a temperature-induced dissociation of G-quartets
determines a decrease in intensity of this band [11].

Moreover, the formation of a hydrogen bond involving the N7
atom causes a red shift of the band assigned to the bending vibration
of N7=C8-H (6y7—_cg_p): indeed, in single GMP, or in Watson—Crick
pairing, this band is centered at ~1496 cm™!, while here it is at
~1480 cm™!, reflecting an interaction occurring on the N7 site [9,24].

3.1.4. Sugar puckering

In literature, it has been reported that GMP quartets are stacked
following a head-to-tail organization, which leads to the formation
of a chiral cylinder, thanks to a peculiar sugar puckering along the
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helical strand that sees alternating C2’-endo and C3’-endo conforma-
tions [11,25,26]. In fact, it has been described that the presence of
chiral sugars linked to nucleobases determines the formation of two
diasterotopic faces in each G-quartet (a ‘head’ and a ‘tail’) [27]. In con-
trast with right-handed B-form and A-form helices, which are known
to contain only C3’-endo and C2’-endo respectively, this GMP helix,
displaying alternating sugar conformations, is in this sense similar to
the left-handed Z-DNA helix [25]. This geometry is crucial, since the
alternating sugar puckering has a role in the stabilization of the helix
via P-O~---H-02/3’ hydrogen bonds along the strand, which recall the
phosphodiester bonds in polynucleotides [11].

The C2’-endo (S type) conformation is characterized by two infrared
bands centered at ~865 cm™! and ~805 cm™!, while the C3’-endo (N
type) absorbs at ~838 cm~! [9,10]. Here, the second derivative spec-
trum clearly shows the presence of three peaks: 862 cm~1, 822 cm™1,
and 799 cm~!, suggesting the presence of both C3’-endo and C2’'-endo
conformations in the analyzed samples.

The band centered at 1409 cm™! is less informative of the sugar
conformation. It has been reported that the center of this band oscil-
lates, based on the conformation of the deoxyribose in the molecule,
between 1425 cm~! (B-DNA), 1418 cm~! (A-DNA), and 1408 cm™! (Z-
DNA) [24,28]. As regards the ribose, the in-plane vibrations of C2'-OH
in RNA are reported to be in the spectrum at ~1400 cm™! [22,24]. The
absorbance at 1409 cm™! of the present samples seems to be closer
to the one of Z-DNA, possibly due to the shared alternating sugars
conformations forming the helix.

3.1.5. Phosphate groups

Phosphate groups also play a crucial role in stabilizing the GMP
helical structure. In the present case, a prominent absorbance band at
1060 cm~! was found, corresponding to the 1067 cm~! and 1050 cm™!
second derivative peaks. The symmetric stretching vibration of phos-
phate groups in double-stranded nucleic acids is found at ~1090 cm™!
[10,24]: this bands is reported to red shift and decrease in intensity
upon melting of the double helix [10]. Moreover, some researchers
compared the experimental and computed spectra of guanosine species:
the vp_o band was centered at 1080 cm™! in d(G)g samples (exper-
imental), while in the computed spectra it was found at 1055 cm™!
for quadruplexes, at 1048 cm~! for duplexes, and at 1043 cm™! for
single-strands [21].

Another prominent band is visible in the absorbance and second
derivative spectra, centered at 966 cm™!. The assignment of this band is
often referred to as ‘backbone vibration’ in DNA/RNA, and it is related
to the phosphate-deoxyribose/ribose skeletal motions [29]; however, in
this case, no real backbone is present, since there is a lack of a proper
phosphodiester chain, but it can be anyway assigned to the PO%‘ group
vibration [23,30].

For completeness, Gua and GMP powder infrared spectra were also
acquired, in order to validate the obtained results, and reported in
Fig. B.15.

3.2. G-quadruplexes made by GMP/K and GMP/Na: a mid-IR spectral
comparison

As previously discussed, the presence of a monovalent alkaline
cation is crucial in the self-assembly of G-quadruplexes. Indeed, if
cations are not added to the solution, only GMP monomers are present
[8,27]. Alkaline cations coordinate with the oxygen atoms in the inner
cavity between G-quartets, participating in the modulation of their
stacking. The role of several ions has been investigated, but a major
interest has been focused on K* and Na*, since they are the most
represented intracellular and extracellular ions respectively [8,31-33].

The different cation dimensions and hydration shell size determine
a cation-specific formation of G-quadruplexes, with the ionic radius
being crucial in stabilizing the structure: Na‘*, with a ionic radius
of 0.95 A, has proper dimensions to coordinate the four 06 of the
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guanines, within the plane, while K*, with a ionic radius of 1.33 A, As previously discussed, the position of this peak is sensitive to
cannot be coordinated within the plane of a G-quartet, but there is G=0 bond lengthening following Hoogsteen hydrogen bonding, metal
evidence of its coordination with eight 06, hence involving two ad- coordination, and base stacking effects; hence, these different band
jacent G-quartets [8,34]. As a consequence, Nat induces the formation features reflect the different behavior of the two monovalent cations
of numerous and short cylinders, while Kt positively modulates the within the G-quadruplex structure. In particular, the resulted blue-
elongation process, leading to the formation of long cylinders [8]. shifted and broader GMP/Na than GMP/K suggests a different 3D

In this light, we compared the mid-IR spectra of GMP/K and arrangement promoted by the employed cation.
GMP/Na, in order to assess if the previously characterized spectral

markers could reflect the different cation employed for G-quadruplex 3.2.2. The guanine base

formation. The main peak attributed to the guanine stretching/deformation
vibrations and centered in GMP/K at 1603 cm™! displayed a red shift

3.2.1. The C6<06---N1-H in GMP/Na. Moreover, the shoulder previously centered at 1582 cm™!

First, we compared the 1730-1620 cm~! spectral region, mostly appeared significantly lower (Fig. 4).

represented by the peak assigned to the vgg_og of guanine (Fig. 3). As suggested above, the presence of both the bands assigned to

Given the convoluted nature of this band, a careful fit was performed: G=C and G=N guanine ring deformations could be ascribable to the

the vge_06 Subpeak was found to be centered at ~1686 cm~! in GMP/K coexistence of multiple organization forms of GMP: hence, the broader

and at ~1688 cm~! in GMP/Na with no significant changes of the and less defined shape of these two peaks, especially in second deriva-

intensity but with a slightly increased w (peak width). The detailed tive mode, may suggest a more inhomogeneous status of the GMP/Na

fitting results are reported in Fig. C.16 and Table C.1 in Appendix C. sample. The fit of these two peaks provided a further insight into these
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spectral profiles, as reported in Fig. C.17 and Table C.1 in Appendix C.
Indeed, in the case of GMP/K both the sub-peaks resulted to be shifted
towards lower wavenumber, with a slightly increased intensity and
a broader lineshape with respect to the GMP/Na ones. Moreover,
the peak found in GMP/K at 1360 cm~! in absorbance mode and at
1366 cm™! in second derivative, assigned to guanine vibration modes,
appeared red-shifted in GMP/Na.

Altogether, these results let confirm that also in GMP/Na quadru-
plexes are formed, but the shape and the intensity of the considered
peaks provide information on a different stability status of the com-
plexes, hence the z-z electron interaction of the stacked guanine bases
is different when the monovalent cation changes. This is in accordance
with available information on how the different cation size and hy-
dration deeply affects the formation of G-quadruplexes, leading, for
example, to the formation of shorter cylinders.

3.2.3. The N7---N2-H

The occurrence of a hydrogen bonding after the formation of G-
quartets and involving the N7 atom is visible in the infrared spectrum
by the two bands centered at 1532 cm~! and at 1480 cm™.

In GMP/Na, both the peaks displayed a slight blue shift; the band
assigned to Sy7-cs_ also had a lower intensity (Fig. 5). Since in single
GMP this band is reported to be centered at ~1496 cm~!, the present
blue shift may be consistent with the results of the previous section,
which suggest a minor stability and a higher inhomogeneity of the
GMP/Na system with respect to GMP/K.

3.2.4. Sugars puckering

The change in the employed monovalent cation to form
G-quadruplexes seemed to affect the sugar puckering. In fact, in the
GMP/Na second derivative infrared spectrum a broader peak at ~862
ecm~! (C2'-endo) was visible, but in place of the 822 (C3’-endo) and
799 (C2'-endo) ecm™! peaks, there was only one centered at ~807 cm™!
(Fig. 6). This latter peak may be attributable to a blue-shifted 799 cm™!
peak, suggesting that in GMP/Na the major sugar conformation is the
C2’-endo.

3.2.5. Phosphate groups

In absorbance, the two spectral profiles of GMP/K and GMP/Na
samples appeared almost superimposable in the 1200-915 cm~! range,
with a negligible increase of intensity of both the bands of interest.
However, in second derivative, a smoother profile suggested a more
inhomogeneous state of the GMP/Na sample, where the coexistence
of diverse organization forms and the presence of shorter cylinders
may determine a less defined signal in the whole spectrum (Fig. 7).
In particular, while GMP/K displayed two second derivative peaks at
1067 cm~! and 1050 cm™!, here a single peak centered at 1057 cm™!
was found.

3.3. Gua:GMP/K quadruplexes: composition effects on the mid-IR spectra

It has been reported that a mixture of guanosine and GMP/K forms
in water stable and transparent hydrogels, whose characteristics can be
modified by tuning the proportions of the two components [1,35,36].
GMP/K is hydrophilic and highly soluble in water at neutral pH, while
Gua is hydrophobic: as a consequence, when mixing the two species,
GMP facilitates Gua solubilization and in turn Gua participates to
the formation of G-quartets and promotes gelation, because of the
reduced number of charges on the G-quadruplex surface [1]. As a result,
when Gua partly replaces GMP, the quadruplex flexibility increases
and the helix-to-helix repulsive interactions get weaker, thus leading
to lateral aggregation and to the formation and stabilization of the
hydrogel [1,7]. All these effects depend on the relative composition
in Gua and GMP of the hydrogel; accordingly, changes in the spectral
profiles of samples composed by different Gua:GMP ratios are expected.

3.3.1. The C6=06---N1-H

Fig. 8 displays the spectral profiles of GMP/K, 1:4 Gua:GMP/K,
1:2 Gua:GMP/K, 1:1 Gua:GMP/K, and 3:2 Gua:GMP/K in the 1730-
1620 cm! spectral range. The second derivative spectra of the five
analyzed samples clearly showed a blue shift of the band centered at
~1685 cm~!. This band was centered at 1686 cm~! in GMP/K and
1:4 Gua:GMP spectra, at 1688 cm~! in 1:2 Gua:GMP, at 1690 cm™!
in 1:1 Gua:GMP, and at 1691 cm™! in 3:2 Gua:GMP. Hence, the center
wavenumber linearly increased upon increasing Gua:GMP proportion,
as shown in Fig. C.18A of Appendix C. The presence of this band in
all the samples proves that Gua enters in quadruplex formation and
is involved, as GMP, in Hoogsteen-type interactions, consistently with
data reported in literature [1,35].

As previously described, the position of the veg_og band, centered
in GMP/K at ~1685 cm™!, is particularly sensitive to the formation of
hydrogen bonds on this carbonyl group, to the stacking interactions
between contiguous G-quartets, and to the metal coordination. In this
comparison, samples share the same monovalent cation and the same
Hoogsteen-type interactions, hence the differences found in the center
position of the vge_ge band have to be ascribed to the base stacking
effects. As previously outlined, the observed blue shift of the vcg_qg,
with respect to aromatic carbonyls of GMP alone, can be attributed
to Hoogsten hydrogen bonding, metal coordination, and base stacking.
Here we highlight that the different composition in terms of Gua/GMP
ratio gives rise to different quadruplex structures with diverse stack-
ing interactions [13]. Indeed, the increasing amount of Gua in the
mixture causes a further blue shift, suggesting that the inclusion of
Gua affects the stacking of bases, possibly due to the onset of van
der Waals interactions between quadruplexes, following the reduction
of electrostatic repulsive forces, and the settlement of aggregates at
a distance of closest contact [7]. In fact, the loss of some phosphate-
related charges makes these binary quadruplexes more flexible and
adhesive, facilitating side-by-side contacts and bundle formation, which
may affect the interactions of quartets.
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3.3.2. The guanine base

The peak centered in absorbance mode at 1603 cm~! and in sec-
ond derivative mode at 1602 cm™!, attributed to the guanine base
stretching/deformation vibrations, does not change its center position
in relation to the Gua:GMP ratio, proving the formation of quadruplexes
in all the analyzed samples. However, a change in its intensity is
appreciable. Similarly, no changes were visible in the position of the
shoulder at 1582 cm~! in absorbance mode and at 1578 cm™! in second
derivative mode (Fig. 9A,B).

Considering the known relation between the intensity of these
bands and the formation/stability of quadruplexes, a fit of the 1625-
1550 cm~! spectral region was performed, and the center positions of
the principal peaks as a function Gua concentration are reported in
Fig. C.18B,C,D of Appendix C. A slight increase in intensity of both the
guanine-related bands was found as a function of the increase of the
Gua:GMP ratio, suggesting a more pronounced side-to-side aggregation

of quadruplexes, which could also affect the vibrational modes of the
guanine bases forming the quartets.

As regards the 1400-1300 cm~! spectral range, the second deriva-
tive clearly showed a separation of the doublet found in GMP/K,
displaying two distinct peaks. Moreover, the peak at higher wavenum-
bers underwent a blue shift linearly correlated with the increasing
Gua:GMP ratio as reported in Fig. 9C,D.

3.3.3. The N7---N2-H

The two bands centered at 1532 cm™! and at 1480 cm™!, related
to the occurrence of a hydrogen bonding involving the N, atom are
clearly visible also in binary Gua/GMP samples. No significant shift nor
change in intensity of these bands were appreciable as a function of the
Gua:GMP ratio (Fig. 10).
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3.3.4. Sugars puckering

As regards the C2’-endo conformation, the change in the Gua:GMP
ratio did not affect the band at ~862 cm™!, while a red shift from
799 cm~! to ~796 cm~! was found in all the binary Gua:GMP samples.
The contribution of the ~822 cm™! peak (C3’-endo conformation) to the
IR spectrum showed to be more pronounced in all the binary Gua/GMP
samples, and also its center position undergoes a red shift (Fig. 11).

Altogether, these results suggest that the inclusion of Gua affects
the sugar puckering. This is not surprising, given that quadruplexes
are known to exhibit enhanced flexibility following the loss of phos-
phate groups from GMP molecules [1,37], resulting in bending and
folding of the cylinders. As a consequence of this higher flexibility, the
sugar moieties may potentially be force to the acquisition of distinct
conformations.

3.3.5. Phosphate groups

In the IR absorbance spectrum of GMP/K, a prominent band at
1060 cm~! was observed, corresponding to the 1067 cm~! and 1050
cm™! s derivative peaks and reported to be assigned to the symmetric
stretching vibration of phosphate groups. Both the absorbance and
second derivative IR spectra show that the increasing Gua:GMP ratio is
clearly related to a significant decrease in the intensity of these peaks,
consistently with a decrease in the relative amount of phosphate groups
within the binary Gua/GMP samples (Fig. 12).

Moreover, the band centered at 966 cm~!, mainly assigned to the
PO%‘ group vibration, displayed a significant decrease in its intensity,

as expected. This peak also underwent a blue shift, from 966 cm™!

in GMP/K and 1:4 Gua:GMP, to 968 cm™! of 1:2 Gua:GMP and 1:2
Gua:GMP, to 972 cm™! of 3:2 Gua:GMP.

3.4. Gua:GMP/Na quadruplexes: composition effects on the mid-IR spectra

With the same approach, the changes in the spectral profile induced
by the increasing Gua:GMP ratio were evaluated also for GMP/Na. The
3:2 Gua:GMP/Na sample was not included, since it was highly unstable
and separated before measurements [7].

Respect to GMP/K, the differences in the spectral profile attributable
to Gua inclusion were not striking, as reported in Fig. C.19 in Ap-
pendix C. Conversely, the 1200-915 cm~! spectral ranges resulted
to be affected by the mixing of GMP/Na with Gua (Fig. 13). In-
deed, the lack of phosphate groups following the inclusion of Gua
molecules into the quartets and quadruplexes determined the same
changes found for GMP/K. In particular, the intensity decrease of the
bands at ~1060 cm~! and ~966 cm~1, assigned to the vibrations of the
phosphate groups, appears related to the increasing Gua:GMP ratio.

4. Conclusions
Given their unique properties, including bio-compatibility, self-

healing, injectability, stability, and orientational persistence, self
-assembling guanine hydrogels have been considered for different
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applications in bio-nanotechnology, biomedical engineering, and 3D
bio-printing technology [36,38,39]. However, the evaluation of the
potential applications need a complete understanding of the structural
and chemical-physical properties of the supramolecular structures at
all the different degree of complexity. Therefore, this paper focuses on
the analysis by ATR-FTIR spectroscopy of the vibrational characteristics
of guanosine aggregates forming in water, from the G-quartets to the
G-quadruplexes and the G-hydrogels.

The characteristic vibrational spectrum of the quadruplex struc-
ture of GMP/K in water was firstly investigated: the identified peaks
reflect the chemical composition but also the formation of quartets,
octamers, and quadruplexes. The comparison with spectra obtained
using GMP/Na then confirmed the different role of K* and Na* cations
in promoting the quadruplex formation: potassium ions induce a larger
stabilization of the G-quadruplex organization. Finally, hydrogels pre-
pared in water using binary mixtures of Gua and GMP/K or Gua
and GMP/Na were considered. As a result, the same G-quadruplex-
based structure was found in both mixtures, but the Gua/GMP ratio
affects important chemical-physical features, like sugar puckering, gua-
nine vibrations, and base stacking, which together reflect the known
side-to-side aggregation and bundle formation occurring in such a
system.

This work demonstrates the significant capability of infrared spec-
troscopy in the study of guanosine-derived hydrogels, offering crucial
insights at the molecular and chemical levels that are not typically
accessible through conventional experimental techniques used for such
systems. Indeed, an in-depth comprehension of the molecular mecha-
nism underlying quadruplex formation as a function of the environment
(K*/Na* cations) or of the hydrogel composition (Gua:GMP molar ra-
tio) is of undoubted importance in the design and fabrication of a smart
material with tunable properties for biotechnological and biomedical
applications.
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Appendix A. Sample dehydration

As described in the Experimental section, samples were deposited
onto the diamond crystal and purged with a continuous stream of nitro-
gen gas for the complete removal of the free water content, which was
monitored by checking the disappearance of the band at ~2100 cm™!
originated from the free water content (Fig. A.14).

Appendix B. Gua and GMP powder spectra

For completeness, Gua and GMP (GMP disodium salt) powder IR
spectra were also acquired, in order to validate the obtained results.
Representative spectra are shown in Fig. B.15 in the most significant
spectral range.

For example, only in Gua sample, a band centered at 1725 cm™
was found: this is ascribable to vibrations of the -COOH moiety, absent
when the phosphate group is present. Similarly, a peak at ~915 cm™!,
ascribable to the —-OH wagging of the carboxylic moiety, was found
only in Gua. The vgs_os peak, centered at ~1685 cm~! in GMP/Na
in solution, was found at ~1670 cm~! both in Gua and GMP/Na
powders, confirming the lack of guanosine self-association. Conversely,
a peak at ~1620 cm~! was detected in Gua and GMP/Na powder
samples, while it was absent in solution: this peak is reported to be

1
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Table C.1
Principal parameters of Gaussian functions used for fitting spectra of GMP/K and
GMP/Na in the 1730-1550 cm™! spectral range. Spectra were subjected to vector

normalization in the two different sub-regions (1730-1620 cm~' and 1630-1550 cm™!).

GMP/K GMP/Na
x, [em™] 1686.0 + 0.5 1688.0 + 0.5
A [em™2] 2.99 + 0.01 2.95 + 0.01
w [em™] 25.0 + 0.1 25.7 + 0.1
x, [em™] 1660.0 + 0.5 1662.0 + 0.5
A [em™2] 2.13 + 0.01 1.99 + 0.01
w [em™1] 34.0 + 0.3 36.1 + 0.3
x, [em™] 1603.0 + 0.5 1600.0 + 0.5
A [em™2] 0.81 + 0.01 0.65 + 0.02
w [em™1] 20.9 + 0.2 19.2 + 0.4
x, [em™] 1580.0 + 0.5 1582.0 + 0.5
A [em™2] 0.3 +0.1 0.47 + 0.02
w [em™] 15+ 1 21 +1
x, [em™] 1570.0 + 0.5 -
A [em™2] 0.2 + 0.1 -
w [em™] 20 + 1 -

related to base carbonyl stretching and ring breathing mode, which
may be inhibited upon quartet and quadruplex formation. Similarly, the
peak at ~1130 cm™!, prominent in Gua, less in GMP/Na powder, and
almost invisible in the absorbance spectrum of GMP/Na in solution, is
ascribable to ring breathing modes of ribose. Finally, as expected, the
phosphate-related peak at ~970 cm~! was absent in the spectrum of
Gua powder.

Appendix C. Spectrum deconvolution fit details

In this section, the details of the careful fitting analysis are re-
ported. As stated in Material and Methods section, experimental spectra
were fitted through a combination of Gaussian curves (y = y, +

G=xc)?

A_ T2 ) where x, represents the center of the band, A its

wy/n/2
intensity calculated as the integrated area under the curve, and w its

width obtained as full width at half maximum, in order to quantify the
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deconvolved through Gaussian functions (gray curves for GMP/K and wine for GMP/Na)
obtaining the fitting curve (black and red for GMP/K and GMP/Na respectively).
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Fig. C.17. Details of fitting results in the 1630-1550 cm~! spectral region for both
GMP/K (black) and GMP/Na (red): the experimental spectra (empty dots) were
deconvolved through Gaussian functions (gray curves for GMP/K and wine for GMP/Na)
obtaining the fitting curve (black and red for GMP/K and GMP/Na respectively).

spectral differences due to the environment and hydrogel composition.
In particular, the comparison of the fitting results from GMP in the di-
verse cations are shown in Figs. C.16 and C.17 in the 1730-1620 cm™!
and 1630-1550 cm™!, respectively. The principal fitting parameters are
reported in Table C.1.
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