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Abstract 

Now-a-days inherent antibacterial hydrogels have gained significant attention due to their 

utilization against infectious bacteria. Herein, we focus on the development of injectable, 

self-healable, dynamic, G-quadruplex hydrogel with inherent antibacterial activity. The 

dynamic self-assembled hydrogel is constructed upon multicomponent reactions (MCR) 

among guanosine, 2-formylphenylboronic acid and amino acid/peptides in presence of 

potassium ions. The role of amino acid/peptides toward the formation of G-quadruplex 

hydrogel is studied in details. G-quadruplex structure is formed via the π-π stacking of G-

quartets. The formation of G-quadruplex is investigated by thioflavin T binding assay, CD 

spectroscopy and PXRD. The formation of the dynamic imino-boronate bond in the 

hydrogels is well characterised by temperature dependent 11B NMR (VT-NMR) and FT-IR 

spectroscopy. Furthermore HR-TEM images and rheological experiments reveal the fibrillar 

networks and the viscoelastic property of the hydrogels. The presence of the dynamic imino-

boronate ester bonds makes the hydrogel injectable and self-healable in nature. These 

dynamic G-quadruplex hydrogels show potential antibacterial activity against a series of 

Gram positive and Gram negative bacteria. Such injectable and self-healable hydrogels could 

be used in various applications in the field of biomedical science.  
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Introduction 

Bacterial infections have become a great threat for mankind and the infection rate is 

increasing day by day. Many antibiotics have been developed to combat bacterial infection, 

however, the microbes have evaluated themselves to become antibiotics resistant.1 Recently 

antibacterial biomaterial like hydrogel has paved a way to fight infectious bacteria.2,3 

Antibacterial activity of any hydrogel can be achieved by the incorporation of nanoparticles 

and antibiotics within the hydrogel.2 Silver nanoparticles incorporated hydrogel is a well-

known example of an antibacterial hydrogel.4 Silver ions (Ag+) stabilized hydrogel has also 

been reported as an antibacterial hydrogel.5 However, there are few limitations of the above-

mentioned hydrogels. Antibiotics loaded hydrogels6,7 are becoming incapable towards the 

bacterial infection due the antibiotic resistance of bacteria.1 Silver incorporated hydrogels 

have few side effects such as irritation in skin or inflammation.8 Therefore, to overcome these 

limitations, researchers are focusing on the development of biocompatible, biodegradable 

hydrogels with inherent antibacterial activity.9 Polymer based antibacterial hydrogels10 have 

different drawbacks as the synthesis and purification of these compounds are a tedious job. 

Hence, low molecular weight gelators (LMWGs)11,12 such as nucleobase13,14 and peptide15 

based inherent antibacterial hydrogel could be an efficient candidate to resolve this problem. 

Peptides can undergo spontaneous self-assembly in appropriate conditions to form three-

dimensional (3D) nanofibrillar networks.16 Moreover, the potentiality of peptide based 

hydrogels in various fields such as drug delivery, tissue engineering and bio-imaging has 

acquired admiration in recent years.17-19 Apart from this, being biocompatible as well as 

biodegradable, nucleobases are the promising candidates for the development of versatile 

hydrogels.20 Guanosine, one of the nucleosides, has been used as a self-assembling potential 

candidate for the development of LMWGs.21 In guanosine, four guanosine units furnish a G-

quartet moiety in presence of cations such as K+, Na+ with the help of intermolecular 
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Hoogsteen type H-bonding interactions which further self-assemble into G-quadruplex 

structures via π-π stacking interaction and leads to the formation of nanofibrous 

hydrogel.22,23,24 Davis et al have shown the formation of metal ion induced G-quartet 

hydrogels and alternation in their characteristic features on changing the metal ions.22  

In recent years, dynamic covalent bond mediated hydrogels have gained significant attentions 

for their stimuli-responsive (temperature, pressure and pH) and reversible nature.25 Among 

various dynamic bonds, boronate ester and imine bond directed hydrogels and their 

applications in the field of biomedical science have been explored.26-30 The rate of formation 

of cyclic boronate ester is enhanced by the condensation between ortho carbonyl (aldehyde or 

ketone) and amine.31 Nitrogen atom of imine bond donates its lone pair of electrons to the 

boron center through a dative bond facilitating the formation of tetrahedral boronate ion.32 

Exploiting this behaviour of boronic acid, hydrogel based optical diffuser has been reported.33 

The boronic acid based hydrogels have been utilized for three-dimensional (3D) cell 

culture.34 The pH dependent nature of boronate ester bond has been explored in the delivery 

of anticancer drug-loaded nanoparticles.35 On the other hand, primary amine can form 

dynamic imine bond by reacting with aldehyde at relatively basic pH.36 The imine hydrogel 

has been reported for modulating the degradation behaviour of 3D cell culture for the 

controlled release of cells.37 Recently, pH responsive drug delivery applications have been 

employed by incorporating such dynamic bonds in hydrogel system.38,39 Imino-boronate bond 

directed hydrogels are capable of showing greater self-healing and stimuli responsive 

behaviour due to the presence of double dynamic covalent bond.40,41  

Here, we focus on the development of multicomponent reaction (MCR) among guanosine, 

peptide and boronic acid directed injectable, self-healable, stimuli responsive inherent 

antibacterial hydrogel. The hydrogel is constructed upon the formation of dynamic covalent 

bond and non-covalent interaction among guanosine, 2-FPBA and peptides (or amino acid) in 
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KOH solution. We have evaluated the antibacterial activity of this dynamic imino-boronate 

bond assisted G-quadruplex hydrogels against both Gram positive as well as Gram negative 

bacteria.  

 

Figure 1. The schematic representation of the formation of MCR directed dynamic G-

quadruplex hydrogel (50 mM) in presence of 100 mM KOH solution. First, the formation of 

G-quartet takes place and finally G-quadruplex structured is formed via the π-π stacking 

interaction. 

 

Results and Discussion 

In general, boronic acid undergoes condensation reaction with cis-1,2- and 1,3-diol at a pH 

greater or equal to pKa of boronic acid to form stable 5-membered and 6-membered cyclic 

boronate esters respectively.30 Guanosine, 2-FPBA and individual amino acid (L-

phenylalanine; L-Phe) or peptides (L-Phe-L-Phe and L-Phe-L-Phe-L-Phe) were taken in a glass 

vial at a molar ratio of 1:1:1 (50 mM/ 50 mM/ 50 mM respectively) and dissolved it in 100 

mM KOH solution. The glass vial was then sonicated for 5 min followed by heating at 80 °C 
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till the solution became transparent, left to cool it down to room temperature. A transparent, 

injectable and self-healable hydrogel was obtained in all cases. The formation of hydrogels 

was checked by the inverted vial method (Figure S1). Intermolecular hydrogen bonding 

among four guanosine molecules and electrostatic interaction between K+ ion and guanosines 

give a G-quartet structure. These G-quartets further self-assemble via π-π stacking interaction 

and give rise to a cylindrical G-quadruplex (G4) structure. 2-FPBA forms a 5-membered 

dynamic boronate ester upon reaction with the cis-1,2-diol of the ribose sugar of the 

guanosine. On the other hand dynamic imine bond formation takes place between the primary 

amine group of L-Phe / L-Phe-L-Phe / L-Phe-L-Phe-L-Phe and the formyl group of 2-FPBA. 

These two dynamic covalent bonds along with the non-covalent interactions (H-bonding, π-π 

stacking and electrostatic interaction) develop 3D nanofiber networks in which water 

molecules get encapsulated and form the hydrogel (Figure 1). All the three hydrogels are 

fluorescent in nature and show emission peak at 457 nm (Figure S1). The intensity of the 

peak rises from hydrogel 1 to 2 and 3 gradually as the number of phenyl rings in the 

hydrogels increases, which clearly indicates the enhancement of π-π stacking interaction 

between the phenyl rings. 

 

Figure 2. Determination of G-quadruplex structures. (a) Fluorescence spectra of ThT 

incorporated hydrogels (lex = 450 nm) and (b) CD spectra of diluted (5 mM) hydrogels.  
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The formation of G-quadruplex architecture was investigated by using the fluorophore 

Thioflavin T (ThT) binding assay.42 In this experiment, ThT solution (1 mM, 100 μL) was 

added to each hydrogels during the preparation of hydrogels. The fluorescence spectra of the 

ThT incorporated hydrogels show intense peaks at 490 nm. However, only ThT does not 

show any emission peak at 490 nm. The ThT incorporated hydrogel shows emission peak at 

490 nm because it is stacked between two G-quartet via π-π stacking interaction. Hence, it 

shows a peak of higher intensity as well as peak shifting. The increase in fluorescence 

intensity of ThT loaded hydrogels clearly confirms the formation of G-quadruplex-like 

structures in the hydrogel. As depicted from Figure 2, ThT incorporated hydrogel 3 shows 

the highest intensity peak followed by hydrogel 2 and 1. This observation indicates higher 

stacking of ThT in the hydrogel takes place due to the presence of greater number of phenyl 

rings in hydrogel 3. Hence, these results further support the previous fluorescence results. 

Circular Dichroism (CD) is one of the most efficient tools to investigate the secondary 

interaction43 in a supramolecular system. For hydrogel 1, two positive peaks at 240, 296 nm 

and one negative peak at 260 nm are observed. The CD peaks at 296 and 260 nm indicate the 

head to head stacking interaction between G-quartets whereas peaks at 240 and 260 nm 

indicate the head to tail stacking interaction. Another peak centered at 222 nm is attributed to 

the presence of phenyl ring of 2-FPBA. Hydrogel 2 shows positive peaks at 240, 300 nm and 

a negative peak at 260 nm indicating the head to head as well as head to tail stacking 

arrangement of G-quartets. Similarly, hydrogel 2 shows an absorption peak at 220 nm which 

depicts the presence of the phenyl ring in the hydrogel. Three positive peaks at 220, 240, 290 

nm and one negative peak at 266 nm are obtained in case of hydrogel 3. The peak 

observation is similar to the other two hydrogels, which indicates the presence of head to 

head as well as head to tail stacking of G-quartets in all the three hydrogels (Figure 2).44,45 

The Powder X-ray Diffraction (PXRD) pattern of all three hydrogels show a major peak at 2q 
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value of 26.8° corresponding to the distance (d) of 3.3 Å indicating the distance between two 

adjacent stacked G-quartets (Figure 3).46,47 The PXRD patterns of all the building blocks of 

hydrogels have been recorded separately for the comparison with the pattern of the hydrogels 

(Figure S2). The absence of the peak at 26.8º for all the building blocks clearly indicates that 

G-quadruplex is only formed in the hydrogels. 

 

Figure 3. (a) PXRD patterns of dried hydrogels indicate the formation of G-quadruplex 

architectures in the hydrogels. (b) FT-IR spectra of (i) dried hydrogel 2, (ii) 2-FPBA and (iii) 

guanosine. 

 

The formation of boronate ester and imine bond in the hydrogel is investigated with the help 

of Nuclear Magnetic Resonance (NMR) Spectroscopy (11B NMR) and Fourier Transform 

Infrared Spectroscopy (FT-IR). The formation of intramolecular boronate ester bond has been 

investigated with the help of 11B NMR spectroscopy. 2-FPBA shows a peak at 30.85 ppm 

corresponding to the B-O-H bond39 whereas in presence of KOH solution this peak is shifted 

to 7.56 ppm (Figure S3). This observation signifies the formation of intramolecular boronate 

ester (B-O-C) bond. The formation of dynamic intermolecular boronate ester bond between 

guanosine and 2-FPBA was checked by the variable temperature 11B NMR (VT-NMR) at 

various temperatures (15, 30, 40, 50, 60 and 80 °C). Intramolecular boronate ester bond starts 

to break and the generation of intermolecular boronate ester bond takes place as the 
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temperature increases from 15 to 80 °C gradually. The appearance of a new peak at 12.08 

ppm in 11B NMR spectra clearly indicates the formation of intermolecular boronate ester 

bond while the intensity of peak at 7.78 ppm decreases indicating the rupture of 

intramolecular boronate ester bond in 2-FPBA (Figure S3). The free 2-FPBA shows chemical 

shift at 30.85 ppm signifying the presence of B-O-H bond whereas the hydrogel 2 displays 

the upfield chemical shift at 12.08 ppm suggesting the formation of B-O-C bond in 

hydrogel.39 The intensity of the peak at 12.08 ppm is enhanced as the temperature increases 

from 15 to 80 °C, which indicates the formation of intermolecular boronate ester bond 

between G and FPBA. This dynamic boronate ester bond is the key component of this 

dynamic G-quadruplex hydrogels.48,49 The FT-IR spectra of 2-FPBA shows a stretching 

frequency peak at 1355 cm-1 corresponding to the B-O-H bond. The appearance of a peak at 

1108 cm-1 for all the dried hydrogels dictates the formation of B-O-C bond. Furthermore, the 

stretching frequency of guanosine C-O-H bond at 1084 cm-1 disappears in all the hydrogels. 

A peak at 1672 cm-1 for 2-FPBA due to the presence of aldehyde C=O shifts to 1694 cm-1 for  

hydrogel 2 signifying the formation of imine bond between aldehyde group of 2-FPBA and 

amine group of amino acid (L-Phe) or peptides (L-Phe-L-Phe and L-Phe-L-Phe-L-Phe).38,39 

The morphological analysis of the hydrogels was performed using HR-TEM. The 

nanofibrillar networks are observed in all the hydrogels, suggesting the formation of 

nanofibrillar structures via the π-π stacking interaction between G-quartet architectures. The 

nanofibrillar networks of hydrogel 2 and 3 are presented in Figure 4. The width of the 

nanofibers are in the range of 15-20 nm for hydrogel 1 and 20-25 nm for hydrogel 2 and 3 

respectively. 
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Figure 4. TEM images of (a) hydrogel 2 and (b) hydrogel 3 depict the three-dimensional 

nanofibrillar structure of hydrogels.  

 

Viscoelastic properties of all three hydrogels were evaluated by the rheological experiments. 

Amplitude sweep experiments for all the hydrogels were carried out at constant frequency 

rate of 1 rad s-1. All hydrogels show higher storage modulus (G′) than that of loss modulus 

(G″) value at 0.1-10% shear strain, specifying the gel state of all the samples. The G′ value 

gradually decreases above the shear strain of 10% intersecting with G″ value at a certain 

point, which dictates the beginning of the sol state. The intersection points of G′ and G″ for 

hydrogel 1, 2 and 3 are at 396, 50 and 127% of deformation strain, respectively (Figure S4). 

Furthermore, frequency sweep experiments were performed at constant shear strain (1%) 

keeping the frequency range of 0.5-100 rad.s-1. All the hydrogels exhibit higher storage 

modulus value (G′) than the storage modulus value (G′′) throughout the experiment justifying 

the viscoelastic nature of the hydrogels. As depicted from Figure 5, the hydrogel 3 exhibits 

higher G′ value of 806 Pa followed by hydrogel 2 of 485 Pa and hydrogel 1 of 35 Pa. These 

observations clearly indicate that hydrogel 3 is more robust than hydrogels 1 and 2, resulting 

from the higher degree of p-p stacking interaction in hydrogel 3. As hydrogel 3 is more 
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mechanically robust, it has been chosen to perform dynamic step-strain sweep experiment to 

determine the thixotropic behaviour of the hydrogel (Figure 5b). The experiment was 

performed at constant angular frequency of 10 rad s-1 with alternative lower (1%) and higher 

(100%) strains throughout the experiment for 900 s. The storage modulus (G′) is higher than 

that of loss modulus (G″) at lower strain (1%) depicting the gel state, whereas reverse is 

observed at higher strain (100%) dictating the sol state of the hydrogel. Upon increasing the 

strain from 1 to 100%, the fibrillar networks in hydrogel were disrupted and the gel 

transformed into solution. In addition, the reformation of gel took place as soon as the strain 

was decreased from 100 to 1%. This observation clearly suggests the rapid sol to gel and gel 

to sol transformation, which takes place under the applied strain.  

 

Figure 5. Rheological experiments. (a) Frequency sweep analysis of all the hydrogels at a 

constant strain of 1%. (b) Dynamic step-strain sweep experiment of hydrogel 3 at a constant 

angular frequency of 10 rad s-1. 

 

Along with the thixotropic nature, hydrogel 3 shows quite satisfactory result in injectability 

test (Figure 6). Hydrogel 3 was doped with a dye during the preparation and injected through 

a needle to check the thixotropic nature of the hydrogel. After injecting into a vial, the 

hydrogel retains its gel state very rapidly, which was examined by inverting the glass vial. At 
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the time of injection, the hydrogel was transformed into its sol state due to the operating 

pressure by the syringe, as soon as it came out of the needle it retained the gel state. 

Hydrogels consist of dynamic covalent bonds and non-covalent interactions, which are 

capable of showing the self-healing feature. The dynamic nature of both the covalent bond 

and non-covalent interaction is the major reason behind the self-healing property. The 

propensity to reform the covalent bond or re-establish the non-covalent interaction among the 

components to maintain the dynamic equilibrium in the system gives rise to the self-healing 

characteristics. Two pieces of hydrogel 3 was kept on a petridish at room temperature, one of 

the pieces was doped with methyl red dye and the other one was kept untreated. After 30 min, 

self-healing process started and the self-healing process across the junction point was 

observed by diffusion of orange colour to the colourless piece. Finally fully self-healed 

hydrogel was observed after 6h (Figure 6).  

 

Figure 6. (a) Hydrogel 3 was injected through a 24G needle to check the injectibility of the 

hydrogel; (b) Two pieces of hydrogel 3 were kept together to check the self-healing ability. 
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Furthermore, stimuli responsiveness of the hydrogel 3 was checked by heating and changing 

the pH of the hydrogel (Figure S5). Hydrogel 3 was heated at 80 °C and it turned into a 

solution. At the time of heating due to the disruption of the nanofiber networks, the 

encapsulated water molecules become free and the hydrogel is converted into solution. As the 

temperature of the solution decreases, the reformation of nanofibers takes place and the gel 

formation is observed. Along with thermo-responsiveness, pH dependency of the hydrogel 3 

was investigated. 0.5 N HCl (50 µL) was added dropwise to the hydrogel 3. The gel turned 

into white solution instantly signifying the rupture of dynamic imino boronate ester, as well 

as the H-bonding present in G-quartet. Then 0.5 N NaOH (100 µL) was added dropwise to 

maintain the relative basic pH. The solution became transparent. The transparent solution 

kept undisturbed for few hours resulting into the formation of hydrogel. At basic pH, the 

reformation of imino boronate ester bond takes place as well as the deprotonation of 

guanosine G-quartet is formed again via H-bonding. Hence, the hydrogel reveals its stimuli 

responsive behaviour significantly.  

Hydrogel with inherent antibacterial activity has become a potential candidate against 

bacterial infection. Therefore, all the hydrogels were utilized to investigate the inherent 

antibacterial activity against a series of Gram negative (Proteus mirabilis, Escherichia coli, 

Salmonella typhi) and Gram positive bacteria (Streptococcus pneumonie, Staphylococcus 

aureus, Bacillus subtilis). Antibacterial efficacy was evaluated by the diffusion plate 

method.50 Hydrogels 2 and 3 show satisfactory antibacterial activity against all the Gram 

positive and Gram negative bacteria whereas hydrogel 1 shows antibacterial activity against 

Streptococcus pneumonie (Figure 7). The zone of inhibition index values have been 

calculated (Table 1) and these indicate that hydrogels 2 and 3 are more effective than 

hydrogel 1. Furthermore, the antibacterial activity of all the hydrogels (1, 2 and 3) was 

checked by optical density (OD625) method. Hydrogel containing bacterial solutions show 
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lower absorbance as compared to the control solution (Figure S6) for both Gram positive and 

Gram negative bacteria. This observation clearly indicates the antibacterial activity of the 

hydrogels. Hydrogel 1 containing bacterial solution shows higher absorbance as compared to 

hydrogels 2 and 3 containing bacterial solutions (Figure S6). This observation depicts that 

hydrogel 3 is most effective against bacteria (Gram positive and Gram negative) followed by 

hydrogels 2 and 1. 

 

Figure 7. Photographs of agar plate after applying hydrogel 1 (1), hydrogel 2 (2) and 

hydrogel 3 (3) against Gram positive bacteria (a) Staphylococcus aureus, (b) Bacillus 

subtilis, (c) Streptococcus pneumonie and Gram negative bacteria (d) Proteus mirabilis, (e) 

Escherichia coli, (f) Salmonella typhi.  
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Table 1. Zone of inhibition index calculated after applying hydrogels over the agar plates of 

bacteria 

Sl. 

No. 

Bacteria Zone of Inhibition Index 

Hydrogel 1a Hydrogel 2 Hydrogel 3 

1 Streptococcus pneumonie 2.81 2.81 2.81 

2 Staphylococcus aureus _ 2.00 2.18 

3 Bacillus subtilis _ 3.56 3.62 

4 Proteus mirabilis _ 3.50 3.68 

5 Escherichia coli _ 2.93 3.06 

6 Salmonella typhi _ 3.12 3.00 

a‘_’ indicates that hydrogel does not show antibacterial activity after utilizing on bacteria. 

 

The difference in antibacterial activity of three hydrogels is observed due to the difference in 

hydrophobicity in molecular self-assembly. The number of phenyl ring at the side chain of 

amino acid/peptide increases from hydrogel 1 to hydrogel 2 to hydrogel 3, which indicates 

the increase in hydrophobicity. Moreover, the damage created by the hydrogels at the 

membrane of bacteria and the disruption of membrane causes the death of bacteria, which are 

clearly observed from SEM images (Figure S7).51  

 

Conclusion 

In the present study, we have successfully developed dynamic, stimuli responsive, self-

healing G-quadruplex hydrogel with inherent antibacterial activity. The hydrogels (2 and 3) 

displayed astonishing inherent antibacterial property against both the Gram positive 

(Streptococcus pneumonie, Staphylococcus aureus, Bacillus subtilis) and Gram negative 

(Proteus mirabilis, Escherichia coli, Salmonella typhi) bacteria. The synergistic effect of 

peptide conjugated G-quadruplex hydrogel was responsible for the inherent antibacterial 
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activity. The formation of G-quadruplex architecture was characterised by ThT binding 

assay, CD spectroscopy and PXRD. The dynamic imino-boronate ester bond formation was 

investigated by FT-IR spectroscopy. HR-TEM images described the formation of 

nanofibrillar network in the hydrogels. The frequency sweep and dynamic strain-step 

experiments revealed the viscoelastic and thixotopic nature of the hydrogels. Furthermore, 

these hydrogels showed efficient self-healing and injectable behaviour which have an 

enormous application in the field of biomedical science. The hydrogels 2 and 3 were more 

efficient antibacterial agents as compared to the hydrogel 1. In future, hydrogel 2 and 3 

could be used as efficient antibacterial biomaterials in in vitro and in vivo applications.  
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