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Methods 

General 

α-8-aza-2'-deoxyguanosine (αGd*) was synthesized following the our previously 

published work.1 Other chemicals were commercially available. The solvents and 

reagents were analytic pure, and all reagent water used in the laboratory was pretreated 

with the Milli-Q Plus System. 

Crystallographic study 

Single crystals were obtained by slowly cooling the corresponding saturated solution in 

steps of 0.5 °C h-1 from 100 to 30 °C. Proper-sized single crystals of compounds of Gd, 

αGd and αGd*were stabilized into a tiny glass tube including mother liquor with epoxy 

resin to minimize solvent loss. 

Hydrogels preparation 

The powder of Gd, G, and αGd was weighed and added to 0.2 M KCl solution and 

prepared to a concentration of 14 mg/ml, and then heated to 90 ℃ in a water bath until 

a clear and transparent solution was obtained. The heated solution was then cooled till 

the gel is obtained. 

Rheology measurements 

The measuring device was equipped with plate-plate geometry (25 mm in diameter, 1.0 

mm gap) and a temperature unit (Peltier hood accessory), which offers temperature 

control. The viscoelastic behavior of hydrogel was analyzed by performing frequency 

sweep, strain sweep and shear thinning test. All measurements were conducted on 

hydrogel samples at concentrations of 14 mg/ml at 25 °C. Frequency sweep analysis 

was performed over an angular frequency (ω) of 0.1~100 rad·s-1, under an initial strain 

(γ) of 0.1%. Strain-dependent rheology was conducted under γ from 0.1~100% at ω= 1 

rad·s-1. Shear thinning test was performed under a shear rate from 0.1~100 (1/s). 

Circular Dichroism (CD) 

CD spectrometer was performed using Chirascan V100 (Applied Photophysics, UK). 

Gd, G, αGd and αGd* in 0.2 M KCl with a concentration of 14 mg/ml. Then the CD 
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spectra were recorded between 220 and 320 nm, and the path length was 0.1 mm. The 

CD curve was further smoothed by using the Graphpad Prism 10.0. LD and UV-Vis 

spectra were measured under the identical conditions. 

Powder X-ray Diffraction (PXRD) 

X-ray Diffraction (PXRD) experiments were performed using Panalytical-Empyrean 

(Panalytical, Nederland). PXRD experiments were performed as described previously. 

Solid powder and hydrogel lyophilized powder were prepared as samples. The 

experiments were performed under the following conditions: the voltage and anode 

current used were 40 kV and 40 mA, and the radius was 240.00 mm. The active length 

was 3.3482°. And the diffractometer position was adopted as following, 2Theta = 

9.9972°, Omega offset = 0.0000°, Z = 7.550 mm, respectively, the Cu Kα=1.540598 Å 

and scanning mode with 0.01° interval and 0.05 s of set time were used to collect the 

XRD pattern of samples and were recorded from 2° to 10° (SAXRD) or from 5° to 

60°(WAXRD) (2θ).  

Small-angle X-ray Scattering (SAXS) measurement 

SAXS measurement capability was provided on the NanoStar instrument (Bruker, 

Germany) with Cu target (50Kv/50mA). Montel-P multilayer optics with pinhole 

collimation system provided the system for high flux/high resolution; Low back- 

ground collimation system was using new SCATEX two-pinhole setup. The detector 

type was VÅNTEC-2000 2D. The softwares used in our study were SAXS for 

WindowsTM XP, DIFFRAC. SAXS and DIFFRAC. EVA. The exposure time was 30 

min. The scattering intensity profile was output as the plot of the scattering intensity (I) 

vs the scattering vector, q = (4π/λ) sin(θ/2) (θ = scattering angle). The samples were 

placed in a Hilgenberg quartz capillary with an outside diameter of 2 mm and a wall 

thickness of 0.01 mm.  

Fluorescence measurement 

Fluorescence intensity of ThT containing hydrogels was detected using Cary Eclipse 

(Agilent, USA). The emission spectra of G4/ThT in the range of 450-600 nm with an 

excitationn wavelength of 450 nm. 
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Differential Scanning Calorimetry (DSC) measurements  

DSC measurements were performed using a Universal V2.5H instrument (TA, 

America). The compounds were dissolved in 0.2M KCl solution, and heated to 90℃ to 

transparent state, and then cooling down to room temperature to serve as the samples. 

For every experiment, the samples were first equilibrated to -60 ℃ and then heated at 

a rate of 5 ℃/min in flowing N2.  

Low Field Nuclear Magnetic Resonance (LF-NMR) measurement 

Transverse spin-spin relaxation (T2) measurement was performed on a MesoMR23-

060V-I NMR Analyzer (Niumag Co., Ltd., Shanghai, China) equipped with a 0.5 T 

permanent magnet, operated at 23.2 MHz for 1H-resonance frequency and 32 °C. Every 

sample was placed in a glass NMR tube which was inserted into a 40-mm diameter 

radio frequency coil to measure T2 relaxation times. Then T2 decay was measured by 

using the Carr-Purcell-Meiboom-Gill (CPMG) sequence with a τ value of 100 μs 

(intervals between the 90° and 180° and the 90° and 180° pulses of 13 and 26 µs, 

respectively). 

Quantitative calculation 

Conformational search was firstly carried out for the four structures (G, Gd, αGd, αGd*) 

using B3LYP functional with D3(BJ) dispersion correction and 6-31G* basis set, with 

SMD solvation model in water solvent. The most stable four isomers were selected to 

construct the G-quartet blocks. Then the most stable G-quartet blocks were selected to 

further construct the supramolecular assemblies. 

The four supramolecular assemblies' structures were optimized using the semi-

empirical PM7 method. The recently developed PM7 semi-empirical method has 

included dispersion and hydrogen-bond corrections and allows a better description of 

noncovalent interactions, especially hydrogen-bonding. Moreover, PM7 is considered 

to be suitable for modeling a wide range of species. The single-point calculations were 

further improved by using B3LYP functional with D3(BJ) dispersion correction and 6-

31G* basis set, with the SMD model (water as solvent) on the optimized geometries. 

All calculations were carried out with Gaussian 09. 
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Molecular Dynamics (MD) simulations 

Gromacs 2019.6 package was used to perform all the MD simulation with periodic 

boundary conditions, applying the Amber14SB all-atom force field combining the 

TIP3P water model. Long-range electrostatics were calculated using the particle mesh 

Ewald method with 1.0 nm real space cutoff. For van der Waals interactions, a cutoff 

value of 1.0 nm was used. All hydrogen related bonds were constrained by the LINCS 

algorithm. The V-rescale method was used to control the system temperature to 300 K, 

and Parrinello-Rahman method was used to control the pressure to 1 bar. The three 

molecules collectively form nine systems (G, G4, G4-10, Gd, Gd4, Gd4-10, αGd, αGd4, 

αGd4-10). The nine configurations were energy minimized and subjected to 100 ps NVT 

equilibration at 300 K. Then, the nine systems were run for 50 ns of NPT production 

respectively. The time step of simulation was 2 fs. The trajectories were saved every 10 

ps, yielding a total of 5,000 snapshots for production analysis. 

The crystal structures containing G4-structures were downloaded from the PDB 

database, specifically selecting PDB ID 1XAV. Using the YASARA software, atoms 

were deleted and replaced to obtain structures containing one layer of G4, Gd4, and αGd4. 

Subsequently, the YASARA software was used to translate and rotate the single-layer 

structures to obtain structures with 10 layers. The distances and angles for translation 

and rotation were referenced from the previously literature.2 

Cryo-SEM imaging 

The hydrogels (1.4 wt%) were prepared by the methods above. Helios G4 UC cryogenic 

dual-beam scanning electron microscope is used. The sample was loaded into the 

sample holder and quickly plunged into pre-prepared slush nitrogen for about 1 minute 

for rapid freezing. The frozen fixed liquid sample is then transferred to the sample 

preparation chamber pre-cooled to -140°C using a Quorum cryogenic transfer device. 

In a vacuum and low-temperature environment, the sample is randomly fractured. The 

sample undergoes sublimation for 10 minutes at -70°C, followed by Pt conductive 

coating treatment for biological samples. The sample is then transferred to the cold 

stage of the Helios G4 UC cryogenic dual-beam scanning electron microscope's sample 
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chamber via a cryogenic transfer rod, and observations are made at a temperature of -

140°C. Imaging is performed under working conditions of 5 kV voltage and 25 pA 

beam current. 

Sustained-release experiment 

Hydrogels were prepared according to the previously described method and methylene 

blue was added into it while in liquid form. Transfer the mixture into a glass bottle and 

allow it to naturally cool and set into a hydrogel. Add an equal volume of aqueous 

solution above the hydrogel as the receptor solution. Sample the receiving solution 

immediately after preparation, and at 1, 2, 4, and 24 hours. Use an UV-vis 

spectrophotometer to measure the concentration of methylene blue in the samples. 

Calculate the release curve based on these measurements. 

Statistical analysis 

All statistical analysis was performed by using the Graphpad Prism 10.0. Experiments 

were conducted in triplicates, or otherwise indicated. The data were presented as mean 

value ± SD (standard deviation) without pre-processing. Statistical comparisons 

between different groups were evaluated with two-way ANOVA test and repeated 

measures analysis of variance as summing significant at P-value < 0.05. 
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Figure S1. Hydrogel formation of guanosine compounds. a) none of guanosine 
compounds can form hydrogel in the absence of alkaline metal ions, and Gd, G, and 
αGd gradually underwent precipitation and disintegration in 1 hour; b) αGd can 
maintain its transparent gel state for more than 7 days. 
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Figure S2. The CD, LD and UV-vis spectra of Gd, G, αGd hydrogel and αGd* solution. 
a) CD and UV-vis spectra of each sample; b) LD and UV-vis spectra of each sample 
under the same conditions as the CD measurement. All absorbance values are <2.5 
(black dotted line) 
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Figure S3. ThT-containing Gd, G, αGd, and αGd* solution without K+. a) Fluorescence 
was not observed in the absence of K+ at 365 nm ultraviolet light irradiation, and G 
exhibited precipitation due to its instability. b) Compared to the presence of K+, no 
significant fluorescence intensity was observed. The concentration of ThT is 5 
mmol/mL, λex = 450 nm. 
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Figure S4. Structural modeling of various structures formed by Gd. a) the molecular 
structure of Gd. b) the G-quartet block structure under the mediation of potassium ions. 
c) the stacking structure formed by 2 layers of G-quartet blocks. d) the stacking 
structure composed of 10 layers of G-quartet blocks. 
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Figure S5. Structural modeling of various structures formed by G. a) the molecular 
structure of G. b) the G-quartet block structure under the mediation of potassium ions. 
c) the stacking structure formed by 2 layers of G-quartet blocks. d) the stacking 
structure composed of 10 layers of G-quartet blocks. 
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Figure S6. Structural modeling of various structures formed by αGd. a) the molecular 
structure of αGd. b) the G-quartet block structure under the mediation of potassium ions. 
c) the stacking structure formed by 2 layers of G-quartet blocks. d) the stacking 
structure composed of 10 layers of G-quartet blocks. 
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Figure S7. Structural modeling of various structures formed by αGd*. a) the molecular 
structure of αGd*. b) the G-quartet block structure under the mediation of potassium 
ions. c) the stacking structure formed by 2 layers of G-quartet blocks. d) the stacking 
structure composed of 10 layers of G-quartet blocks. 
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Figure S8. The single-crystal structures of Gd with 12 conformers from Ⅰ to ⅩⅡ. C, N 
and O atoms were shown in Ellipsoid model, H atoms were shown in Global model. 
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Figure S9. The single-crystal structures of G conformer Ⅰ and Ⅱ. X-ray single crystal 
data was got from reference,3 atoms was shown in Ball and Stick Model. 
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Figure S10. The single-crystal structures of αGd conformer Ⅰ and conformer Ⅱ. Atoms 
are shown in Ellipsoid Model, there was two kinds of C2'-C3' bond in conformer Ⅱ. 
Atoms are coded as follows: red, oxygen; blue, nitrogen; gray, carbon; white, hydrogen. 
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Figure S11. The single-crystal structures of αGd* conformer Ⅰ and conformer Ⅱ. N, O, 
and C atoms were shown in Ellipsoid Model, H atoms were shown in Global. Atoms 
are coded as follows: red, oxygen; blue, nitrogen; gray, carbon; white, hydrogen.  
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Figure S12. The base-pair pattern of Gd in the crystal. 6 base pairs show the same 
hydrogen bonds N1H---N7, N2H---O6. Atoms are coded as follows: red, oxygen; blue, 
nitrogen; gray, carbon; white, hydrogen.  
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Figure S13. The base-pair pattern of G in the crystal. a) The repeated hydrogen bonds 
unit connecting conformers Ⅰ; b) The repeated hydrogen bonds unit connecting 
conformers Ⅱ. Atoms are coded as follows: red, oxygen; blue, nitrogen; gray, carbon; 
white, hydrogen.  
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Figure S14. The base-pair pattern of αGd in the crystal. With participating of hydrogen 
bond between C8 and O6, the two conformers formed triple hydrogen bond base pairs. 
The repeated hydrogen bonds unit connecting conformers Ⅰ and Ⅱ together in the whole 
assembly is highlighted in green color. Atoms are coded as follows: red, oxygen; blue, 
nitrogen; gray, carbon; white, hydrogen.  
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Figure S15. The base-pair pattern of αGd* in the crystal. a) The repeated hydrogen 
bonds unit connecting conformers Ⅰ; b) The repeated hydrogen bonds unit connecting 
conformers Ⅱ. Atoms are coded as follows: red, oxygen; blue, nitrogen; gray, carbon; 
white, hydrogen.  
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Figure S16. Sugar rings overlay results of two conformers of G. 
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Figure S17. Disordered water in the Gd crystal. Oxygen of water was shown in Lime. 
Hydrogen bond was shown in light green dash line. 
 

 

 

 

 
Figure S18. Base layers crosslink in αGd* crystal without water. The hydrogen bond 
C2'H(Ⅱ)A---O6, C2'(Ⅱ)H---O3'(Ⅰ), C4'(Ⅰ)H---O3'(Ⅱ)A, connected the base layers. 
Hydrogen bonds was shown in bright green. Atoms are coded as follows: red, oxygen; 
blue, nitrogen; gray, carbon; white, hydrogen.  

  



24 
 

 

 

 
Figure S19. Snapshots of MD simulation ending state of Gd, G and αGd. 
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Figure S20. Gel formation of G in KCl solutions equipped with various organic 
solvents in different proportions. The concentration of G is 14 mg/mL and K+ 0.2 
mmol/mL in other analysis, The volume ratio of the organic solvent was varied from 
10% to 50%.  
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Figure S21. a-b) Rheological testing of αGd hydrogel prepared by the rapid cooling 
method (a) and organic solvents (b); the gray data represent the corresponding results 
for the hydrogels that without non-chemical modifications. c) Cryo-SEM imaging of 
the hydrogels prepared from αGd by different methods. The concentration of αGd is 14 
mg/mL and the concentration of K+ is 0.2 mmol/mL in the hydrogels. (Scale bar = 5 
µm). 
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Figure S22. Cryo-SEM imaging of the αGd* solution prepared by different methods. 
The concentration of αGd* is 14 mg/mL and the concentration of K+ is 0.2 mmol/mL 
in the solution. 
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Figure S23. The methylene blue dye release experiment. The methylene blue within 
the hydrogels can be released slowly over a period of 24 hours. The concentration of 
Gd, G and αGd is 14 mg/mL, the concentration of K+ is 0.2 mmol/mL and the 
concentration of methylene blue is 0.4 µmol/mL. 
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Table S1. Summary of X-ray crystallographic data for compounds Gd, αGd, and αGd*. 
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Table S2. The length and angle of hydrogen bonds for base pairs in nucleoside crystals. 

 
aAs the angle of N2H---O6 or distance between the H to O6 didn’t conform to normal hydrogen 
bonds, there is no hydrogen bonds between N2H---O6 in the crystals. 
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Table S3. Conformers and their conformation of G compounds in crystals. 

 
aThe torsion angle γ (O5'-C5'-C4'-C3') defined the 5'-OH toward the sugar ring; bThe torsion angle 
of χ(O4'-C1'-N9-C4) range -90~+90° is denoted as syn, and range 180±90° is denoted as anti, most 
of these nucleoside conformers show anti conformation.  
  



32 
 

 

Table S4. The torsion angle of bonds in the sugar ring. 
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Table S5 The bond length and bond angle of water moleculars in nucleoside crystals. 
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