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Abstract

We report a novel and potential wound dressing hydrogel based on DNA and a green 

industrial microbiocide tetrakis (hydroxymethyl) phosphonium sulfate (THPS) via one-pot self-

assembly. Intermolecular electrostatic interaction and hydrogen bonding between DNA and THPS 

together drive the formation of the adhesive DNT (DNA+THPS) hydrogel, featuring with self-

healing, shear-thinning and injectability. This wound dressing hydrogel possesses broad-spectrum 

antibacterial ability with low cytotoxicity to L929 cells. Furthermore, the wound dressing can 

reduce the risk of wound infection by releasing THPS to suppress bacterial spread and accelerate 

wound healing. The low cost and simple preparation may make the hydrogel attractive in 

biomedical applications and could be a good reference to others.

Graphical Abstract

Self-assembled DNT hydrogel drove by intermolecular electrostatic interaction and hydrogen 

bonding is able to behave as an excellent wound dressing to against bacteria and accelerate wound 

healing. Its contact-killing mechanism makes it easy to kill bacteria in a broad-spectrum way. 

Facile preparation and outstanding efficacy would offer a solution to eliminate the problem of 

bacterial drug resistance.
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INTRODUCTION

Bacterial wound infection not only affects the wound healing but also poses threats of 

systemic infection sepsis as well as organ failure, which are potentially life-threatening.1 

Traditional wound treatments were always involve the utilization of antibiotics, such as 

over-the-counter Neosporin, a triple-antibiotic ointment with bacitracin, neomycin and 

polymyxin b. However, overuse antibiotics may contribute to the spread of antibiotic 

resistance,2 and may arise biosafety concerns. Such antimicrobial resistance is a growing 

health threat, reducing the ability to prevent and treat of bacteria infectious diseases. To 

address this challenge, massive efforts have been dedicated to develop non-conventional 

antibacterial treatments, significant antibacterial materials were proposed as alternatives to 

antibiotics, including reintroduction of historical broad-spectrum agents such as silver,3 

copper,4 gold5 or natural products6 and narrow-spectrum agents like bacteriophages7 or 

peptides.8 In addition, engineering the antibacterial agent in to hydrogel or assembling 

it into hydrogel matrices are capable of realizing the sustained release. The ‘functional 

hydrogels’ not only have developed antibacterial properties but also work as dressings to 

accelerate wound healing. To effectively avoid wound infection and promote the wound 

healing, antibacterial agents are often embedded onto the supports to form wound dressing 

for controllable and lasting release. One type of supports widely used for antimicrobial 

agents are hydrogels. Hydrogels are highly absorbent hydrophilic network of polymer 

chains and have been demonstrated as excellent supports for drug delivery due to their 

biodegradability and biocompatibility and are used for tissue engineering,9 cell culture,10 

drug delivery11 as well as contact lenses.12 They are also widely used for wound 

healing as adhesive dressing systems to provide moisture to wounds and absorb exudate, 

function as obstruction to bacteria that provide a barrier against the external threats.13 

Recently, self-assembled biomacromolecule hydrogels including peptides, proteins, keratins, 

polysaccharide like chitosan,14 self-assembled tea tannin,15 bacterial cellulose (BC)/acrylic 

acid (AA) hydrogels16 or antimicrobial honey-based hydrogel17 were studied for a broad 

array of biomedical applications. Compared with these biomacromolecules mentioned 

above, DNA, as a natural polymer, can be a perfect polymeric candidate for hydrogel 

formation due to its high molecular weight and unique properties like shape control and cell 

free production,18 Which advantages over other synthetic or natural polymer such as poly 

(ethylene glycol), alginate and hyaluronic acid.19 Thus, it is desirable to develop DNA-based 

antibacterial hydrogel to meet the increasing biomedical requirement.

There has been great interest in preparing DNA hydrogels in the past decades and 

have presented as an interesting material and they have, for example, been explored as 

antigen delivery system,20 switchable material for aptamer-based fluorescent detection21 

and delivery vehicle for light-triggered cancer therapy.22 Moreover, DNA hydrogels can 

be rationally designed for advanced shaping approaches such as magnetic field23 or 3D 

printing.24 Noncovalent bond like complementary base-pairing, blending with cationic 

polymers and covalent bond were typically used to prepare DNA hydrogels.25–27In contrast 

to the complementary base-pairing exploited widely for DNA hydrogels formation, small 

organic molecules or metal ions can physically cross-link DNA via noncovalent bond, 

which involve electrostatic interaction, groove combination and intercalation.28 such DNA 
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hydrogels were reported to snare carcinogens like polycyclic aromatic hydrocarbons (PAHs) 

through intercalation,29 which inspired us to use these physical interactions to develop novel 

bioinspired materials.

Herein, we propose a new potential antimicrobial agent to combine with DNA to 

fabricate DNA-based hydrogel. Tetrakis (hydroxymethyl) phosphonium sulfate (THPS), a 

cationic phosphonium salt, has attracted extensive industrial and agricultural interest as a 

pesticide and broad-spectrum microbiocide for water treatment. It can inhibit the growth 

of microorganisms including bacteria, algae, and fungi30–34 and produce no mutagenic 

response,35 owing to its potent antibacterial efficacy, environmental safety and low toxicity. 

Because of that it was awarded the American Green Chemical Award from Environmental 

Protection Agency (EPA) in 1997.36 In this study, THPS was proved to be capable of cross-

linking DNA by taking advantage of intermolecular electrostatic interaction and hydrogen 

bonding. DNA played roles of hydrogelator and building block while THPS was used as 

a trigger and antibacterial ability donor in the formation of the obtained hydrogel, which 

named as DNT hydrogel. In this way, THPS could achieve the lasting and controllable 

release at the same time. More importantly, the obtained DNT hydrogels are endowed with 

excellent antibacterial ability, which could be implemented as antibacterial coatings for the 

wound infections caused by bacteria and may provide a solution to antibiotic resistance.

RESULT AND DISCUSSION

Self-assembly and characterizations of DNT hydrogels.

The formation procedure of DNT hydrogel is shown in Figure 1a. First, 4 wt% DNA was 

dissolved in deionized water (950 μL) and heated at 90 °C for about 20 minutes, then 50 

mg mL−1 (50 μL) THPS was introduced and the transparent DNT hydrogel was obtained 

finally (Figure 1b). No gelation was observed when DNA concentration is lower than 2 

wt%. (Table S1). Frequency-dependent oscillatory rheology of the DNT hydrogels showed 

that G’ surpassed G” throughout the whole frequency sweep tested at a constant strain of 

1%, confirming the formation of hydrogel (Figure 1c). In addition, the intertwined network 

and porous structure of the lyophilized hydrogel were visualized by Scanning electron 

microscopy (SEM) (Figure 1d).

THPS is a positively charged sulfate salt and rich in -OH functional groups (Figure S1), 

which can interact with the phosphate backbone of DNA via intermolecular electrostatic 

interaction. Besides, THPS, as a small organic molecule, can take advantage of its 

molecular rotation to combine with nitrogenous bases in the groove of DNA via 

hydrogen bonding. Based on these speculations, we assumed that the hydrogelation was 

achieved by intermolecular electrostatic interaction and hydrogen bonding. To verify our 

assumptions, we first employed Circular Dichroism (CD) spectrum to investigate the 

structural information of the DNA and DNA-THPS complex in water. As shown in Figure 

2a, a pair of CD signals at 245 and 275 nm were observed (inset in Figure 2a), indicating 

the right-handed double helix structure of DNA in B conformation.37 When THPS was 

introduced, the peak at 275 nm was shifted to longer wavelength. Noticeably, the intensity 

was decreased gradually with the increasing of THPS concentration from 0 to 50 mg mL−1, 

illustrating the introduction of THPS leads to the gradual transition of DNA strand from 
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B-form to C-form.38, 39 A large proportion of the DNA phosphates were neutralized by 

site binding the cations because of electrostatic effects, resulting in this transition.40 For 

UV-vis absorption spectra, the absorption peak centered at 260 nm was DNA absorption 

band (Figure 2b). After mixing with THPS, an evident hypochromicity of DNA absorption 

band was observed. Hence, the introduction of THPS can be implemented as a block to 

prevent nitrogenous bases from being exposed in a groove combination manner, leading to 

the hypochromicity.41

We then used Fourier transform infrared (FTIR) spectroscopy to study the role of 

intermolecular hydrogen bonding in the formation of the hydrogel. As shown in Figure 2c, 

vibrational bands at 1700, 1640, 1531 and 1487 cm−1 are assigned to guanine (G) , thymine 

(T) , adenine (A) and cytosine (C) nitrogenous bases of DNA solution, respectively.42 Upon 

hydrogelating with THPS, guanine band peak shifted from 1700 to 1685 cm−1 and thymine 

band peak shifted from 1640 to 1629 cm−1. Additionally, peak positions of adenine (A) 

and cytosine (C) stayed almost unchanged and too weak to be shown, mostly because of 

the strong peak intensity of THPS at this wavenumber range. This result demonstrated that 

THPS was most likely to combine with guanine (G) and thymine (T) nitrogenous bases 

via hydrogen bonding in a groove combination manner in this system.43 The wavenumber 

where the asymmetric vibrations of phosphate group initially appeared was 1238 cm−1 

when the DNA was alone,19, 44 after hydrogelated with THPS , this peak was significantly 

shifted to 1182 cm−1. Meanwhile, the symmetric vibrations of phosphate group detected 

at 1094 cm−1 was shifted to 1044 cm−1, suggesting the strong intermolecular electrostatic 

interaction between THPS and DNA.45 Therefore, FITR analysis verified the intermolecular 

electrostatic interaction and hydrogen bonding within the DNT hydrogel.

Finally, to further confirm these results, molecular docking was carried out by 

AutoDockTools (4.2.26) to mimic the binding sites of THPS to DNA in this system, the 

conformation with the lowest binding energy at −3.0 eV was chosen for molecular docking 

simulations after 100 times test (Figure S2). As shown in Figure 2d, THPS combined with 

thymine (T) and guanine (G) nitrogenous bases in a groove bonding manner via hydrogen 

bonding. According to these spectroscopic results and molecular docking simulations, it can 

be concluded that the intermolecular electrostatic interaction and hydrogen bonding drove 

the formation of DNT hydrogel together.

Antibacterial performance and in vitro biocompatibility of DNT hydrogels.

We explored the antibacterial activity of the DNT hydrogels by contacting with bacteria with 

Optical Density (OD) measurement. In particular, Gram-positive bacteria Staphylococcus 
aureus (S. aureus) and Gram-negative bacteria Escherichia coli (E. coli) as model bacteria 

for assessment in our experiment. Time-dependent antibacterial tests of hydrogels against 

S. aureus and E. coli were shown in Figure 3a and Figure 3b, respectively. It was observed 

that DNT hydrogels and THPS completely restrained the bacterial growth of S. aureus 
and E. coli. In sharp contrast, bacteria displayed significant growth in samples with DNA 

solution or without DNT hydrogels (control). In addition, both S. aureus and E. Coli samples 

cultured with liquid culture medium and DNA solution flourished on the Luria-Bertani (LB) 

solid plates, but counterparts contacted with hydrogel were all dead and did not proliferate 
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on the LB solid plates (Figure S3). We also used Mass Spectrum (MS) to verify the 

release of THPS from DNT hydrogel (Figure S4). These results demonstrated the release of 

THPS from DNT hydrogel is responsible for this phenomenon. Besides, we systematically 

evaluated antibacterial capacities of the DNT hydrogel towards various concentrations of S. 
aureus and E. coli. As shown in Figure 3c and Figure 3d, the hydrogels were able to inhibit 

up to 1×109 colony-forming units (CFU) per milliliter of S. aureus and E. coli proliferation, 

demonstrating its excellent broad-spectrum bactericidal ability. All results showed the DNT 

hydrogels own outstanding broad-spectrum antimicrobial ability.

We also investigated the in vitro biocompatibility of DNT hydrogels. L929 cells were 

contacted with the hydrogel for 2 d with the tissue culture polystyrene dish as control. 

The CCK-8 absorbance is inversely proportion to the cytotoxicity and we found that the 

CCK-8 absorbance at 450 nm was almost same with the control (Figure 3e), illustrating 

DNT hydrogel exhibited an excellent biocompatibility. Additionally, L929 cells contacted 

with the hydrogel were found to show normal and healthy morphologies (Figure 3f). 

These observations suggested that the hydrogel was in vitro biocompatible toward normal 

mammalian cells.

Antibacterial mechanism of DNT hydrogels.

To gain insight into the antibacterial mechanism of the DNT hydrogel, SEM was utilized 

to study the morphological changes of bacteria. Both E. coli and S. aureus cells kept their 

original shape and intact structure, respectively (Figure 4a and Figure 4c). After treated with 

hydrogels, lysed bacteria and fused cells were clearly found owing to the total destruction 

of the membrane, respectively (Figure 4b and Figure 4d). In detail, the positively charged 

THPS released from DNT hydrogel is apt to adsorb onto the negative charged bacterial 

lipid membrane electrostatically, leading to a gradual lysis of membrane and the cell death 

eventually.46 The contact-killing mechanism of THPS-induced membrane injury caused 

increased membrane permeability, supporting by the live/dead bacterial staining assay. E. 
coli and S. aureus bacteria were stained red after contacting with hydrogel (Figure 4f and 

Figure 4h) while little red color was found in cells without dealing with hydrogel (Figure 4e 

and Figure 4g), further proved that the DNT hydrogel destroyed the whole cell membrane. 

To sum up, THPS released from hydrogel largely affects the integrity and permeability of 

bacterial cell membrane, accounting for the antibacterial mechanism of the DNT hydrogel.

Adhesion and rheological properties of DNT hydrogels.

Adhesion is an essential factor for tissue adhesive when hydrogels work as wound dressings. 

It has reported that −C=O, −NH2 and −N= groups from nucleobases are able to form 

hydrogen bond by reacting with N, O, F, −OH, −NH2 functional molecules or groups on 

the tissue surface.47, 48 Therefore, we explored the adhesion property of DNT hydrogel and 

the result was illustrated in Figure 5a–5f, the hydrogel was able to adhere to the human 

skin, bottle cape, pipette tip and blazer, indicating the hydrogel possess certain adhesion. 

The features of the DNT hydrogel were closely dependent on its rheological properties, and 

then we inspected the viscosity modulus of the hydrogel. The viscosity value decreased from 

1000 Pa to 5 Pa while the shear rate increased from 0.01 rad s−1 to 10 rad s−1, suggesting 

the hydrogel is imparted with shear-thinning, injectability properties (Figure 5g and Figure 
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5h). The ability to recover from external damages to keep original structural and functional 

integrity is vital for hydrogels when it comes to biomedical applications. We further assessed 

the strain-induced damage and self-healing property of the DNT hydrogel. The rheological 

strain sweep was conducted to test the responsive behavior of DNT hydrogel to external 

strains. With increasing strain from 0.01% to 1000% with a fixed frequency of 1 Hz at 25 

°C and the Gel-to-Sol transition point occurred at 365%, suggesting the hydrogel collapsed 

(Figure 5i). The dynamic modulus of the hydrogel displayed a gel behavior under low 

strain at 0.1% and a sol state appeared when the strain hit 400%, 500%, 600%, 700% 

and 800%, and the rapid switches with over 90% recovery were found between sol and 

gel after 5 cycles of breaking and reforming (Figure 5j). This behavior was reversible 

and reproducible across the range of strains tested, illustrating DNT hydrogels possessed 

excellent self-healing performance due to the reversible nature of electrostatic interaction 

and hydrogen bonding. Besides, visual evidence of self-healing was displayed in Figure 

5k–5n. These rheological and visual results together demonstrated that the adhesive DNT 

hydrogels with shear-thinning, injectability and self-healing have potential applications on 

soft materials injection, drug delivery and release.

In vivo wound healing.

To demonstrate the potential application of DNT hydrogel to accelerate wound healing 

in vivo, we applied it in a mouse skin model owing to its certain adhesion, moist 

environment, antibacterial properties and biocompatibility. Such hydrogel was efficacious 

for bacteria elimination and wound healing, as visualized through the decreased wound size 

in Figure 6a. Unambiguously, wound treated with hydrogel was completely closed at the 

15th day treatment while wounds treated by DNA+THPS (D+T) mixture and nontreated 

(BLANK) were not closed completely. These visual results illustrated that DNT hydrogel 

could be a wound dressing to suppress bacteria proliferation and accelerate the wound 

healing. Meanwhile, the images of the wound area were separated (Figure 6b) and their 

corresponding wound area ratios were calculated by Image Pro Plus shown in Figure 6c. 

The quantification results of wound area ratios of DNT hydrogel was approximate 0%, In 

contrast, about 7% and 20% for the (D+T) mixture and blank groups, respectively. All the 

results show that the wound treated with hydrogel recovered quicker than the other two 

counterparts treated with (D+T) mixture and nontreated. Taken together, the DNT hydrogel 

was capable of accelerating wound healing by providing a moist environment and releasing 

THPS to suppress the bacterial proliferation.

CONCLUSION

In summary, we have prepared an adhesive and self-healing DNT hydrogel as a broad-

spectrum wound dressing to against bacteria and accelerate wound healing. The hydrogel 

formation simultaneously took advantages of intermolecular electrostatic interaction and 

hydrogen bonding between DNA and THPS. The broad-spectrum antimicrobial mechanism 

was based on the disruption of bacterial cell membrane without detectable toxicity to 

mammalian cells. These results may indicate great potential of the DNT hydrogel as an 

antimicrobial material to accelerate wound healing and against wound infections. In the 
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meantime, the low cost and simple preparation may also make it attractive in biomedical 

field.

EXPERIMENTAL SECTION

Materials:

DNA from salmon tests, Propidium Iodide (PI) and Glutaraldehyde were purchased from 

Sigma Aldrich. THPS (ca: 70–80% in Water, MW 406.28) was purchased from Tokyo 

Chemical Industry Co., Ltd. SYTO™ 9 green fluorescent nucleic acid stain was purchased 

from ThermoFisher. Cell Counting Kit-8 (CCK-8) and Luria-Bertani (L-B) broth medium 

was purchased from Beyotime Biotechnology (Shanghai, China). Deionized water was used 

throughout the whole experiment. Roswell Park Memorial Institute 1640 (RPMI-1640) 

culture medium was purchased from Gibco ThermoFisher. S. aureus and E. coli strains were 

purchased from Shanghai Luwei Microbial Sci & Tech Co., Ltd.

Characterizations:

Circular Dichroism (CD) Spectroscopy was performed on J-815 CD spectra (JASCO, 

Japan). UV-Vis was performed on a UV-Vis spectrophotometer (UV 2450, Shimadzu, 

Japan). Fourier transform infrared spectra (FT-IR) spectra was performed on Perkin Elmer 

Spectrum One Instrument (America). Rheological measurements were conducted on a 

rheometer (AR 2000ex, TA instrument, USA). Scanning electron microscopy (SEM) images 

were recorded using a NOVA nano SEM230 (FEI, USA), Live/dead bacterial staining 

assay was imaged using the Olympus BX-51 optical system microscope (Tokyo, Japan). 

The value of Optical Density (OD) was obtained by a microplate reader (ThermoFisher, 

USA). Liquid Chromatography-Mass Spectrometry (LC-MS) was performed on a mass 

spectrometer (Bruker Daltonics, Germany).

Preparation of DNT hydrogel:

Typically, 4 wt% DNA was dissolved in deionized water and heated at 90 °C for about 20 

min, then 50 μL 50 mg mL−1 THPS was added to DNA solution and stirred vigorously, a 

transparent DNT hydrogel was obtained.

SEM study of hydrogels:

Scanning electron microscopy (SEM) was utilized to study the morphology of the obtained 

hydrogels. Hydrogel samples were freeze-dried by a freezer and then placed on a silicon 

wafer. Finally, sputter coated with gold before imaged by SEM.

Rheological studies of DNT hydrogel:

Rheological measurements were performed on a rheometer. Hydrogel samples were placed 

on the rheometer stage, a dynamic frequency sweeping from 0.1 to 10 Hz under the strain 

at 1% at 25 °C. Viscosity of the hydrogel with increasing shear rate from 0.01 to 10 rad s−1 

by continuous flow experiment was conducted under the strain at 1% at 25 °C. Dynamic 

modulus of hydrogel under increasing strain with a fixed frequency of 1 Hz at 25 °C.
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Spectrum characterizations of hydrogels:

CD spectra was scanned between 200 and 350 nm with an interval of 0.2 nm. UV-vis were 

scanned between 200 and 350 nm with an interval of 0.5 nm. FT-IR spectra was scanned 

between 500 and 1800 cm−1 with an interval of 1 cm−1.

Bacteria culture:

Bacteria of S. aureus (CMCC 26003) and E. coli (ATCC 25922) strains were used in our 

experiment. Before the experiment, the bacteria were grown overnight at 37 °C at 180 rmp 

s−1 and harvested at the exponential growth phase via centrifugation at 4000 rmp s −1 for 

5 min and washed with PBS for 3 times. The supernatant was then discarded and the cell 

pellet was resuspended in PBS. For LB solid medium plates culture, 10 μL bacteria solution 

was added on solid medium and the pure LB solid medium was used as a control, and 

then placed on an incubator at 37 °C for 24 h. For time-dependent antibacterial experiment, 

the bacteria concentration was monitored photometrically by measuring the OD600 value. 

Prior to conducting the antibacterial experiment with the hydrogels, the OD600 value of the 

bacteria solution was obtained. Then, 1 mL S. aureus and E. coli bacteria solution were 

contacted with the DNT hydrogel, DNA (2 wt%) solution and THPS (1 mg.mL−1) solution 

respectively. For concentration-dependent antibacterial experiment, 1 mL S. aureus and 1 

mL E. coli bacteria solution with different bacteria concentrations (1×104 to 1×109 CFU 

mL−1) were contacted with the surface of the hydrogels for 24 h, respectively. Their OD600 

values were obtained by a microplate reader and the bacteria solution without hydrogel was 

used as control.

Cytotoxicity assay:

The cytotoxicity of hydrogel against L929 cells was investigated by CCK-8 assay. Cells 

were cultured in RPMI-1640 culture medium with 10% fetal bovine serum and 1% 

penicillin-streptomycin at 37 °C in a humidified atmosphere of 5% CO2. 2×105 cells were 

cultured in 96-wells plate for 24 h, then DNT hydrogel was added and further cultured for 

another 24 h and 48 h. Finally, 10 μL CCK-8 solution was added and incubated for 2 h 

before measuring the value of OD450.

SEM image of bacteria:

Bacteria treated with hydrogel before or after were harvested at 4000 rmp s−1 for 5 min and 

washed with PBS for 3times, and then fixed in PBS containing 2.5% glutaraldehyde for 2 

h at room temperature. The bacteria were further washed with PBS and dehydrated by a 

series of ethanol solutions (20%, 40%, 60%, 80% and 100%) for 10 min with each step. 

Finally, the bacteria were placed on the silicon wafer and dried via freeze-dried at the room 

temperature, and then sputter coated with gold and imaged with SEM.

Live/Dead staining analysis:

Bacteria incubated with or without hydrogel for 12 h, and then the bacteria solution was 

treated with 1 μL of 1 μM SYTO™ 9 and 10 μL of 1 mg mL−1 PI for 1 h. Next, the bacteria 

solution was further washed with PBS for 3 times, and followed by imaging by fluorescence 

microscope.
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Mouse injury model:

To estimate the effect of the hydrogel for wound healing, injury model was built on back of 

mouse. The Balb/c mice (6–8 weeks) back were shaved and 1 centimeter long cross wound 

was made on the back of the tested mice. The mice were divided into 3 groups (three per 

groups). Before constructing the wound model, mice were weighed and anesthetized using 

Pentobarbital sodium (60 μL, 20 kg mL−1). The wound was treated with D+T mixture (60 

μL) and nontreated as two control groups and DNT hydrogel (60 μL) as the experimental 

group. Subsequently, they were individually housed in cages and equivalent food and water 

were supplied to them under constant temperature. Wound healing progression was digitally 

recorded every four days. The mice were successively observed and fed for 15 days to 

study the wound healing progression. All the test mice were with approval of the Xiangya 

School of Medicine, Central South University. The animal experiment and animal care were 

conducted in the Xiangya School of Medicine and the authors followed the rules and ethical 

protocols strictly in the whole animal procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Schematic representation of formation of the self-assembled DNT hydrogel. b) The 

photograph of DNT hydrogel. c) Frequency-dependent oscillatory rheology of the DNT 

hydrogel. d) SEM images of the hydrogel indicated the formation of intertwined network 

and porous structure.
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Figure 2. 
a) CD spectra of DNA and DNA-THPS complex, different concentration of THPS mixed 

with DNA, from curves a to care corresponding to 0, 10, 50 mg mL−1 and concentration 

of DNA is 0.5 wt%. b) UV-vis absorption spectra of DNA and DNA-THPS complex, a 

and b are DNA and DNA-THPS, respectively. DNA concentration is 0.05 wt% and THPS 

concentration is 10 mg mL−1. c) FTIR spectra of the freeze-dried DNA solution, DNT 

hydrogel and THPS solution, the width of rectangles stands for the shift of wavenumbers. d) 

Molecular Docking simulation of the binding site between DNA and THPS.
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Figure 3. 
Time-dependent antibacterial effects of the DNT hydrogel against 1×107 CFU mL−1 a) S. 
aureus and b) E. coli. Concentration-dependent antibacterial effect of the hydrogel toward 

c) S. aureus and d) E. coli, different concentration of S. aureus and E. coli bacteria were 

incubated with the hydrogel for 24 h. e) The CCK-8 activity of L929 cells contacted with 

DNA hydrogel from 1 to 2 days. f) The shape of L929 cells treated with DNT hydrogel 

showed on fluorescence microscope
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Figure 4. 
I) Representative SEM images of E. coli before a) and after b) contact with the hydrogel for 

12 h, SEM images of S. aureus before c) and after d) contact with the hydrogel for 12 h. II) 

Overlapping fluorescence images for live/dead bacterial staining assay of E. coli before e) 

and after f) contact with the hydrogel, overlapping fluorescence images for live/dead assay 

of S. aureus before g) and after h) contact with the hydrogel.
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Figure 5. 
Adhesive exhibition of DNT hydrogel, adhering to human skin a) and b), a bottle cap c) and 

d), pipette tip e) and blazer f). g) Viscosity as a function of shear rate. h) The injectable 

property of the hydrogel. i) Dynamic modulus of DNT hydrogel under increasing strains 

from 0.01% to 1000% with a fixed frequency of 1 Hz at 25 °C. j) The dynamic modulus of 

hydrogel under low strain (0.1%) and high strain (400%, 500%, 600%, 700% and 800%). 

A hydrogel sample k) was cut in half l), and one was stained with rhodamine and then two 

fragments were brought together after several minutes m), then heal into one n).
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Figure 6. 
a) Photographs of the wounds treated with hydrogels, (D+T) mixture and nontreated at 0, 

4, 8, 12 and 15 days respectively. b) Separation image of the wound area. c) The wound 

area was measured by Image Pro Plus and the plot of wound area ratio, from curve a to c, 

BLANK, (D+T) mixture, DNT hydrogel.
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