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A B S T R A C T   

It is known that guanosine derivatives (G) self-assemble in water forming long, flexible, and interacting aggre
gates (the so-called G-quadruplexes): by modulating the quadruplex charges, e.g. simply using a mixture of 
guanosine 5′-monophosphate (GMP) and guanosine (Gua), multi-responsive, self-healing hydrogels can be ob
tained. In this paper, the potential application of G-hydrogels as drug delivery systems has been assessed. 
Hydrogels were prepared at different Gua:GMP molar ratios. The photosensitizer Methylene Blue and the pro- 
apoptotic protein cytochrome C were used as cargo molecules. Small angle x-ray scattering and atomic force 
microscopy experiments confirmed the presence of G-quadruplexes disposed in swollen matrices with different 
mesh-sizes. Rheology measurements showed that the Gua:GMP molar ratio leads to specific drug release 
mechanisms, as the gel strength is finely tuned by electrostatic repulsion and van der Waals attraction between 
G-quadruplexes. Noteworthy, the gel cohesion and the drug release were pH responsive. Swelling, self-healing 
and cell viability features were also investigated: the results qualify the Gua:GMP hydrogel as an excellent 
biomaterial that can entrap and deliver key biomolecules in a sustained and responsive release manner.   

1. Introduction 

Hydrogels are enthralling biomaterials due to their characteristics 
such as biocompatibility, biodegradability, hydrophilicity, and non- 
toxicity. Several applications in medical and pharmaceutical fields 
have been indicated: indeed, the water-swollen structures can mimic 
native extracellular matrix or microenvironments of tissues, which make 
hydrogels excellent candidates for tissue engineering, 3D cell culture, 
and biosensors, as well as for controlled drug delivery purposes [1–5]. 
Self-assembled low-molecular-weight gelators are very interesting pre
cursors for supramolecular hydrogels, bringing up an alternative to 
traditional polymeric hydrogels [6–8]. Indeed, hydrogels from the 
spontaneous self-assembly of low-molecular-weight gelators form via 
non-covalent forces as hydrogen bonds, π-stacking and van der Waals 

[9–13] and can be then considered smart materials owing to their 
unique properties as self-healing and external stimuli-responsiveness 
[14,15]. These properties encourage their applications as controlled 
and sustained drug release, for instance, in response to temperature or 
environment pH changes [16,17]. 

Self-assembling supramolecular hydrogels, stable at physiological 
pH and temperature and able to entrap up to 98% w/w of water, have 
been recently obtained by guanine and related nucleobases (Gs), both 
natural and chemically modified [18–21]. The hydrogel is formed 
because the guanine ability to self-assemble in aqueous solution via a 
unique topological diversity: (a) formation of cyclic planar units (G- 
quartets) through hydrogen-bonds according to the Hoogsteen scheme; 
(b) successive formation of long columns (G-quadruplexes) in the pres
ence of appropriate counter-ions (as NH4

+, Na+ or K+), stabilized by π-π 
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stacking among the G-quartets piled one on the top of the others; (c) 
final formation of entangled supramolecular architectures stabilized by 
lateral column to column interactions [21–28]. 

Many strategies have been developed to fine-tune the chemical and 
mechanical properties of G-based hydrogels to make them usable under 
different experimental conditions [20]. For instance, isoguanosine [29] 
and guanosine-borate have been used to produce hydrogels with long 
time-stability [23,30]. Stabilization of guanosine monophosphate 
hydrogels by lanthanide ions [31] and by polyamine [32] has also been 
reported. Besides, the addition of silver ions to 2′-deoxy-2′-fluo
roguanosine produced stable supramolecular hydrogel [33]. In the 
current case, hydrogels obtained by mixing in water guanosine 5′- 
monophosphate dipotassium salt (GMP) and guanosine (Gua) are 
considered. Indeed, such a system shows several advantages since it is 
composed of commercially available building blocks [18,34,35], and its 
thermo-associative and thermo-dissociative behaviors are strongly 
related to composition (see the phase diagram in ref. [18]). It should also 
be noticed that the hydrogel formation occurs by merely mixing the two 
precursor solutions: water-insoluble Gua dissolves in the mixture 
replacing GMP in the G-quartets, and gelation is induced because an 
uncharged molecule replaces a negatively charged one. The reduction of 
electrostatic repulsive forces between G-quadruplexes and the appear
ance of attractive Van der Waals interactions favor G-quadruplex 
entanglement and hence the formation of a stable 3D network even at a 
water volume fraction as high as 0.99 [18]. 

Despite of this facile strategy without need of precursor chemical 
modifications, organic solvents neither crosslinkers to produce stable 
guanosine-based hydrogels, these have not been explored yet for 
biomedical and pharmaceutical applications. Henceforth, in this work, 
we provide evidence that binary Gua/GMP hydrogels can be promising 
candidates for drug delivery system with potential high biocompati
bility. Three formulations were considered, e.g., hydrogels prepared at 
the Gua:GMP molar ratios 1:6, 1:2, and 1:1 (hydrogel 1:6 has the highest 
proportion of GMP, therefore the highest negative charge along the G- 
quadruplexes, while the 1:1 sample presents the highest attractive po
tential [18]). Because charge modifications can modulate the G-quad
ruplex entanglement [18,36], these hydrogels are expected to be pH- 
responsive, highlighting their promising biomedical applications. 

In the current work, we investigate the load and release of methylene 
blue (MB). It is an organic dye with an aromatic and positively charged 
structure, largely employed as photosensitizer (PS) too. The molecular 
weight of MB is 319.85 g mol− 1 and it belongs to the phenothiazine 
family, being known as a DNA ligand [37,38]. MB can weakly bind to 
single-strand DNA due to electrostatic interaction or be intercalated into 
DNA double helix, preferably to G-C base pairs [39]. Also, MB interacts 
stronger with G-quadruplex compared to DNA double strand [40,41]. As 
a photosensitizer, it is FDA-approved drug [42–44] widely used in 
photodynamic therapy, with applications in clinic to treat cancerous and 
non-cancerous diseases [45–48]. In an interesting manner, the encap
sulation of a PS into a hydrogel matrix may be a good strategy to in
crease the time retention of the PS in contact with the target tissue/cell 
due to the low fluidity of the hydrogel [49]. 

The protein cytochrome C (CytC) is also here investigated as a drug 
model for comparison purposes. CytC is a protein with 12 kDa, positively 
charged at neutral pH and it can be found in the inner membrane space 
of mitochondria. It is involved in the oxidative phosphorylation and it is 
a crucial component of the intrinsic apoptosis pathway [50]. The 
intracellular delivery of CytC to cancer cells has been described to 
induce apoptosis for cancer therapy [50–53]. Therefore, novel bio
materials encapsulating and releasing key proteins can contribute to 
new strategies in cancer and other diseases treatment via cell death 
modulation. 

2. Materials and methods 

2.1. Hydrogel preparation 

Guanosines 5′-monophosphate (GMP), in the acid form (Santa Cruz 
Biotechnology, 98% purity), was converted into potassium salt by acid- 
base titration with 1 M of KOH monitoring the pH until it reached 9.0. 
Then, it was precipitated by adding three volumes of absolute ethanol 
and collected by centrifugation in a microcentrifuge tube at a speed of 
4000 rpm for 15 min. The pellet was washed two times with ethanol and 
lyophilized. The powder was re-suspended in distilled water at a con
centration of 100 mg mL− 1. Guanosine (Gua) (Sigma, St. Louis, USA; 
99% purity) was suspended in water at the concentration of 60 mg 
mL− 1. Hydrogels were prepared at three different Gua:GMP molar ratios 
(1:6, 1:2, and 1:1) by mixing into a glass vial the appropriate volume of 
Gua and GMP solutions and then adding distilled water to reach a final 
concentration of 50 mg mL− 1. As Gua is poorly soluble in water, errors in 
adding Gua to the mixture were minimized by pipetting the stock so
lution several times before delivery. Error on the Gua:GMP molar ratio 
not larger than 5% was estimated by gravimetric assay on delivery 
testing. Since samples prepared at high guanosine content appeared 
opalescent and macroscopically not homogeneous, the mixtures were 
heated up to 90 ◦C (i.e., till the formation of a fluid state) and then left to 
cool down at room temperature. 

To prepare the samples in the presence of methylene blue (MB) or 
cytochrome-C (CytC), the final addition of distilled water was replaced 
by the addition of MB or CytC solutions at the required concentrations. 
In any case, the Gua:GMP final concentration was 50 mg mL− 1. 

2.2. Swelling and self-healing properties 

The hydrogel samples were prepared and placed in a vial tube. 
Excess Milli-Q water or buffer at different pH values was mildly placed 
on the top of the hydrogel. At a constant time interval, the top solution 
was removed by turning the vial upside down. The remaining excess of 
water was dried with a paper towel, and the vial weighted. The solution 
was placed back on the top of the hydrogels, and the same procedure 
was followed over time. The swelling was expressed as a percentage of 
additional hydration. 

To test the self-healing property, hydrogels prepared in the presence 
of CytC (red) and in the presence of MB (blue) were cut into small pieces, 
placed together, and let to stick. Pictures were taken over time to 
visualize the process. 

2.3. Rheological measurements 

Rheological analyses were carried out using an oscillatory rheometer 
(Kinexus La. Malvern Instruments) with a cone-plate geometry. Deter
mination of the gel-sol phase transition temperature (Tgel-sol) was carried 
out by performing a temperature scan from 0 to 100 ◦C. Frequency 
sweep was also carried out with a range from 0.1 to 10 Hz at a fixed 
temperature of 37 ◦C. Parameters such as elastic modulus (G′), viscous 
modulus (G′′), and viscosity (η) were determined using the rSpace for 
Kinexus® software. 

2.4. Drug penetration 

To monitor the drug penetration, 80 μL of an MB solution (300 μM) 
or CytC solution (600 μM) were deposited on the top of hydrogel sam
ples and allowed to penetrate the matrix. Photographs were taken over 
time to monitor the migration of the colored front. The values were 
expressed as a percentage of penetration. 

2.5. Atomic force microscopy 

AFM micrographs were performed at the Chemistry Department of 
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FFCLRP-USP (BR) by using a Shimadzu SPM-9600 Scanning Probe Mi
croscope (Shimadzu Corporation, Japan) operating in dynamic mode. 
Scanning was performed in air at 23 ◦C by using silicon probes with a 
resonance frequency ranging from 324 to 369 kHz (Nanosensors, 
Switzerland). The scan rate was 0.2–0.5 Hz to prevent tip-induced 
sample deformations and/or damages. The values of the spring con
stants of the cantilevers were approximately 38 ± 8 N m− 1, and the 
values of their resonance frequencies were approximately 336 ± 67 kHz. 
The roughness values were determined by SPM Offline software, from 
Shimadzu. Hydrogel samples were diluted 100 times, dropped onto 
freshly cleaved mica substrates, and left to dry at room temperature 
before AFM imaging. 

2.6. Small angle X-ray scattering (SAXS) 

SAXS measurements were performed on hydrogel prepared in the 
presence of MB using a NanoStar instrument (Bruker Corporation). The 
incident beam wavelength was λ = 1.54 Å, and the explored Q-range 
extended from 0.05 to 0.36 Å− 1 (Q is the modulus of the scattering 
vector, defined as 4π sin θ/λ, where 2θ is the scattering angle). Scattering 
data were recorded on a 2-dimensional Bruker CCD camera of 2048 ×
2048 pixels and corrected for background, detector efficiency, and 
sample transmission. The 2D data were then radially averaged to derive I 
(Q) vs. Q curves. 

SAXS data analysis was carried out according to the Eq.(1) 

I(Q) = κ n P(Q)SM(Q)+B (1)  

where P(Q) is the worm-like form factor considered to represent the G- 
quadruplexes, n is their number density, SM(Q) is the measured structure 
factor, κ is a calibration factor (necessary when data are not measured in 
absolute units), and B is the flat background (due to possible uncertainty 
in buffer subtraction or transmission determination). In particular, the P 
(Q) has been written as a product between the Pedersen-Schurtenberger 
infinitely thin chain form factor [54], PPS(Q), and the square of the local 
circular cross section, ACS(Q) (Eq.(3)) 

P(Q) = PPS(Q)[ACS(Q) ]
2 (2)  

ACS(Q) = 2π
∫ ∞

0
[ϱ(r) − ρ0 ]J0(Qr)r2dr (3)  

where ϱ(r) is the radially symmetric electron density function in the 
direction perpendicular to the chain, ρ0 is the bulk electron density and 
J0(x) is the zero-order Bessel function. 

Here we approximate ϱ(r) as 

ϱ(r) =
∑Ng

g=1
ρgφg(r) (4)  

where φg(r) is the volume fraction distribution, in cylindrical symmetry, 
of the different chemical groups (g) that constitute Gua, GMP and MB, 
and ρg is the electron density of the g-group. The method is new and will 
be fully described in a forthcoming paper of some of us [Spinozzi and 
Mariani, in preparation]. Here, we only report that the volume fraction 
distribution φg(r) is modeled as a peak formed by a combination of two 
error functions, erf (r), and is normalized so that its integral over the 
whole volume of the G-quartet disk, of height H (corresponding to the 
stacking distance of 3.4 Å [55,56], returns the total volume occupied by 
all the ng groups that are present in the G-quartet. Among the considered 
groups (the potassium cation, the guanine, the ribose, the phosphate, 
and the methylene blue), we also include the hydration water molecules, 
which fill the gaps in the sugar and phosphate domains and could 
possess a relative mass density, dHW, slightly different from 1, as already 
demonstrated [57]. Fitting parameters of the model are the average 
distance of each g-group from the axis center, rg, the half-wideness and 
the smoothness of the peak, wg and σg. From their values, it is possible to 

derive the hydrophobic radius Rh and the whole cylinder radius R. 
Fitting parameters related to the Pedersen-Schurtenberger model are the 
length b of the statistical segment (Khun length) and their number nb, 
whose product defines the contour length L = nbb [54]. 

The measured structure factor is expressed by Eq. (5) 

SM(Q) = 1+ β(Q)[S(Q) − 1 ] (5)  

where β(Q) (Eq. (6) and Eq.(7)) is the coupling function that, according 
to [58], we have approximated by the one of a regular right cylinder of 
length L and radius R, 

β(Q) =

[ ∫ π
2
0 f (Q, β)sinβdβ

]2

∫ π
2
0 [f (Q, β) ]2sinβdβ

(6)  

f (Q, β) = 2πR2L
sin

(
1
2 QLcosβ

)

1
2 QLcosβ

J1(QRsinβ)
QRsinβ

(7) 

J1(x) being the first-order Bessel function. The particle–particle 
structure factor, S(Q), refers to interactions among the entangled worm- 
like chains or the knots observed in the hydrogel [36], and then has been 
approximated by a fractal distribution of inhomogeneities (Eq. (8)), 
according to [59], 

S(Q) = 1+
1

(Qr0)
D

DΓ(D − 1)
[
1 + (Qξ)− 2 ]

D(D− 1)
2

sin
[
(D − 1)tan− 1(Qξ)

]
(8) 

In this equation, D is the fractal dimension (comprised between 1 and 
3), r0 is the effective radius of the inhomogeneity, and ξ is the so-called 
correlation length, representing the average distance among the scat
tering inhomogeneities. 

To note, the number density n of the particles is calculated on the 
basis of the molar concentrations of Gua and GMP (Eq.(9)), 

n = (CGua +CGMP)/(4L/H) (9) 

In a simple approach, the bounding of the MB molecules with the G- 
quartets can be rationalized on the basis of the simple equilibrium 
processes involving separately Gua (Eq. (10)) and GMP (Eq.(11)) such 
that 

Gua + MB⇆Gua − MB
KGua = exp

(
− ΔG0

Gua
/

RT
)
= CGua− MB

CGua,uCMB,u

(10)  

GMP + MB⇆GMP − MB
KGMP = exp

(
− ΔG0

GMP
/

RT
)
= CGMP− MB

CGMP,uCMB,u

(11)  

where CGua, u and CGMP, u represent the concentrations of Gua and GMP 
unbound to MB and CMB, u is the free MB in solution. R is the universal 
gas constant and T the absolute temperature. In the limit of our exper
imental conditions, that is CMB ≪ CGua and CMB ≪ CGMP, we can easily 
derive the number of MB (nMB) (Eq.(12)) per G-quartet, 

nMB =
4CMB

CGua + CGMP

CGuaexp
(
− ΔG0

Gua

/
RT

)
+ CGMPexp

(
− ΔG0

GMP

/
RT

)

1 + CGuaexp
(
− ΔG0

Gua
/

RT
)
+ CGMPexp

(
− ΔG0

GMP
/

RT
)

(12)  

as a function of the two standard Gibbs free energy changes ΔGGua
0 and 

ΔGGMP
0 

All fitting parameters were obtained from the model fitting to the 
experimental data by means of GENFIT software [57]. 

2.7. In-vitro drug release 

2.7.1. Membrane diffusion in vertical Franz-type cells 
A membrane diffusion model in vertical Franz-type cells with 1.76 

cm2 (Microette Plus®, Hanson Research, CA, USA) and cellulose acetate 
membranes (MWCO 1000 Da) were used for in vitro MB release assays. 
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The hydrogel prepared in the presence of MB (0.5 g) was placed in the 
donor compartment, and the receptor was filled (7 mL) with water, kept 
at 37 ◦C under magnetic stirring (350 rpm). Aliquots of 1 mL were taken 
from the receptor compartment at different intervals of time up to 24 h 
and analyzed by UV–Vis spectroscopy (Abs at λ = 665 nm). The MB 
concentration (c) was calculated using a calibration curve (Abs = 0.0154 
c) with R2 = 0.997. The measurements were performed in triplicate. 

Release mechanisms were verified according to Zero-Order (Eq. 
(13)), Higuchi (Eq.(14)), and Korsmeyer-Peppas (Eq.(15)) models, as 
described respectively below. 

Qt = Q0 +Kt
0 (13) 

where Qt is the cumulative amount of drug released at time t in the 
Zero-Order model, Q0 is the initial amount of drug, K0 is the zero-order 
release constant, and t is the time. 

Qt = KHt0.5 (14)  

where Qt is the amount of drug released in the Higuchi model and KH is 
the corresponding release coefficient. In this case, the rate of release is 
linear as a function of the square root of time (t), and the drug is the only 
component that diffuses through the medium. 

The mechanism of release is described as a diffusion process ac
cording to Fick law in the Korsmeyer-Peppas model as 

Mt

M∞
= KKPtn (15)  

where Mt
M∞ 

is the fraction of drug released at time t, KKP is a rate constant 
and n is the release exponent. Fickian diffusion is represented by a value 
of n < 0.45. If 0.45 < n < 0.89 an anomalous (non-Fickian) diffusion is 
the mechanism, while n = 0.89 represents the case-II transport, and n >
0.89 the super case-II transport. 

2.7.2. In-vitro dissolution assays 
A membraneless model was also used. In this system, the hydrogel 

sample was placed in a small glass container fixed on the bottom of a 
beaker. 10 mL of water or buffer (10 mM glycine-HCl pH 3.0, 10 mM 
sodium acetate pH 5.5, 10 mM sodium phosphate pH 7.4, and 10 mM 
sodium borate pH 9.0) were placed in the beaker on the top of the 
sample. This was kept under magnetic stirring at 37 ◦C. 1 mL of the 
surrounding solution was taken time on time, and the absorbance (670 
nm for MB, or 412 nm for CytC) was recorded to acquire the amount of 
drug released. 1 mL of the buffer was replaced, and the dilutions were 
taken into account to do the calculation of the cumulative drug released 
at a determined time. The measurements were performed in triplicate. 

2.8. Cell viability assessment 

Adipose tissue-derived stromal cells (ASC), isolated from human 
subcutaneous fat acquired through liposuction, were used to assess cell 
viability in the presence of hydrogel. Note that the use of adipose tissue 
as a source of ASC was approved by the local Ethics Committee of the 
University of São Paulo Medical School (project number 4654/18/005), 
given that the material was considered as anonymous waste material. 
For all the anonymous donations, patients had provided written 
informed consent as part of their surgical admission procedure. 

ASC were isolated as previously described [60–62]. For assessment 
of cell viability, ASC were seeded in 96-well plates with a seeding 
density of 1000 cells/cm2. After 24 h, the culture medium was added 
with the hydrogel samples at increasing concentrations (0.1%, 1% e 
10% v/v). Conventional DMEM culture medium and DMEM with 1 mg 
mL− 1 of doxorubicin (Laboratório Bergamo, Taboão da Serra, Brazil) 
were used as the positive and negative control, respectively. After 48 h 
of culture, cells were washed with PBS and analyzed using the LIVE/ 
DEAD™ Viability/Cytotoxicity Kit for mammalian cells (L3224, Ther
moFisher, Waltham, USA), according to the manufacturer’s instructions. 

After incubation, cells were washed with PBS and immediately micro
photographed in an inverted microscope Zeiss Axiovert 200 (Jena, 
Germany) equipped with a Zeiss AxioCam digital camera (Jena, Ger
many). A Ph2 10× objective was used either in phase contrast (illumi
nation with a mercury lamp HBO 103 W) or in fluorescent mode with the 
filter set for excitation at 470/550 nm and emission at 525/605 nm, for 
the live/dead cells, respectively. The number of cells expressing the 
green and red staining was quantified, and the number of viable cells 
was expressed as the percentage of cells expressing the green, but not the 
red fluorescence. 

2.9. Cell culture on G-quadruplex hydrogels 

For the evaluation of culture potential on top of the gels, wells of 96- 
well plates were covered with 100 μL of hydrogel samples. Previously, 
all the hydrogels were liquefied by heating to 80 ◦C for 30 min and 
sterile-filtered with 0.22 μm polyethersulfone (PSE) filters. After pipet
ted into the wells, the liquefied hydrogels quickly turned into solid 
hydrogels. ASC were seeded at 3000 cells/cm2 seeding density. Cells 
were cultured in DMEM medium added of supplements, as described 
above, at 37 ◦C in a humidified incubator with 5% CO2. After 48 h under 
culture, cells were fixed with 4% paraformaldehyde in PBS for 30 min 
and stained with neutral red stain. Briefly, cells were washed with PBS, 
and the neutral red solution (1 mg mL− 1) was added to the wells and 
incubated for 2 h at 37 ◦C, then the staining solution as removed, and 
cells were washed with PBS. Microphotography images were acquired 
with an Olympus CKX53 inverted microscope. 

3. Results and discussion 

The ability of guanosine and its derivatives to self-assembly into G- 
quadruplex structures is strongly related to the formation of supramo
lecular hydrogels. As previously shown, GMP in water presents a lyo
tropic liquid crystalline polymorphism determined by the formation of 
G-quartets and then G-quadruplexes [55,56]. On the contrary, Gua is 
poorly soluble in water. Our strategy was mixing both Gua and GMP to 
form G-quadruplexes, which spontaneously entangle into a 3D network. 
Indeed, GMP helps solubilization of Gua, which enters in the formation 
of the G-quartets; concomitantly, Gua helps hydrogel formation, since 
the substitution of GMP by a neutral molecule impairs the electrostatic 
repulsion and favors the appearance of cross-links and knots. 

In the present work, we have chosen three hydrogels prepared at 
different Gua:GMP ratios (1:1, 1:2, and 1:6) at 95% water, to evaluate 
how their distinct features, like thermal stability, mesh-size, softness, 
impact on the encapsulation and release of drug models. Initially, we 
have characterized the hydrogels considering macroscopic properties 
such as swelling and self-healing. We studied the inner structure and the 
rheological aspects, we assessed the cytotoxicity, and finally, we 
considered the drug loading and release capacities. 

3.1. Swelling, erosion, and self-healing 

The hydrogel swelling behavior (i.e. the ability of the gel to absorb 
water without breaking the 3D network) has been analyzed on the 1:1, 
1:2, and 1:6 Gua:GMP samples. Results obtained using pure water are 
shown in Fig. 1a. The hydrogel 1:6 did not show any water-absorbing 
capacity and erosion occurred in the first 8 h of assay. On contrary, 
the Gua:GMP 1:1 and 1:2 samples swelled and showed similar behaviors 
over 100 h, when the water concentration reaches a weight composition 
of more than 98%. This agrees with our expectation, since it was pre
viously hypothesized that the Gua:GMP ratio modulates the interaction 
among the G-wires [18,36]. For higher GMP, therefore less Gua, (Gua: 
GMP = 1:6) the electrostatic repulsion is predominant, and the gel 
matrix cohesion is impaired which hampers the swelling capacity. By the 
other hand, diminishing GMP and increasing Gua, (Gua:GMP = 1:2, 1:1) 
the electrostatic repulsion is harmed and the hydrophobic interactions 
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among Gua take place, increasing the gel cohesion and, therefore, the 
water absorbing capacity. 

It is worth mentioning that the swelling may induce Gua phase- 
separation and precipitation on the 1:1 hydrogel since some white 
points were observed after 100 h (Gua it-self is insoluble and needs GMP 
to be solubilized). This is reasonable because this sample has the lowest 
proportion of GMP, which could be insufficient to guarantee the pres
ence of stables G-quartet. On the other hand, the 1:2 sample stays 
swollen (up to 99% w/w of water) and stable over several weeks, 
without precipitation. 

As the GMP negative charges along G-quadruplexes are one of the 
main parameters controlling the hydrogel entanglement, the swelling 
observed using different pH buffered solutions could be different. The 
swelling ability of the 1:2 and 1:1 samples was then measured using 
different buffers at pH of 3.0, 7.4, and 9.0. As shown in Fig. 1b, the 
swelling behavior of the 1:1 sample using buffers at pH 3.0 and 7.4 was 
similar up to 120 h (the hydrogel mass triplicated in both cases). After 
140 h, the hydrogel started to lose mass at pH 3.0, while the swelling 
proceeded at pH 7.4. At neutral pH, the hydrogel showed a four-fold 
mass increase in 10 days, reaching the limit of swelling (see also 
Fig. 1a). It can be concluded that at acid pH, the equilibrium is shifted 
towards to protonation of GMP phosphate group, hampering the elec
trostatic repulsion among the G-nanofibers and hence, the tangle be
comes tighter, limiting the water entrance. 

Further, the sample 1:1 has an equal amount of Gua and GMP and, 
consequently, a slight charge unbalance may interfere in the hydrogel 
stability. The swelling capacity was higher at pH 7.4 since the 

entanglement degree is probably kept the same in this neutral envi
ronment. At pH 9.0, a very low swelling capacity was detected. The gel 
doubled in mass in the first 5 days, and then it started eroding. Likely, in 
alkaline conditions, there is an equilibrium shift towards deprotonation, 
increasing the negative charge along the G-quadruplexes. This favors 
repulsive interactions, and then an increase of the mean mesh distances: 
water entrapment probably triggers the matrix disruption. The sample 
1:2 was submitted to the same procedure, and a similar behavior was 
observed (see Fig. 1c). In acid pH, the 1:2 hydrogel intumesced up to 24 
h, and then it was disrupted. In alkaline conditions, the sample swells up 
to 6 h, followed by erosion until its completely dissolution. The swelling 
capacity for the 1:2 was higher at neutral pH, too, with a swelling up to 
twice the initial mass in 5 days and maintenance over weeks (Fig. 1c). 
Photographs of the samples during the swelling experiment can be seen 
in Fig. S1 in the Supplementary Material (SM). 

Self-healing is the built-in ability of a material to spontaneously and 
automatically repairs physical damages. This phenomenon enhances the 
lifetime of that material and opens the possibility for many applications 
[3,63,64]. Self-healing is here shown on Gua:GMP 1:1 hydrogel, taking 
advantage of the red and blue colors obtained after preparation in the 
presence of CytC and MB, respectively. After equilibration, three pieces 
of hydrogels (one blue between two reds), were put in contact with each 
other, as shown in Fig. 1d. Because of the dynamic linkages of supra
molecular non-covalent interactions, the three pieces stick together 
instantly upon they were joint. The self-healed piece was taken with a 
tweezer to show that the hydrogel maintained stuck; it should be noticed 
that even pulled with the tweezers, the hydrogel stretches and stays in 

Fig. 1. Swelling behavior and demonstration of the self-healing property of the Gua:GMP hydrogels. (a) Intumescence of the three gels: 1:1 - red; 1:2 - green and 1:6 - 
blue, in pure water (pH~6.0). Swelling behavior of the hydrogels (b) 1:1 and (c) 1:2 with buffer at three different pHs: 3.0 - red, 7.4 – green, and 9.0 – blue. The 
experiment was performed in triplicate. Averaged values are displayed, and the error bars considered the minimum and maximum measured values. (d) Optical 
images showing three pieces of hydrogel colored with methylene blue (blue) and cytochrome C (red) put in contact and then the healed piece. The restored hydrogel 
was taken with a tweezer, and the elasticity of the hydrogel was observed. (e) University of São Paulo – USP logo: hand drawing with the 1:1 gel, colored with 
methylene blue, through a syringe/21G needle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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this elongated form (Fig. 1d). 
Il should be observed that flexibility is however, associated with an 

intriguing fluidity so that the Gua:GMP (1:1) hydrogel can be used as an 
injectable material. Fig. 1e shows that the hydrogel can be injected 
through a syringe with a 21G needle (the needle with the largest 
commonly used gauge for medical intramuscular injection). As with an 
ink, it is then possible to write on a paper. It should be remarked that the 
three investigated samples were all easily injected through a 21G needle, 
but 1:2 and 1:6 were too soft to be taken with a tweezer. Such findings 
are quite relevant since they imply that Gua:GMP hydrogel can be 
applied in situ as injectable formulations, without significant loss of 
mechanical properties [65–68] (see below). 

3.2. Structural and mechanical properties 

3.2.1. Structural insights of drug-loaded hydrogels: AFM and SAXS results 
Firstly, the self-assembly of Gua/GMP was confirmed being due to 

the formation of G-quartets by X-Rays diffraction (XRD). A peak posi
tioned at the angle around 2θ = 28◦, which can be associated with the 
fingerprint of quartet stacking of 0.33 nm distance, was observed 
(Fig. S2, SM). Then, the hydrogel structural properties were analyzed by 
AFM and SAXS. AFM images from MB-loaded hydrogels display long and 
flexible G-quadruplexes and the presence of knots (Fig. 2), similarly as 
MB-free Gua:GMP hydrogels previously imaged [18]. Therefore, such 
results give us support to infer that the MB incorporation into the 
hydrogel does not alter the guanosine ability to form stable quad
ruplexes organized in a 3D network. 

SAXS curves from MB-absent and MB-loaded Gua:GMP hydrogels are 
shown in Fig. 3. As one can observe, the major differences among the 
SAXS data are due to changes in the Gua:GMP molar ratios, while var
iations with MB concentrations are not visible. As indicated in Section 
2.6, data were analyzed according to the model described by Eqs. 2–4 
and 8: worm-like particles interacting through a fractal model. To fit the 
data, a global fit strategy has been adopted, allowing to evaluate the 
optimum values of adjustable parameters that are in part considered to 
be the same for all samples or a sub-set of samples and in part assumed to 
change with both x = CGMP/CGua and CMB. Common parameters for all 
the 12 SAXS curves were the scaling factor κ, the molecular volumes νg of 
all the groups, which are optimized in a narrow range within literature 
data [69] and the two Gibb’s free energy changes ΔGGua

0 and ΔGGMP
0 

(Eqs. 10 and 11), which describe the MB/Gua and MB/GMP interactions. 
Fitted model curves are superposed to SAXS data in Fig. 3, and the 

goodness of the fit can be appreciated. Concerning fitting results, the 
main fitting parameters are reported as a function of MB concentration 
in the same figure, the common fitting parameters are reported in 
Table 1, and radial volume fraction distributions of the groups and the 
corresponding electron densities are shown in Fig. 4 and Fig. S3 in the 
SM, respectively. The main single fitting parameters show a very weak 
dependency on MB concentration, probably due to the very low amount 
of employed MB (300 μM, three orders of magnitude lower than the total 

concentration of Gua and GMP, 140 mM). However, a slight variation in 
the Khun length and in the number of statistical segments as a function 
of CMB is observed in the case of the 1:6 hydrogel: the final effect is a 
(small) increase of the quadruplex rigidity induced by MB, probably 
accentuated by the low stability of the Gua:GMP 1:6 hydrogel. Indeed, 
the 1:1 and 1:2 hydrogels show the shortest value of the segment length 
(b ≈ 50–60 Å) while the 1:6 sample a rather high value (around 100 Å): 
taken together, these results suggest that by increasing the GMP content, 
the worm like quadruplexes become more rigid. 

Concerning the quadruplex-quadruplex interactions, as expressed by 
the structure factor parameters, fractal dimension (D) between 2.6 and 
3.0 were found, confirming the substantial 3D nature of the hydrogel 
network. Gua:GMP 1:1 hydrogel shows the greatest values of the in
homogeneity radius r0 (around 370 Å), while 1:2 and 1:6 hydrogels 
exhibit values close to 100 Å: this result is in full agreement with AFM 
observation, in which the 1:1 sample showed a very pronounced ag
gregation behavior, owing to the low net charge of the quadruplexes, 
which impairs repulsion and favors the hydrophobic interactions 
[18,36]. Regarding the correlation length ξ, results are similar for all the 
gels, being comprised between 2400 and ca. 3200 Å. 

The volume-fraction distribution of the different chemical groups is 
plotted in Fig. 4 as a function of the radial distance from the quadruplex 
center. Each panel refers to samples with different values of the Gua: 
GMP ratio and the MB concentration. In detail, the derived volume- 
fraction profiles show the following properties: i) a very similar distri
bution is observed for the potassium (magenta curves), with a high and 
narrow peak centered in the center of the G-tetramer; ii) for the guanine 
(gold curves), a band centered at around a distance r = 5 Å from the 
center of the G-tetramer, independent of hydrogel composition, is 
observed; iii) there is a complete absence of water in the region where 
the G-quartets are located (turquoise curve); iv) on the other side, the 
ribose distribution peak (red curves) changes in shape but not in position 
for the different samples, probably reflecting the different structural 
order around the G-quartet region when the Gua:GMP ratio is changed; 
v) finally, the MB distribution curves (blue curves, which have been 
multiplied by a factor of 600 to amplify the signal) show that the MB 
position mainly overlaps with the ribose and phosphate groups, with 
some very slight differences related to the Gua:GMP ratio and MB con
centration. It should be remarked that docking simulation showed that 
MB interacts with G-quadruplex by stacking with up two guanine bases 
[41], but this interaction produces only minimal variations in the SAXS 
curves. Indeed, high uncertainties characterize the Gibb’s free energies 
derived for the MB binding processes (see Table 1), even if ΔGGMP

0 <

ΔGGua
0 . The slight preference of MB cations to bind to the negatively 

charged GMP with respect to the neutral Gua within the G-quadruplex 
structure is confirmed. 

3.2.2. Rheological measurements 
Measurements of rheological parameters, such as elastic modulus 

(G′), viscous modulus (G′′), and viscosity (η), as a function of frequency 

Fig. 2. G-quadruplex fibrils detected by AFM. Hydrogels prepared at different Gua:GMP molar ratios: 1:1 (left), 1:2 (middle) and 1:6 (right) in the presence of 100 
μM of MB. Similar patterns were observed in MB-free Gua:GMP hydrogels [18]. 
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sweep and temperature were performed to obtain information regarding 
the viscoelastic properties of G-hydrogels. 

The three drug-free samples (Gua:GMP = 1:1, 1:2 and 1:6) presented 
the elastic modulus values (G′) higher than the viscous ones (G′′) over 
the entire range of investigated frequency, indicating that the three 
formulations display a viscoelastic behavior (Fig. 5a). On frequency 
sweep analysis, note that G′ values are relatively low (between 10 and 
100 Pa), in good agreement with other reported G-quadruplex-based 
hydrogels [33,70,71], once the 3D network is simple due to the spon
taneous G-wires entanglement. Higher G′ values were found to Gua:GMP 
ratio 1:1 and 1:2, indicating higher strength of theses gels compared to 
the 1:6. Hence the hydrogel cohesion is an inversely GMP-proportion 
dependent process (Fig. 5a). 

The G′ values were systematically decreased when MB was encap
sulated into the three samples (Fig. 5a,b). Therefore, the strength of the 
gels diminishes, probably due to the interaction between MB and G- 

quartets (especially with GMP residues), as inferred here by SAXS and 
docking simulations elsewhere [41]. The hydrogel Gua:GMP 1:6 showed 
pronounced changes on rheological properties, mainly at low fre
quencies and temperature, since its composition is based on the highest 
proportion of GMP which may favor the MB interaction, disturbing the 
interactions and the Gua:GMP stabilized structure, compared to the 
other compositions with lower GMP content (Fig. 5b). 

Regarding temperature sweep analysis, the behaviors of the elastic 
modulus of the 1:1 and 1:2 Gua:GMP hydrogels are similar at low- 
temperature range (from 0 to 30 ◦C). An abrupt decrease in G′ curve 
for Gua:GMP 1:1 hydrogel can be appreciated in Fig. 5c. Indeed, at 
62.3 ◦C (inflection point indicated by the arrow in Fig. 5c), the occur
rence of the gel-sol phase temperature transition (Tgel-sol) must be 
associated to the hydrogels network disordering due to high tempera
tures. For Gua:GMP 1:2 hydrogel Tgel-sol is 58.2 ◦C (Fig. 5c), highlighting 
the fact that the 1:1 gel is more thermo-stable than 1:2 gel. The tem
perature scanning for the 1:6 hydrogel shows a plateau from 0 to 25 ◦C 
and a discrete peak with a maximum at 30 ◦C. Thenceforth, the G′ values 
start to diminish due to the gel-sol phase transition at 47.5 ◦C, con
firming this hydrogel is less resistant to temperature rise (Fig. 5c). 
Similar results were previously detected by SAXS [18]; however, the 
step increment in temperature for SAXS measurements was 5 ◦C. Hence, 
the resolution in Tgel-sol was impaired in that case. The Tgel-sol values 
determined by SAXS were approximately 70 ◦C, 65 ◦C and 45 ◦C to 1:1, 
1:2 and 1:6 hydrogels, respectively [18]. 

The temperature scanning for the MB-loaded hydrogels (100 μM of 
MB) showed that the Tgel-sol were 62.2 ◦C, 57.4 ◦C, and 45.5 ◦C for the 
1:1, 1:2, and 1:6 samples, respectively (Fig. 5d, Table 2). The difference 
of Tgel-sol between MB-loaded and MB-free hydrogels is 0.1; 0.8 and 

Fig. 3. (a) SAXS curves, shown as log-log plots, for 1:1 (red points), 1:2 (green points) and 1:6 (blue points) MB-loaded Gua:GMP samples, neutral pH, at the different 
values of MB shown beside each curve in μM. Curves are multiplied by a factor 2 each on the top of the other for clarity. In the inset, data and best fits are reported in 
lin-lin plots, by adding a factor 0.5 among the curves for clarity. (b) The six panels on the right report the dependency on the MB concentration of the main fitting 
parameters: b (Khun length), nb (number of segments), L (contour length), r0 (effective radius of the inhomogeneity), D (fractal dimension) and ξ (correlation length). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Common fitting parameters of the SAXS analysis of Gua:GMP at different molar 
ratio and MB concentration.  

κ (a.u.) 5 ± 2 
νK (Å3) 10.4 ± 0.2 
νGN (Å3) 116 ± 2 
νRB (Å3) 135 ± 1 
νP (Å3) 30 ± 2 
νMB (Å3) 360 ± 20 
νW (Å3) 30.0 ± 0.4 
ΔGGua

0 (kJ/mol) − 20 ± 10 
ΔGGMP

0 (kJ/mol) − 30 ± 10  
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2.0 ◦C for 1:1, 1:2, and 1:6, respectively, suggesting that MB affects the 
hydrogels thermal stability in a more pronounced extent as higher is the 
GMP proportion, since MB may interact more strongly to GMP than Gua, 
as proposed above by SAXS analysis. 

It is worth mentioning that the temperature-dependent viscosity (η) 
values (Table 2) were found in the range from 0.025 to 6.8 Pa.s. A sig
nificant decrease in viscosity was observed from 40 to 50 ◦C for 1:6 
sample. For the 1:2 hydrogel, the viscosity reduction occurred between 
50 and 60 ◦C, while for the sample 1:1 the decrease was observed be
tween 60 and 70 ◦C (Table 2), relating these viscosity decays to gel-sol 
transition. 

The temperature-dependent feature and its influence on hydrogels 
viscosity are essential factors to be considered for biomedical applica
tions, since the predominance of the storage (G′) over the loss (G′′) 
modulus allows the modulation of the dissolution and drug release rates 
at physiological temperature. Besides, the hydrogels can be used as 
possible depot formulations, due to the network structural and cohesion 
maintenance at temperature intervals from 0 to 40 ◦C. 

3.3. Cell viability assessment 

Toxicity of Gua:GMP hydrogels was analyzed by in vitro cell culture 
experiments. Two different methodologies were carried out to investi
gate cell viability in the presence of the hydrogels. In the first, the 
hydrogel was diluted into the cell culture medium at different concen
trations. In contrast, in the second, the hydrogel was firstly deposited in 
the well of the plate and then the cells were added and cultured on its 
surface. Microphotographs, optical, and fluorescence microscopy im
ages were taken for both assays. 

The first experiment (see results in Fig. 6a,b) shows that the presence 
of hydrogel in different concentrations does not affect cell survival. 
Thus, the hydrogel seems biocompatible and suitable for biomedical 
applications. To verify whether higher hydrogel concentrations can 
affect cell survival, cells were deposited on the surface of pure hydro
gels, and viability was assessed. Survival, as demonstrated by the pres
ence of neutral red staining inside the cells, was observed in all cases. 
Still, a tendency to cell aggregation, more pronounced in the samples 1:1 
and 1:2, was found in all groups (see Fig. 6c). This probably happens 
because the G-hydrogel does not offer Arg-Gly-Asp (RGD) motifs that are 
required for cell-surface adhesion; thus aggregation occurs instead of 

Fig. 4. Volume fraction distributions, φg(r), of the 
chemical groups derived from the analysis of SAXS 
data and plotted as a function of the distance r from 
the center of the G-tetramer. In each panel the Gua: 
GMP molar ratio and the concentration of MB (in μM 
unit) are reported. The colors refer to the following 
chemical groups: potassium cation (magenta), gua
nine (gold), ribose (red), phosphate (green), methy
lene blue (blue) and water (turquoise). Volume 
fractions of methylene blue are multiplied by a factor 
600 for clarity. (For interpretation of the references 
to colour in this figure legend, the reader is referred 
to the web version of this article.)   
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adherence and proliferation. Nevertheless, the assay showed that, 
despite the aggregation, cells are mostly alive (one example is shown in 
Fig. S4 in the SM). An application seems immediately possible: G- 
hydrogels can be used to produce spheroid and tumor cell models as low 
adherence support. Recently, low adherence of G-quadruplex hydrogel 
was already detected [72]. In this case, the substrate for the cell culture 
was made by using G-quadruplexes as cross-linking points of poly 
(ethylene glycol) (PEG) [72]. 

3.4. Penetration into and release of MB from the hydrogel matrix 

3.4.1. Penetration of MB into the hydrogel matrix 
The capability of the G-based hydrogels to trap and release bio- 

relevant molecules has been studied. The MB diffusion into the gel has 
been determined by placing an amount of 300 μM MB solution on the top 
of the hydrogel and letting it penetrate at neutral pH. Penetration is 
followed by visual inspection, obtaining the position of the front as a 
function of time by photographic registration (Fig. 7a). The MB diffusion 
average rate was 13 μm min− 1, 20 μm min-1, and 30 μm min− 1 for 1:1, 
1:2, and 1:6, respectively. The MB reached the bottom of the vial after 

270 min in the 1:6 hydrogel, while the total diffusion down to the base 
took 390 and 600 min for the 1:2 and 1:1 sample, respectively (Fig. 7b), 
confirming the different microscopic entanglement of the different 
hydrogels. Note that in all cases, the hydrogel maintains stable and 
transparent. 

For comparison purposes, similar experiments were performed using 
cytochrome C (CytC), a globular and soluble protein (12,000 MW and 
40 Å diameter vs. 320 MW and 14 Å length for MB) (Fig. 7b). Note
worthy, the diffusion of CytC into the hydrogel matrix is much slower 
than that of MB, with average diffusion rate of 1.1 μm min− 1, 0.5 μm 
min− 1 and 0.3 μm min− 1, requiring 120, 240, and 430 h to reach the vial 
base for 1:6, 1:2 and 1:1 Gua:GMP hydrogels, respectively. Moreover, 
after penetration, the 1:1 Gua:GMP sample was not macroscopically 
homogeneous Fig. 7c. Such results confirm that the difficulty in loading 
external molecules into the hydrogels depends on the entanglement of 
G-quadruplexes: mesh spaces may be big enough to allow diffusion. 
However, a large molecule cannot be able to access the entire matrix. 
Indeed, instead of being homogeneously distributed, CytC can thus 
accumulate in some regions, while other parts are almost CytC-free. 
Note indeed that SAXS profile of CytC-loaded 1:1 hydrogels presented 
an intensity increase at very low Q, indicating a possible protein ag
gregation, which was not observed for CytC-loaded 1:2 and 1:6 hydro
gels (data not shown). When the hydrogel presents a looser interlacing 
with a more expanded mesh, the molecule diffusion and its distribution 
inside the matrix can be facilitated. Therefore, these results support the 
idea that the formulation of the G-hydrogel handling the proportion 
between Gua and GMP can be chosen depending on the molecule fea
tures to be encapsulated. 

3.4.2. In vitro MB release from hydrogels 
As G-hydrogels are excellent candidates as drug delivery systems 

[2,65,67,73–81] we have evaluated the MB release from the gel matrix 
and, as suggested by the swelling test, their pH-responsiveness. Two 
methodologies of release were considered as follows. 

Fig. 5. Rheological measurements of the three Gua: 
GMP hydrogels: 1:1 – red; 1:2 – green and 1:6 – blue 
(molar ratio) in presence and absence of MB. Rheo
grams for (a) MB-free and (b) MB-loaded, showing 
the dependency of elastic modulus - G′ (filled sym
bols) and viscous modulus - G′′ (empty symbols) with 
frequency sweep. Rheograms for (c) MB-free and (d) 
MB-loaded, showing the dependency of elastic 
modulus - G′ with temperature scanning at constant 
frequency of 1 Hz. The transition temperature from 
gel to sol phase (Tgel-sol) is 62.3 ◦C, 58.2 ◦C, and 
47.2 ◦C for MB-free and 62.2 ◦C, 57.4 ◦C and 45.5 ◦C 
for MB-loaded 1:1, 1:2, and 1:6 samples, respectively, 
indicated by the arrows (inflection point). (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   

Table 2 
Temperature transition (Tgel-sol) and viscosity at different temperatures for the 
three hydrogels (Gua:GMP = 1:1, 1:2 and 1:6 M ratio) in absence and presence of 
methylene blue ([MB] = 100 μM).   

MB-free hydrogels MB-loaded hydrogels 

Gua:GMP 1:1 1:2 1:6 1:1 1:2 1:6 
Tgel-sol (ºC) 62.3 58.2 47.5 62.2 57.4 45.5 
Temperature (ºC) Viscosity (mPa s) Viscosity (mPa s) 
40 6453 6782 2413 5011 3471 1383 
50 6780 5426 208 4339 3520 136 
60 4223 291 26 2411 128 26 
70 121 66 25 86 38 25  
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3.4.2.1. In vitro drug release across the artificial membrane. MB release 
from the three different hydrogels (1:6, 1:2, and 1:1) loaded with 100 
μM of the drug was followed using the vertical Franz-type cells. The 
amount of MB released was monitored as a function of time by UV/Vis 

spectroscopy measuring the absorbance at λ = 665 nm, and results are 
shown in Fig. 8a. Although the interaction with G-quadruplexes is rather 
strong, as indicated by SAXS, the amount of released MB was between 80 
and 90% in 24 h. It should be observed that the cumulative release 

Fig. 6. Cell viability assays of the three Gua:GMP hydrogels (1:1, 1:2 and 1:6) (a) Viable human adipose tissue-derived stromal cells (ASC) at different concentrations 
of hydrogels in the cell culture medium. (b) Fluorescent microscopy images from Live/Dead assay: green represents cells alive, and dead cells are stained in red (scale 
bar: 100 μm). (c) Microphotography images from the cell culture using human adipose tissue-derived stromal cells (ASC) on the hydrogels surfaces stained with 
neutral red dye. The Gua:GMP ratios are indicated in the figure (scale bar: 500 μm). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. Drug penetration into Gua:GMP hydrogels 
matrix (a) Photographs of the drug diffusion after 1 h 
of the experiment. (b) Percentage of Methylene Blue 
(blue) and Cytochrome C (red) penetration over time 
into hydrogel matrix, at neutral pH and room tem
perature. (c) A simplified 2D illustration representing 
a soft (like Gua:GMP = 1:6) and hard hydrogel (like 
Gua:GMP = 1:1). The diffusion of CytC (red circles) is 
represented by the yellow arrows. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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profile (Fig. 8a) suggests that the mechanism is probably dependent on 
the hydrogel composition: in the first 8 h, the amount of MB released is 
higher for the 1:6 sample (57%), followed by the 1:2 hydrogel (46%) and 
finally the 1:1 (31%), but the total amount of MB released from the 1:6 
hydrogel after 24 h was lower. The explanation can be attributed to the 
highest negative charge in this hydrogel (highest GMP proportion), 
which can sequester some MB molecules (positively charged) due to 
strong electrostatic interaction (see the different ∆Gs in Table 1). 

MB release from such matrices can be controlled either by solute 
diffusion and/or hydrogel dissolution: therefore, the cumulative release 
curves were analyzed considering the corresponding diffusion models. 
Results reported in Table 3 reveal distinct mechanisms of MB release 
from the G-hydrogels. The best fitting of the 1:1 release curves indicates 
the Zero-order mechanism as the one with the highest correlation co
efficient (R2 = 0.999): MB diffusion from the matrix to the medium is 
predominant, probably because the high mechanical stability detected 

for this gel. Consequently, this hydrogel presents a more sustained and 
constant release. The other two hydrogels (1:6 and 1:2) follow the 
Korsmeyer-Peppas mechanism, based on a combination of both diffusion 
and erosion (R2 = 0.9689 and 0.9402, for 1:6 and 1:2, respectively). In 
good agreement with the swelling and the mechanical properties of the 
different hydrogels (1:6 and 1:2 hydrogels are softer compared to the 
hard gel formed by 1:1 Gua:GMP), results suggest that the system hy
dration causes fast erosion, leading to a fast drug diffusion from the 
matrix to the release medium. Accordingly, Krel (1:1) < Krel (1:2) < Krel 
(1:6) (Table 3). 

3.4.2.2. In-vitro dissolution assays. A membraneless method was also 
considered to evaluate the drug release in the case of direct contact of 
the hydrogel with the dissolution medium. As already observed, the 
three samples presented different swelling behaviors and then are 
characterized by a different drug release behavior. Fig. 8b shows that the 

Fig. 8. Drugs release profiles from Gua:GMP hydrogel matrix (a) Cumulative MB released from the hydrogels, at neutral pH, using the membrane diffusion model in 
vertical Franz-type cells. (b) MB and (c) CytC releases profiles from the hydrogels at neutral pH, using the dissolution system (hydrogel in direct contact with the 
receptor medium). Different Gua:GMP ratio are represented by the colors: blue - 1:6, green - 1:2, and red - 1:1. (d) MB release profile from the 1:2 hydrogel placed in 
mediums with different pHs: black - 3.0, red - 5.5, blue - 7.4, and green - 9.0. All measurements were carried out in triplicate, and averaged values are displayed. The 
error bars considered the minimum and maximum measured values. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Table 3 
Parameters of the mathematical analysis of the curves of MB release from the hydrogel formed by different Gua:GMP ratio (1:6, 1:2, and 1:1) at neutral pH, using the 
membrane diffusion in vertical Franz-type cells, for three models: Zero-order, Higuchi, and Korsmeyer-Peppas.  

Formulations Zero-order Higuchi Korsmeyer–Peppas 

K0(h− 1) R2 KH (h-1/2) R2 KKP (h-n) R2 n 

1:6  4.66  0.7898  18.5  0.9334  8.99  0.9689  0.804 
1:2  4.62  0.9385  19.5  0.9273  5.56  0.9402  0.910 
1:1  3.56  0.9992  19.5  0.9303  5.13  0.9648  0.819  
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1:1 hydrogel has the lowest release rate (Krel = 2.73 h− 1) (Table S1 in the 
SM), and only 40% of loaded MB is released after 24 h. An intermediate 
release rate is observed for 1:2 sample (Krel = 5.75 h− 1) (Table S1), 
which is able to release the 85% of MB after 24 h. As the 1:6 hydrogel 
was rapidly disrupted in contact with water (Fig. 1a), the MB release rate 
was not determined: the MB was totally released in 2 h (Fig. 8b). 

Comparative experiments were performed on hydrogels loaded with 
Cytochrome C (note that while MB intercalates into G-quartets, CytC is 
dissolved in the aqueous compartment of the matrix). Fig. 8c shows that 
only a small amount of CytC is released from 1:1 hydrogel (~ 20% after 
24 h) with Krel = 1.40 h− 1 (Table S2 in the SM), while a release of 80% of 
CytC has been obtained after 8 h from the softest hydrogel (1:6) with 
Krel = 5.62 h− 1. As expected, the 1:2 hydrogel shows an intermediate 
behavior, with Krel = 2.62 h− 1 and 55% of protein released after 24 h. 

The MB release from G-hydrogels was also studied as a function of 
the environmental pH, e.g., as a function of the charge density of the G- 
quadruplexes, which dictates the level of cohesion of the gel matrix. The 
in-vitro dissolution assay was performed on the hydrogel 1:2, at pH 
changing from 3.0 to 9.0. As expected, the drug release was dependent 
on the pH of the medium: at low pH (3.0), the formation of a tighter gel 
enhanced the MB entrapment, resulting in a low release rate (Krel = 7.78 
h− 1) (Fig. 8d, Table S3). By increasing the pH, the MB release was 
higher, and no differences were detected between pH 5.5 and 7.4 (Krel =

12.3 h− 1) (Table S3). Interesting, the behavior was substantially similar 
to the one seen before, in neutral pH, suggesting that the entanglement 
of the fibers is kept the same. The pH increment to 9.0 enhances the G- 
quadruplex-G-quadruplex repulsion, and the matrix becomes less 
compact, promoting the release of practically all MB during the first 
hour (Fig. 8d). In summary, 1:2 sample behaves as 1:1 Gua:GMP 
hydrogel at low pH and is more similar to 1:6 hydrogel in an alkaline 
medium. 

4. Conclusion 

In this work, we reported that different molar ratio between Gua and 
GMP can be tailored to produce self-assembled hydrogels with a similar 
structural organization but different microscopic and macroscopic 
properties. Such soft materials present relevant features such as stabil
ity, swelling, self-healing, stretchiness, flexibility, and pH responsive
ness which can be useful to produce drug delivery systems. The main 
parameters responsible for the modulation of G-hydrogel properties are 
the number of negative charges along the G-quadruplexes, due to the 
phosphate groups of GMP, and the localized attraction between their 
Gua-rich regions. Therefore, any changes in composition and pH of the 
medium appear as modulator factors tuning hydrogel stability, softness, 
erosion and swelling. Accordingly, G-hydrogel mechanical properties 
modulate the rate of diffusion and the mechanism of MB release. 
Noticeable, comparative experiments with CytC suggest that the fea
tures of the loaded molecule could also modify drug loading and release. 

Therefore, the combined results give us support to conclude that the 
self-assembled Gua:GMP hydrogels are non-toxic, being promising 
candidates to be applied as drug-delivery systems, to entrap and deliver 
therapeutics in a sustained release manner and pH responsiveness. In 
particular, we show that MB-loaded Gua-GMP hydrogels have inter
esting features to be potentially employed as PS-encapsulating novel 
biomaterial. Further studies are required to determine its efficiency in 
antimicrobial and photodynamic therapy. Moreover, the current work 
paves the way of designing novel G-based hydrogels able to entrap and 
release key proteins for biotechnological and biomedical applications. 
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