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Quadruplex Knots as Network Nodes: Nano-Partitioning of 
Guanosine Derivates in Supramolecular Hydrogels
Giovanni Navaa, Federica Carduccib, Rosangela Itric, Juliana Sakamoto Yonedac, Tommaso Bellini*,a 
and Paolo Mariani*,b

Aqueous solutions of guanosine-5’-monophosphates (GMP) – 
known to form G-quadruplexes and liquid crystal phases – can be 
induced to turn into high water content gels by the addition of 
guanosine (Gua). By a combination of Light Scattering (LS) and 
AFM we show that Gua/GMP hydrogels are microscopically 
heterogeneous, formed by Gua-rich disordered microcoils of 
intertwined filaments (“knots”) connected by GMP-rich long linear 
threads. The different thermal stability of knots and threads 
controls the gel transition.

Introduction
High water content gels resulting from the self-assembly of 
small biomolecules have been a topic of constant interest in 
the last decades because of their novel structural motifs and 
because of their potential for biotechnological applications1–3. 
Among them, the recently emerging hydrogels made of fibril-
forming ultrashort peptides3–6 appear attractive systems 
because of their simple constituents and their intrinsic 
biocompatibility. Hydrogels based on small biomolecules have 
recently emerged also in the context of nucleic acids. While 
DNA gels have been studied for long time7–10, it was only 
recently shown that hydrogels can also be obtained in 
solutions of guanosine derivatives (G)11–13. Specifically, it was 
found that mixtures of guanosine (Gua) and guanosine 5’-
monophosphate dipotassium salt (GMP, see Fig. 1A) form 
stable hydrogels at total concentration cG 10-100 mg/ml (i.e. 
ca. 1 - 7% v/v) and at Gua/GMP molar ratio (X) in the range 0.2 
– 211,13. The gelation concentration and thermal stability were 
observed to depend on X, as exemplified in Fig. 1D for the case 
of cG = 50 mg/ml13. Because of their simple biomolecular 

Fig 1: (A) guanosine (Gua) and guanosine 5'-monophosphate (GMP) self-assemble 
into G-quartets (B), which in turn stack into G-quadruplexes (C). D: temperature-
composition (T-X) phase diagram of Gua/GMP mixtures5. 
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constituents and tunability, Gua/GMP hydrogels appear as a 
new class of convenient and promising bio-soft material whose 
microscopic mechanisms of aggregation and gelation, 
currently unknown, are worth understanding. 
In Gua/GMP hydrogels, the presence of both components is 
essential to gelation. When dissolved in water in the presence 
of alkali metal cations (e.g., Na+ and K+), GMPs self-assemble 
into G-quadruplexes, columnar structures of stacked G-
quartets stabilized by stacking forces and by cation 
coordination of neighbouring carbonyls14. Charges provide 
inter-G-quadruplexes repulsion, so that even at high GMP 
concentration the system remains fluid and orders into 
cholesteric or columnar liquid-crystalline phases15. The 
electrically neutral Gua is instead poorly water soluble and it 
easily agglutinates and precipitates. GMP and Gua solubilities 
in water are 369 mg/mL and 700 mg/L, respectively. When 
mixed with GMP, the solubility of Gua markedly increases, an 
observation consistent with its solubilization through its 
inclusion in the quadruplexes (Fig. 1B and C)13. 
By combining static and dynamic Light Scattering (LS) and 
Atomic Force Microscopy (AFM), we studied the gel transition 
in Gua/GMP solutions and unveiled the mechanism by which 
the complexification of the GMP and Gua leads to dynamic 
arrest. Experiments were performed on two solutions with 
equal cG = 50 mg/ml and ionic strength (280 mM NaCl), and 
with X = 0.5 (0.099 M GMP, 0.049 M Gua) and X = 0.75 (0.087 
M GMP, 0.065 M Gua), herein referred to as “1:2” and “3:4” 
samples respectively (sample preparation and experimental 
details in the SI). 

LS Study of the Gel Transition
To characterize the gel transition of Gua/GMP solutions and 
detect the onset of non-ergodicity we performed static and 
dynamic LS (details in the SI) as a function of temperature (T) 
on both still and rotating samples16.
Fig. 2A compares 〈I〉, the mean intensity of light scattered at an 
angle of 90° by the 1:2 sample (blue squares) and by a solution 
of GMP at the same concentration (red squares). 〈I〉 of the 1:2 
sample was measured while rotating the sample, to ensure a 
proper ensemble averaging as discussed below. The difference 
is remarkable: at all T, the Gua/GMP mixture scatters at least 
10 times more than the GMP solutions, the latter often being 
close to the background noise. Therefore, all the features of 
Gua/GMP mixtures that we measured by LS are a consequence 
of Gua/GMP complexification. 
Fig. 2B shows the intensity correlation function 𝑔2 (𝜏)

 of the light intensity scattered at 90° = 〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉⁄〈𝐼(𝑡)〉2 
by the 1:2 sample at 75 °C ≤ T ≤ 90 °C.  is the delay time. In 𝜏
this T interval, the averaging has been performed over time t. 

 exhibit the typical features of freely diffusing particles, 𝑔2 (𝜏)
indicating the presence of suspended molecular clusters, and 
are well approximated by stretched exponentials:

𝑓(𝜏) = 𝐴𝑒𝑥𝑝 [ ― (𝜏
𝜏0)𝛼]

as shown in Fig. 2C (dashed lines). We find , indicating 𝛼 ≈ 0.85
that these clusters are slightly polydisperse. The mean 

hydrodynamic ratio obtained fitting the curves in Fig. 2B is 𝑅𝐻

, although we find  to depend on the thermal  ≈  400 𝑛𝑚 𝑅𝐻

history of the sample, indicating that the solubilization of Gua 
by GMP is, at least partially, resulting from metastable, kinetic 
dependent assembling. Samples mixed at high T, rapidly 
cooled at room T, and then brought back to high T have on 
average smaller radii than those that were slowly cycled (see 
in Fig. 2C). Radii measured at  are in the range of 0.4 T >  75°𝐶
– 1.1 µm for the 1:2 sample, and 1.0 – 1.5 µm for the 3:4 
sample. 
At high T, time averages ensure the exploration of all the 
configurations of the system. As T is lowered, the correlation 
functions become instead less well determined. Fig. 2D 
compares at  with  measured at 𝑔2(𝜏) T =  75 °𝐶 〈𝑔2(𝜏)〉𝐸 T

 (red and blue lines, respectively), the latter obtained  =  55 °𝐶
by averaging independent measurements of  performed 𝑔2(𝜏)
by illuminating different portions of the sample. This 
procedure of “ensemble averaging”, frequently adopted to 
investigate kinetically arrested systems, such as colloidal, 

polymeric and chemical gels17, was necessary because at T ≤ 
65 °C the correlation functions are still decaying at  𝜏 =  1 𝑠
and thus simple time averaging does not provide 
thermodynamic averaging. 

Fig 2: Light Scattering results. (A) Average intensity  as a function of T for 〈𝐼〉

solutions of GMP (red squares) and 1:2 Gua/GMP mixtures (blue squares). (B) 
Intensity autocorrelations  at high T for the 1:2 Gua/GMP. (C)  𝑔2(𝜏) 𝑔2(𝜏)

dependence on thermal history (quenched – blue squares; slow anneal – red 
squares) fitted with stretched exponentials (dashed lines). (D)  at T = 55°C 𝑔2(𝜏)

(blue line) and high T = 75°C (red line). Both curves were normalized using  as 〈𝐼〉

measured in rotating samples (blue/red squares). (E, F)  as a function of T for 𝑔2(𝜏)

1:2 (E) and 3:4 (F) Gua/GMP mixtures. 

Page 2 of 6Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
8 

Fe
br

ua
ry

 2
01

9.
 D

ow
nl

oa
de

d 
on

 2
/1

9/
20

19
 3

:2
4:

52
 A

M
. 

View Article Online
DOI: 10.1039/C8SM02616E

http://dx.doi.org/10.1039/c8sm02616e


Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

 in Fig. 2D demonstrates the presence of 〈𝑔2(𝜏)〉𝐸
concentration fluctuations that do not relax in the time of 
experiments. A simple and effective procedure to appreciate 
such kinetic arrest by LS, is to measure the correlation function 
while continuously rotating the sample around its axis, thus 
effectively mimicking the transformation between 
conformations and forcing the decorrelation of I(t). In Fig. 2D 
we show the resulting  for T = 75 °C and T = 55 °C (blue  𝑔2(𝜏)𝑅

and red dots). At T = 55 °C, this procedure of forced 
decorrelation leads to a decay amplitude of  much 𝑔2(𝜏)𝑅

larger than , an unambiguous demonstration that the 〈𝑔2(𝜏)〉𝐸
small decay of the latter is due to a kinetic arrest at length 
scale of the optical wavelength. Overall, the 1:2 and the 3:4 
samples show analogous behaviour but shifted in T (Figs. 2E 
and 2F). In both systems, gelation occurs upon cooling through 
a progressive reduction of the mobility of the molecular 
clusters that were freely diffusing at high T.

AFM Study of the Hydrogel Entanglement at High 
Dilution
To explore the nature of such thermally stable aggregates, we 
extended the analysis by AFM that was previously performed 
on these same hydrogels13. AFM observations entail spreading 
a thin amount of hydrogel on freshly cleaved mica substrates 
and drying it at room temperature. Since this procedure 
cannot be easily extended at high T because hydrogels dry too 
fast and irregularly, we explored instead the regime of high 
dilution, taking advantage of the fact that G-quadruplexes 
dissolve either by increasing T or by dilution13. AFM 
observations were performed in dynamic mode and using 
silicon probes with a resonance frequency ranging from 324 to 
369 kHz and scan rates of 0.2–0.5 Hz (more details in the SI) on 
1:2 and 3:4 samples which were diluted enough to melt the 
gel. Fig 3, A to C, shows AFM images from 1:2 hydrogel, 
prepared at cG = 50 mg/ml and further diluted 3-fold (cG = 12.5 
mg/ml, Fig. 3A) and 11-fold (cG = 4.2 mg/ml, Fig. 3B and C). At 
the lower dilution (Fig. 3A), a high degree of 3D organization 
on the sub-µm scale is observed while in the highly diluted 
samples (Fig. 3B and C) the sample topography indicates 

heterogeneity, with lumps and filaments. Filaments, extending 
up to several µm, show different thicknesses. Line scan 
analysis (see SI) indicates that the size of thin filaments (2–3 
nm) is the typical size of a single G-quadruplex cross-section 
(2.4 nm15), while the size of the thicker ones is compatible with 
the bundling of more than one quadruplex. Filaments 
converge into the lumps, which, at a closer inspection, appear 
as “knots”, tangled structures in which the filaments are 
folded in disordered loop patterns. Noticeable, both 1:2 (Fig. 
3B and C) and 3:4 (Fig. 3D) samples present knots of similar 
size (500-700 nm, see SI) and similar number of lacing wires. 

Discussion
The structure emerging from AFM imaging combines with the 
LS results to clarify the gelation process of Gua/GMP solutions. 
AFM shows that filaments are compatible with the typical size 

of G-quadruplex made of GMP, indicating that this basic self-
assembly motif of GMP is preserved even in Gua/GMP 
mixtures. Gua/GMP filaments are however more flexible and 
adhesive than those in pure GMP solutions, an effect that 
must be due to reduction of charge density and the increase of 
hydrophobicity of G-quadruplexes due to the incorporation of 
Gua. Flexibility and adhesiveness, already noticeable in 
filaments in Fig. 3B through side-by-side contacts and bundle 
formation, become extreme within the knots, suggesting that 
in these structures the concentration of Gua is larger than in 
filaments. This notion is supported by the thermal behavior 
observed by LS. Upon raising T from room temperature, the 
hydrogel – whose structure might resemble the highly 
connected 3D network suggested by Fig. 3A, becomes 
progressively looser – as the depicted in Fig. 3B, eventually 
transforming into a solution of freely diffusing, thermally 
stable clusters. We understand this transformation, which 
takes place at temperatures compatible with the melting of 

Fig 3: AFM images of: 1:2 hydrogel with 3x dilution (A) and 11x dilution (B); 1:2 sample with 11x dilution, reduced scale (C); 3:4 sample with 3x dilution (D)

(B) (C)Gua

GMP

(A)

2.00 µm

Fig 4: Pictorial description of the nano-segregation taking place in Gua/GMP hydrogels 
(A) showing their partitioning with color code (B) and the adhesiveness of Gua-doped 
G-quadruplexes (C).
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GMP-quadruplexes13,15, as the dissolution of the filaments. As 
GMP solubilizes, the G-quadruplex become enriched by the 
less soluble Gua, which makes them bend and fold into knots.  
The hydrodynamic radius measured by LS at high T is 
consistent with the size of the knots observed by AFM, 
supporting the notion these are due to the accumulation of 
Gua, whose much lower solubility makes GMP-stabilized Gua-
rich structures thermally stable.
Our understanding, pictorially sketched in Fig. 4, is thus based 
on the interplay of two basic elements: (i)   Gua/GMP knots, 
rich in Gua, which makes them thermally stable; (ii)   Gua/GMP 
filaments, rich in GMP, which melt at the T expected for GMP 
quadruplexes, acting as connectors between the knots. 
This picture agrees with the observation that the T 
dependence of 〈I〉 is not monotonic (Fig. 2A), which indicates 
that at 60-70 °C the system has the largest degree of 
inhomogeneities on the µm length scale. Indeed, upon cooling 
from T = 75°C, we expect the knots to gain molecular mass 
through the condensation of GMP into G-quadruplexes-based 
filaments growing around them, thus inducing a growth in 〈I〉. 
As T is further lowered, G-quadruplexes nucleates everywhere 
in the solution, providing a more extensive solubilizing milieu 
for Gua, and thus a more homogeneous molecular 
distribution, a condition which lowers the cross section for the 
scattering of light. 

Conclusions
This work is devoted to the understanding of the molecular 
mechanism causing the gelation of dilute solutions of Gua and 
GMP. Our results indicate that these mixtures undergo a nano-
partitioning in which GMP-rich regions behave similarly to 
conventional GMP solutions, forming long columns of G-
quartets, while Gua-rich regions are shaped as tangled coils of 
G-quadruplexes. This partitioning is at the core of the structure 
of the hydrogel. Thermally stable Gua-rich knots are the nodes 
of the network, which become connected through thermally 
reversible GMP-rich filaments. It is worth noticing that this 
nodes/connector gelation mechanism, relying on the 
multicomponent nature of the Gua/GMP hydrogels, 
intrinsically differs from the hydrogels based on short 
peptides, which are instead typically formed by single 
biomolecular components. Indeed, although the gelation 
mechanism of fibril forming short peptide hydrogels has not 
been clarified in detail yet, it is assumed to be due to a 
delocalized attraction between the fibrils.
The large coordination number of the nodes, and the 
reversible structure of the converging filaments, make 
GMP/Gua hydrogel a new example of a biomolecular transient 
network9,18,19.
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TOC:	Gua/GMP	hydrogels	are	formed	by	disordered	microcoils	of	intertwined	
filaments	(knots,	rich	in	gua)	connected	by	long	linear	GMP-rich	threads.	Gua	
provides	 flexibility	 and	 thread	 attraction,	 responsible	 for	 hydrogel	 stability	
(AFM	image	is	2.5	x	2.5	µm).	

guanosine		
monophosphate	

guanosine	
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