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ABSTRACT: Antibacterial hydrogel has been intensively studied due to their wide practical 

potential in wound healing. However, developing an antibacterial hydrogel that able to 

integrate with exceptional mechanical properties, cell affinity and adhesiveness will remain a 

main challenge. Herein, a novel hydrogel with antibacterial and superior biocompatibility 

properties was developed using aluminum ions (Al3+) and alginate-dopamine (Alg-DA) chains 

to crosslink with the copolymer chains of acrylamide and acrylic acid (PAM) via triple dynamic 

non-covalent interactions including coordination, electrostatic interaction and hydrogen 

bonding. The cationized nanofibrillated cellulose (CATNFC), which was synthesized by the 

grafting of long-chain quaternary ammonium salts onto nanofibrillated cellulose (NFC), was 

utilized innovatively in the preparation of antibacterial hydrogels. Meanwhile, alginate-

modified dopamine (Alg-DA) was prepared from dopamine (DA) and alginate. Within 

hydrogel, the catechol groups of Alg-DA provided a decent fibroblast cell adhesion to the 

hydrogel. Additionally, the multitype cross-linking structure within the hydrogel rendered the 

outstanding mechanical properties, self-healing ability and recycling in pollution-free ways. 

The antibacterial test in vitro, cell affinity and wound healing proved that the as-prepared 

hydrogel was a potential material with all-rounded performances in both preventing bacterial 

infection and promoting tissue regeneration during wound healing processes. 

KEYWORDS: Antibacterial hydrogel, Cationized nanofibrillated cellulose (CATNFC), 

Alginate-dopamine (Alg-DA), Self-healing, Wound-healing. 
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INTRODUCTION 

Skin tissue is one of the most important parts of human body. It plays an irreplaceable role 

in maintaining the body's environmental balance and protecting the body from a variety of 

harmful substances.1,2 It has massive surface area and is usually exposed to the environment, 

making it a very vulnerable tissue in human body.1,2 Under severe skin infections, the wound 

can cause serious consequences that impact the health and life of people. Infection within skin 

usually results in extended wound healing and implantation failure which eventually end up 

with more complicated problems within human body, even mortality. However, it is worried 

that the healing processes of wounds are time-consuming, especially for the extensive full-

thickness wounds.3 One of the major challenges with national health services round the world 

is to repair acute and chronic wounds as quick as possible. Therefore, new materials with all-

rounded properties in preventing bacterial infections, promoting healing progresses and 

suppressing scar formations are urgently demanded.4 In recent years, various types of wound 

dressings such as electrospun nanofibers,5 foams,6 membranes,7 and hydrogels 8 are intensively 

studied. Among these materials, the hydrogel dressing has attracted considerable research 

interests due to its advantages in wound moisture maintaining, exudate absorption and surface 

cooling, resulting in pain-relief.9 Compared to regular hydrogels, those with antibacterial 

characteristics are capable of fighting with bacterial infectious diseases.10 For most 

antibacterial hydrogels, antibiotics are usually incorporated to prevent bacterial infection. But 

the antibiotic overuse potentially results in drug resistance of bacteria. Moreover, some 

antibacterial hydrogels combined with bactericides have been reported. Silver nanoparticles 

are widely added in hydrogels as antibacterial particles, which have the disadvantages of being 

expensive as well as high biotoxicity.11 Therefore, it is urgent to find a cheap and biocompatible 

bactericidal agent. The use of antibacterial materials, such as cationic polymers, offers a 

possible strategy in the development of antimicrobial hydrogels. In particular, the quaternary 
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ammonium polymers exhibit good antibacterial capabilities, which is related to the existence 

of abundant cations on the molecular chains.12,13 Natural polymers, such as cellulose, have been 

widely utilized in biomedical applications, due to their significant biocompatibility and 

mechanical properties.14 However, cellulose has no antibacterial properties in nature and is not 

easily dispersed. In recent years, some researchers have prepared antibacterial nanofibrillated 

cellulose (NFC) by cationization.15 Nonetheless, due to the antibacterial mechanism of 

quaternary ammonium compounds (QACs), the prepared antibacterial cellulose did not 

demonstrate strong antibacterial effect on gram-negative bacteria represented by E. coli.16 

According to current research, the performance of QACs-based antimicrobial materials can be 

profoundly impacted by the molecular weight of the QAC.17 Also, the N-alkyl chain length has 

impact on the antimicrobial activities of QACs. The longer the N-alkyl chain, the stronger the 

antimicrobial capability.18 It provides new possibilities for the fabrication of hydrogel materials 

possessing good antibacterial activities and prolonged efficacies without the use of toxin and 

antibiotic drugs. 

Other than the antibacterial property, adequate mechanical properties, such as toughness and 

recoverability are the essential requirements for hydrogels in their application in wound 

healing. Hydrogels with unsatisfied mechanic characters are not a good candidate for wound 

healing.19 For decades, several strategies, such as double-networks (DN),20 nanocomposites,7 

and ionic crosslinking,21 are applied to improve the mechanical properties of hydrogels. Among 

them, DN are the typically used form of tough hydrogels based on the energy dissipation 

mechanism.22,23 As reported by Wang et al,24 poly (acrylic acid) and chitosan were used to 

develop DN hydrogels via metal-coordination and chain entanglement. And the hydrogels 

demonstrated fine anti-fatigue and self-healing performances due to their supramolecular 

structure. Furthermore, there is no doubt that hydrogel dressings capable of rapid self-healing 

can restore the lesion and therefore have longer duration of usage.25,26 In a latest study,  



 5 

hydrogels integrating over 2 types of physical or chemical interactions in a single system are 

often associating with better mechanical properties and excellent self-healing abilities.27 This 

should be attributed to the synergistic actions of the efficient energy dissipation mechanism 

and the results of dynamic chemical covalent bonds.28 Nonetheless, most of these tough 

hydrogels are not suitable for cell growth and have poor bio-adhesion, thereby limiting their 

applications in wound healing. Recently, catechol chemistry enlightens the preparation of 

materials with cell adhesive and affinitive properties, due to its molecular structure alike to the 

adhesive proteins extracted from mussels.29-31 The hydrogels incorporated with polydopamine 

(PDA) are typical adhesive materials based on catechol chemistry.32-34 The PDA hydrogel 

contains catechol functional groups, which construct covalent or noncovalent bonds with 

different surfaces, leading to improved adhesive properties to cell and tissue.35 Besides, the 

catechol functional groups in hydrogels produce improvements in both adhesive and cohesive 

properties under wet conditions. Furthermore, PDA is increasingly applied in the development 

of antibacterial hydrogels supporting the growth of cell. For example, Gan and co-workers 

reported an antibacterial hydrogel with remarkable cell affinity, which was synthesized from 

methacrylamide dopamine and 2-(dimethylamino) ethyl methacrylate copolymerizations.36 

Therefore, the incorporation of dopamine as well as its derivatives is potentially practicable in 

improving the properties of hydrogels, including tissue affinity and adhesion.  

In this research, a novel antibacterial hydrogel without cytotoxicity was prepared using Al3+ 

and alginate-modified dopamine (Alg-DA) chains to crosslink with the acrylamide and acrylic 

acid copolymer (PAM) chains via triple dynamic non-covalent interactions, including 

coordination, hydrogen bonding and electrostatic interaction. This hydrogel possessed several 

improvements listed as follow. First, unlike the antibacterial hydrogels using antibiotic 

components, the new hydrogel showed inherently contact-active antibacterial activities. NFC 

grafted with long-chain QACs was innovatively utilized in antibacterial hydrogel preparation. 
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Another advantage is that the cationized nanofibrillated cellulose (CATNFC) itself is 

mechanical strong, which can serve as an effective reinforcing filler for the hydrogel. Benefited 

from the triple-crosslinked network together with the dynamic non-covalent bonds, the as-

prepared Alg-DA-CATNFC-PAM-Al3+ DN hydrogel exhibited desirable mechanical 

performance and self-healing property. Besides, it could also be easily recycled in pollution-

free ways. Moreover, compared with other tough and antibacterial hydrogels that were 

typically not favorable for cell growth, this hydrogel exhibited significant improvement in cell 

and tissue affinities through the presence of Alg-DA. Hence, it held high potential in the 

applications of repairing soft tissue lesions and preventing bacterial infections of the wounds.  

RESULTS AND DISCUSSION  

The Design rationale of hydrogel 

The materials with excellent antibacterial property, good adhesiveness and biocompatibility 

are conducive to providing a desirable environment for wound healing. In order to shorten the 

time of wound healing, a multi-physically-cross-linked DN hydrogel, namely, Alg-DA-

CATNFC-PAM-Al3+ DN hydrogel, was prepared in two steps (Figure 1b). First, the 

synthesized Alg-DA, CATNFC, acrylamide and acrylic acid (5mol% of acrylamide) were 

polymerized with ammonium persulfate (APS) as the initiator to form the Alg-DA-CATNFC-

PAM hydrogels. In these hydrogels, CATNFC with excellent antibacterial ability was obtained 

by grafting 12-carbon QACs onto NFC (Figure 1a). In addition to hydrogen bonding 

interactions, the charged cations on CATNFC could form electrostatic interactions with the 

carboxyl anions to further improve the mechanical properties of hydrogels. Alginate has been 

extensively used for adipose tissue regeneration, wound dressing and in general for soft tissue 

engineering, due to its excellent biocompatibility and safe gelation.37,38 However, it is worth to 

note that because of the limited cell adhesion sites, alginate has poor cell adhesion.39 Inspired 

by mussels, Alg-DA was prepared from dopamine and alginate (Figure S1), which exhibited 
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enhanced cell adhesion owing to the introduction of the catechol moieties.40 In the second step, 

the Alg-DA-CATNFC-PAM hydrogel was immersed in the Al3+ solution. Notably, metal ions 

have been widely used in the preparation of hydrogel wound dressings.41-43 Compared with 

other metal ions, Al3+ is much attractive owing to its excellent antibacterial property and low 

cytotoxicity.44,45 The metal-ligand coordination crosslinking between Al3+ and Alg-DA was 

constructed using the catechol group of DA as the crosslinking point. As a result, the hydrogel 

formed a DN structure, leading to enhanced mechanical strength. In addition, the as-prepared 

Alg-DA-CATNFC-PAM-Al3+ DN hydrogels exhibited outstanding self-healing abilities after 

damage, which should be ascribed to the metal-ligand coordination. 



 8 

 

Figure 1. The design rationale of the hydrogel (a) The preparation principle of CATNFC (b) 

The structure of the hydrogel and the multiple interactions at the molecular level.  
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The Fourier transform infrared (FTIR) spectra in Figure S2 coupled with the proton nuclear 

magnetic resonance (1H NMR) spectra in Figure S3 verified that the epoxypropyl dodecyl 

dimethyl ammonium chloride (EPDDMAC, see the discussion in Supporting Information) was 

successful prepared. NFC and CATNFC were analyzed by FTIR spectroscopy (Figure S4). The 

neat NFC displayed several bands at 3332 cm−1, 2900 cm−1 and 1103 cm−1 which were due to 

the stretching of −OH, C−H of −CH2− and C−O from secondary alcohol, respectively. After 

cationization modification, new peaks were found at 2893 cm−1 and 1215-1280 cm−1, owing to 

the stretching of C−H from −N+ (CH3)2− and the stretching vibration of C−N, respectively. A 

sharp peak was obtained at 993 cm−1, which was ascribed to the new C−O−C formed by 

grafting quaternary ammonium. These results indicated the quaternary ammonium was 

successfully grafted onto the cellulose. In addition, the elemental composition of CATNFC 

was determined. Natural cellulose does not contain nitrogen element. However, the element 

analysis showed that a certain proportion of nitrogen existed in the product, which consistently 

proved the successful synthesis of CATNFC. Furthermore, the percentage of nitrogen was used 

to estimate the degree of substitution (DS) (Table S1). In order to verify if the as-prepared 

CATNFC could effectively kill gram-negative bacteria, antibacterial test against E. coli was 

conducted on NFC, EPTMAC-NFC (DS=0.192) and CATNFC (DS=0.182). The results 

(Figure S5) showed that CATNFC had the best antibacterial effect. Besides, the peaks appeared 

at 6.5−7.0 ppm in the 1H NMR spectrum (Figure S6) confirmed that DA was successfully 

introduced to the alginate structure.46 Moreover, the peak of UV absorption at 280 nm in Figure 

S7 further indicated the successful synthesis of Alg-DA. 

The morphologies of hydrogels after freeze-drying were observed by a scanning electron 

microscope (SEM). As shown in Figure S8, compared with the smooth layer surface of Alg-

DA-PAM-Al3+ hydrogel, the Alg-DA-CATNFC-PAM-Al3+ hydrogel displayed a state of 

nanofibers winding owing to the presence of CATNFC. The cationic groups and hydroxyl 
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groups in CATNFC provided a large number of active points, which could be cross-linked with 

the chains of Alg-DA and PAM through hydrogen bonding and electrostatic interaction (Figure 

1b). To detect the distribution of Al3+ in hydrogels, an EDS mapping test was performed. 

According to the image analysis (Figure S9), the Al3+ ions were evenly distributed in the 

hydrogel. 

Mechanical Properties 

The hydrogel demonstrated promising mechanical behaviors, especially in recoverability. 

As shown in Figure 2e, the cylindrical hydrogel was capable of withstanding a compression 

strain of 80% without fracture. When the pressure was released, the cylindrical hydrogel 

recovered its original shape in five minutes. As a control, Alg-DA-PAM, Alg-DA-PAM-Al3+ 

and Alg-DA-CATNFC-PAM hydrogels were also prepared. As shown in Figure 2b, the 

stresses of the four different hydrogels at 60% compressive strain were 83.13 KPa, 307.97 KPa, 

120.78 KPa and 385.09 KPa, respectively. Moreover, the curves in Figure 2a indicated that the 

compressive stress of the DN hydrogel was much higher than that of the single network 

hydrogel under the same strain. Specifically, when the compressive strain reached 60%, the 

compressive stress of the DN hydrogel was more than three times that of the single network 

hydrogel. These results implied that the mechanical properties and stability of the DN hydrogel 

were significantly improved owing to the multiple interaction mediated network, which was 

constructed via reversible non-covalent interactions, such as coordination, hydrogen bonding 

and electrostatic interactions. Additionally, CATNFC could also effectively enhance the 

compression performance of the hydrogel. According to the data, the addition of CATNFC 

increased the compressive stress by more than 30% under 60% compressive strain. This 

phenomenon should be ascribed to the two reasons. Firstly, CATNFC acted as a filler to 

reinforce the polymer hydrogels owing to its excellent mechanical properties. Secondly, the 

stability of hydrogels under stress was improved with CATNFC as it provided more crosslink 
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points to increase the crosslinking density of the network. To further investigate the influence 

of crosslinking density on the mechanical performance of hydrogels, Alg-DA-CATNFC-PAM 

single network hydrogels were immersed in Al3+ solutions with various ion concentrations to 

prepare DN hydrogels with different crosslinking densities. As the ion concentration increased, 

the compressive stress increased remarkably (Figure 2c, d). However, further increase in the 

mechanical strength was not obvious when the ion concentration was higher than 0.11 M, 

suggesting a saturated crosslinking state was reached. These results indicated that the increase 

of cross-linking points could make the DN structure more stable and the mechanical properties 

of the hydrogel further improved.  
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Figure 2. The mechanical properties of different hydrogels. (a) Typical compressive stress–

strain curves for various types of hydrogels. (b) Compression modulus of various types of 

hydrogels at the compressive strain of 60%. (c) Typical compressive stress–strain curves for 

hydrogels crosslinked with ion solutions of different concentrations. (d) Compression modulus 

of various types of hydrogels at the compressive strain of 60% (e) Images showing that the 

Alg-DA-CATNFC-PAM-Al3+ hydrogel could recover without breakage after compressed up to 

a strain of 80%.  

Self-Healing and Recycling Properties 
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In addition to the improved mechanical properties, the Alg-DA-CATNFC-PAM-Al3+ DN 

hydrogel also showed unique self-healing and recycling properties. The hydrogels could self-

heal without any agent owing to the dynamic interactions. As schemed in Figure 3a, the Al3+ 

on the fracture surface remained reactive to the Alg-DA chains via strong coordination 

interaction. Meanwhile, Al3+ gradually diffused toward the fracture interface with the help of 

the mobility of Alg-DA chains, which promoted the reconstruction of electrostatic interactions 

and coordination bonds.47 Besides, the hydrogen bonds could also be rebuilt when the two 

separated parts came into contact. 

In order to demonstrate the self-healing ability of the DN hydrogel, three differently colored 

cylinders of hydrogel were prepared. They were then attached to each other for self-healing at 

room temperature. The three hydrogels were combined into a bulk hydrogel after 12 h. The 

healed hydrogel from the three pieces was highly robust with strong interphase interaction at 

the healing sites. As a result, it could be bent or stretched, and easily lift a load of 500 g without 

breaking (Figure 3b). In addition, color diffusion was observed at the junction of the three 

hydrogel pieces, which vividly implied the segment migration and ion diffusion at the 

interphase. In order to detect the time-dependent self-healing process, the maximum tensile 

stresses for the original hydrogel and the hydrogels after self-healing for 8 and 24 h were 

evaluated. In Figure 3d, the maximum tensile stress of the original hydrogel was 128.76 KPa, 

while the value was 106.33 KPa after 8 h self-healing, and 118.24 KPa after 24 h self-healing. 

In other words, the maximum tensile stress of hydrogel retained 82.57% of the original value 

after 8 h self-healing and 91.83% after 24 h. Furthermore, the healing of the incision was 

observed on an ultra-depth microscope. As shown in Figure 3c, the cutting healed well after 8 

h, and almost recovered the original state after 24 h. All the results consistently indicated that 

the DN hydrogel had outstanding self-healing capability and efficiency. 
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Figure 3. Self-healing and recycling properties of the Alg-DA-CATNFC-PAM-Al3+ hydrogel. 

(a) Self-healing mechanism. (b) Self-healing validation experiment. (c) Images of damaged 

and healed samples observed on an ultra-depth microscope. (d) Maximum tensile modulus of 

original and self-healed hydrogels (8h, 24h). (e) Pre-recycle hydrogel. (f) The hydrogel after 

dropping lye. (g) The hydrogel recycled by adding acetic acid. 
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Another attractive finding was that the DN hydrogel could be recycled easily. Due to the 

dynamic physical crosslinking structure, Alg-DA-CATNFC-PAM-Al3+ DN hydrogel could 

be dissolved in 1 M sodium hydroxide solution without any damage to the PAM and Alg-DA 

chains (Figure 3f). As a consequence, the physical network of Alg-DA-CATNFC-PAM-Al3+ 

hydrogel could be rebuilt by adding acetic acid solution dropwise. When pH was high, the 

coordination between Al3+ and o-phenylenedihydroxy group would dissociate due to the 

reaction of Al3+ and OH- ions to form Al(OH)3,48 which resulted in the collapse of the hydrogel 

network. However, when adjusted the pH < 7 using the acetic acid solution, the metal 

coordination bond was restored and a hydrogel was formed again.49 Since only acetic acid 

and sodium hydroxide were used in this conversion process, the recycled hydrogels should be 

safe and pollution-free.  

Adhesiveness 

The present hydrogel was discovered to have excellent adhesiveness to a variety of materials. 

As shown in Figure 4b, the hydrogel could adhere to the surfaces of polypropylene (PP), glass, 

Polytetrafluoroethylene (PTFE), and rubber. Additionally, it had outstanding adhesive 

performance to various tissues (kidney, liver, and muscle), which was critical for applications 

in biomedicine (Figure 4b). In particular, the hydrogel exhibited high adhesiveness on the 

surface of human skin. Notably, the hydrogel sticking to the skin would not induce anaphylactic 

reactions, and could be peeled off without leaving any residue. Moreover, owing to the 

excellent stretchability and compressive performance, when the hydrogel was applied on 

human joint skin, one could freely bend his/her knuckle, elbow and knee (the angle from 0° to 

120°) without a feeling of any hindrance (Figure 4c), showing promise in joint skin wound 

dressing. In order to further simulate the application scenario in life, a motion adhesion model 

on rats was demonstrated. In this experiment, 8 pieces of hydrogels were dressed on 8 rats, 

respectively. After their free exercise for 12 h, 7 pieces of hydrogels were found still well 
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attached to the rat back. Furthermore, its adhesive strength on the surfaces of different tissues 

was quantified in a tensile adhesion test (Figure 4d). As shown in Figure 4e, the adhesive 

strength on fat and pig skin was 5.3 KPa and 15.3 KPa, respectively. 

 

Figure 4. Adhesive performance of Alg-DA-CATNFC-PAM-Al3+ hydrogel. (a) The adhesion 

mechanism. (b) Attachment to various materials and tissues. (c) Attachment to various human 

body joints. (d) The model for testing adhesion properties. (e) The adhesive strength of the 

hydrogel on fat and pig skin. 
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The excellent adhesion of the hydrogel should be mainly ascribed to the presence of the 

catechol group of dopamine and the carboxyl group of alginate. Firstly, the carboxyl groups 

can interact with the surfaces of various substrates by electrostatic interactions. Secondly, the 

catechol groups of dopamine possess strong adhesion to various materials via noncovalent and 

covalent bonding (Figure 4a). Covalent bonding is established at some substrates with thiol or 

amine groups via Michael addition or Schiff base reactions. Additionally, there also exist 

noncovalent bonding (π-π stacking, hydrogen bonding, and metal chelating or coordination) 

between the hydrogel and the surface of material.50 

In Vitro Antibacterial Study 

The present hydrogel demonstrated prominent antibacterial activity due to the synergistic 

influences of CATNFC, Alg-DA and Al3+. As schemed in Figure 5e, the Alg-DA has excellent 

bio-adhesion properties, thus it can provide the hydrogel with stronger adhesion. This will 

facilitate the contact with bacteria at the wound site, and improve the antibacterial effectiveness 

of CATNFC. The antibacterial activities of this hydrogel were evaluated in the growth tests of 

Staphylococcus aureus (S. aureus, gram-positive organism), and Escherichia coli (E. Coli, 

gram-negative organism). The counter board pictures of respective bacterial growth on 

different hydrogels were presented in Figure 5a and b. The number of bacteria for Alg-DA-

PAM-Al3+ hydrogel was lower as compared with those in control groups, because Al3+ had 

antibacterial effects. Besides, with the addition of CATNFC, the resultant hydrogel 

demonstrated much improved antibacterial properties. This result further confirmed that 

CATNFC was an excellent antibacterial additive for hydrogels. In addition, the suspension 

with Alg-DA-CATNFC-PAM-Al3+ hydrogel was the clearest, suggesting strong bactericidal 

activities. As revealed by the quantitative analysis, the E. coli bactericidal ratios of Alg-DA-

PAM and Alg-DA-PAM-Al3+ hydrogels were 7% and 44%, respectively (Figure 5d). In 

comparison, Alg-DA-CATNFC-PAM and Alg-DA-CATNFC-PAM-Al3+ hydrogels 
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demonstrated significantly higher antibacterial ratios (94% and 97%, respectively). The 

bactericidal ratios of S. aureus for the hydrogels exhibited a similar trend. The bactericidal 

ratios of S. aureus for Alg-DA-CATNFC-PAM and Alg-DA-CATNFC-PAM-Al3+ hydrogels 

were 71.4% and 85.7%, respectively (Figure 5c). In summary, the Alg-DA-CATNFC-PAM-

Al3+ hydrogel could effectively inhibit both gram-positive and gram-negative bacteria. The 

wide-spectrum antibacterial abilities of CATNFC endowed the hydrogel with excellent 

antibacterial properties, which were further improved by the activities of Al3+. 
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Figure 5. The antibacterial properties of the hydrogels. (a) Pictures of S. aureus suspensions 

co-cultured with the Ⅰ) Alg-DA-PAM hydrogel, Ⅱ) Alg-DA-PAM-Al3+ hydrogel, Ⅲ) Alg-DA-

CATNFC-PAM hydrogel, Ⅳ) Alg-DA-CATNFC-PAM-Al3+ hydrogel, Ⅴ) control sample. (b) 

Photos of E. Coli suspensions co-cultured with the hydrogels. (c) Bactericidal ratios on S. 

aureus. (d) Bactericidal ratios on E. Coli. (e) Schematic of the antibacterial activity. (f) The 

proliferation of fibroblasts on different hydrogels. 
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In Vitro Cell Affinity 

The superior cell affinity can promote cell growth. Fibroblasts are the typical cell type 

primarily involved in wound-healing.51 To test the cell affinity of the prepared hydrogels, 

fibroblasts were cultured on various hydrogels. From the optical micro-images in Figure S10, 

fibroblasts could be well cultivated on all hydrogel surfaces for 24 h, suggesting their non-

cytotoxicity. Furthermore, the cell growth after 2 and 5 days culture on the hydrogels was 

quantitatively evaluated (Figure 5f). The fibroblasts maintained above 85% in relative cell 

viability for all the experiment groups after 2 days culture. The number of cells cultured on 

Alg-DA-CATNFC-PAM-Al3+ DN hydrogel was even higher than that on the natural culture. 

According to the literatures, Al3+ at low concentrations can promote the growth of human skin 

fibroblasts by affecting lipid peroxidation and DNA synthesis.52,53 After 5 days culture, the 

obtained data was similar to that for 2 days culture. These results indicated that the hydrogels 

had good cell affinity. 
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Figure 6. (a) Schematic of the hydrogel treatment on the wound site. (b) Schematic of the 

hydrogel suture. (c) Representative pictures showing the gross appearance of incisions after 

different periods. (d) Wound closure rate calculated from equation (1) for the wound treated 

with the hydrogel and the control. (e) Representative pictures of Hematoxylin-eosin (H&E) 

staining of the wound incision sites after 6 days of treatments. Epidermis (E), dermis (D), scab 

(SC), incision site (★), wound area (within yellow line) is indicated. (f) Representative pictures 

of immunofluorescence staining of CD3+ cells (lymphocytes) and CD68+ cells (macrophages) 

demonstrating inflammatory responses around incision sites after 6 days of treatments, while 

more serious inflammation appeared in the blank control group. CD3+ cell: Red; CD68+ cell: 

green; nuclei: blue. **p < 0.01, ***p < 0.001.  

Healing Infected Skin Incision In Vivo 

Skin incision model of rats was used for wound-healing assessments of hydrogels in vivo. In 

order to more realistically imitate the wound by sharp blade in daily life, a scalpel was used to 

cut a 30 mm opening on the back skin of the experimental rats and bacterial liquid was dripped 

into the opening (Figure 6a). By comparing the wound infection and wound healing in the 

control group, it could be determined whether the hydrogel could promote wound healing. As 

shown in Figure 6c and d, the rats in the control group had bacterial infection on the second 

day after injury. By contrast, the rats using the hydrogel wound dressing were not infected. 

This is because CATNFC in the hydrogel effectively killed bacteria on the wound site and 

prevented external bacteria from invading the wound (Figure 5e). Additionally, the wounds 

with the hydrogel did not show tearing and tissue nakedness as in the control group in the early 

stage of healing, which was believed to be due to the good biological adhesion of hydrogels. 

The excellent adhesive property of hydrogel allowed good closure of tissue opening of the 

wound, functioning like the surgical thread (Figure 6b). This could prevent the wound tissue 

from further tearing due to the strenuous exercise of rats.  
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At day 6 after the incision operations, histological analysis was performed for the evaluations 

of wound-healing processes and potential adverse effect in hydrogel treatments (Figure 6e). 

With the treatments of Alg-DA-CATNFC-PAM-Al3+ hydrogels, the incisions constantly 

healed from the basement membrane without severe opening at the incision sites. Moreover, at 

the incision sites treated with Alg-DA-CATNFC-PAM-Al3+ hydrogels, necrotic cells were 

presented sporadically with no nuclear (blue) staining found in the basal area. Meanwhile, 

incision sites treated with hemostasis demonstrated granulated tissue, characterized by 

scabbing and ulcerous appearances.  

Consistently, in the immunofluorescence staining (Figure 6f), the significantly higher CD3+ 

cell counts (stain green), indicating severer lymphocyte infiltrations, were accumulated at the 

wound site at day 6 after incision, in controls than in the hydrogel-treated rats. And slight 

macrophage (CD68, stain red) invasion into the wound site in both groups was observed. These 

results indicated the inflammatory response in the control group was much severe as compared 

with the hydrogel group, after 6 days treatment. 

CONCLUSION 

In summary, we developed a hydrogel for wound healing with high adhesiveness, toughness, 

and cell affinity. Unlike those antibacterial hydrogels developed before, the present hydrogel 

demonstrated excellent contact-active antibacterial properties. CATNFC was applied in 

hydrogels to render wide-spectrum antibacterial activities and improve their mechanical 

properties. Owing to the strong crosslinked network and the presence of dynamic noncovalent 

bonds, the DN hydrogel exhibited desirable mechanical properties and self-healing abilities. 

Besides, the as-prepared hydrogel could be easily recycled without any pollution. The 

antibacterial test in vitro, cell affinity and wound healing experiments consistently indicated 

that the hydrogel could be used as an all-rounded biomaterial in preventing bacterial infection 
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and promoting tissue regeneration. Given these outstanding properties, the present hydrogel 

was envisaged to have high potential in skin wound repair.  

EXPERIMENTAL SECTION  

Materials: 

Methanol, ether, sodium hydroxide (NaOH), ammonium persulfate (APS), epichlorohydrin, 

isopropanol, sodium dihydrogen phosphate (NaH2PO4), dipotassium phosphate (K2HPO4), 

aluminum chloride hydrate (AlCl3·, 2O), acrylic acid (AAc) and acrylamide (AM) were 

supplied by Kelong Co., Ltd. (Chengdu, China). Epoxypropyl trimethylammonium chloride 

(EPTMAC), N, N-dimethyl dodecyl amine (DDA), dopamine hydrochloride (DA), N-

Hydroxysuccinimide (NHS), sodium alginate (Alg) and N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC) were purchased from Aladdin Co. (Shanghai, China). 

Never-dried bamboo pulp was supplied by Yongfeng Paper Co., Ltd. (Muchuan, China). 

Deuterated chloroform (CDCl3) and deuterium oxide (D2O) were supplied by Chengxi High-

Tech Incubator Co., Ltd. (Beijing, China). Dulbecco's Modified Eagle Medium (DMEM) and 

fetal bovine serum (FBS) were purchased from Gibco (Carlsbad, CA, USA). 

Preparation of Epoxypropyl Dodecyl Dimethyl Ammonium Chloride (EPDDMAC): 

Methanol (5 mL) and N, N-dimethyl dodecyl amine (9.68 g) were placed in a three-necked 

round bottom flask (100 mL). Next, methanol (5 mL) and epichlorohydrin (4.84 g) were added 

dropwise to the three-necked round bottom flask. The mixed liquid was maintained at 45 oC 

for 2 h under the protection of nitrogen. The methanol was then removed via rotary distillation. 

The product was washed five times with ether and dried at 40 oC for 24 h. 

Preparation of cationized nanofibrillated cellulose (CATNFC) dispersions: 

80 g never-dried bamboo pulp was dispersed in 2000 mL distilled water, then the suspension 

was treated using an ultra-fine friction grinder Supermass Colloider (MKCA6-2, Masuko 

Sangyo Co., Ltd., Japan) at 1500 rpm to make the nanofibrillated cellulose (NFC) dispersion. 

http://www.baidu.com/link?url=RF-zSOIVAj-lNYJ_z3p7r0vRoGDUpqQ2i14FKc8a-wfv8BXeOZlSfdfU5PIeTZK5KY4VP1MF9q4Rm2Vyio3ffO3PFPXjeJz288dwVGakPfWiR-iyePLIB15T6bNCtGEmbgVUMqpV0nIBy1DOmq_tLTQrEfzWHIyiwIloI60Z7Ay&wd=&eqid=e406acb700002cef00000006601026e7
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And the NFC isopropanol dispersion was prepared by the solvent exchange method. 

EPDDMAC and NaOH were added to the NFC isopropanol dispersion (1%, w/w) and reacted 

at 45 oC for 3 h. Finally, the aqueous dispersions of CATNFC were obtained by solvent 

exchange. In order to synthesize products with different degree of substitution (DS), different 

raw material ratios were adopted as listed in Table S1. 

Graft EPTMAC to NFC (EPTMAC-NFC): 

EPTMAC and NaOH (Table S1) were added to the NFC isopropanol dispersion (1%, w/w) 

and reacted at 45 oC for 3 h. And the aqueous dispersions of EPTMAC-NFC were obtained by 

solvent exchange. 

Synthesis of alginate-dopamine (Alg-DA): 

The alginate (3g) was dissolved in 300 mL deionized water at a pH of 5.5. When the alginate 

was completely dissolved, EDC (5.82 g) and NHS (6.96 g) were added and stirred for 30 min. 

After that, DA (5.76 g) was added to the reaction solution, and further stirred for 24 h under a 

nitrogen atmosphere. A dialysis membrane (14000 Da) was used to purify Alg-DA in deionized 

water for 3 days. Finally, Alg-DA powder was obtained by freeze-drying.  

Preparation of DN hydrogels: 

The preparation of the DN hydrogel was conducted in two steps. Firstly, the single-network 

hydrogel was prepared by in-situ radical polymerization. Secondly, it was subjected to metal-

ligand coordination crosslinking to form a DN hydrogel. Hydrogels were prepared in the 

solution containing AM (5.5 g), Alg-DA (0.3 g), AAc (0.279 g, 5mol% of AM), APS (30 mg) 

and CATNFC (DS=0.182) dispersion (10 g, 1 wt%). After 15 min of sonication, the solution 

was removed into a mold with an internal diameter of 10 mm, and then placed at 60 oC for 4 h 

to develop the Alg-DA-CATNFC-PAM hydrogel. Next, the prepared hydrogel was immersed 

in aluminum ion solutions with a given concentration (0.7 M, 0.9 M, 0.11 M, 0.13 M, and 0.15 

M) for the metal coordination cross-linking to form a DN hydrogel. 
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Characterization of EPDDMAC: 

DDA and EPDDMAC were examined by a Fourier transform infrared (FTIR) spectrometer 

(Nicolet Magna-IR 550, USA). The chemical structures of DDA and EPDDMAC were 

analyzed by a proton nuclear magnetic resonance (1H NMR) spectrometer (AV III HD 400 

MHz, Bruker, USA), with deuterated chloroform (CDCl3) as the solvent.  

Characterization of CATNFC: 

The attenuated total reflectance (ATR) infrared spectra for NFC and CATNFC were 

obtained by a Fourier transform infrared (FTIR) spectrometer (Nicolet Magna-IR 550, USA). 

Their elemental composition was measured with an elemental analyzer (Euro Vector EA3000, 

Italy). To convert the mass fraction to mole fraction, it is assumed that each nitrogen atom in 

the quaternate sample contains one chlorine atom. Hence, the number per anhydroglucose unit 

(AGU) was estimated according to the following equation (1).  

DS =
162×WN

14−306.5×WN
      (1) 

162 is the molar mass of AGU of cellulose. 

306.5 is the molar mass for each substituted etherifying agent. 

14 is the molar mass of nitrogen. 

𝑊𝑁 is the mass fraction of nitrogen. 

The quantitative assessment of the antibacterial activity against Escherichia coli (E. Coli, 

ATCC 8739) was carried out according to the ATCC Test Method 100. The bacteria were 

revived via growth in a nutrient broth for 16 h. NFC and EPTMAC-NFC (DS=0.192) were 

used as reference along with the CATNFC (DS=0.182) sample. Then aliquots of 100 µL 

inoculum were inoculated for each membrane sample (modified and unmodified) at least twice. 

After 24 h incubation at 37 oC, 50 mL of the neutralization solution was used to extract the 

bacteria. Finally, the neutralization solution collected from each membrane was spread on the 
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counting plate. 

Characterization of alginate-dopamine (Alg-DA): 

The spectrophotometer UV-1800 (Mapada Instruments Co, China) and the proton nuclear 

magnetic resonance (1H NMR) spectrometer (AV III HD 400 MHz, Bruker, USA) were used 

to characterize the as-synthesized Alg-DA. Deuterium oxide (D2O) was used as the solvent. 

Characterization of DN hydrogels: 

The field emission scanning electron microscope (JSM-7500F, Japan) was used to observe 

the micro morphology of freeze-dried hydrogels. And the corresponding EDS elemental 

mapping (for elements C, O, N, Cl and Al, as indicated) was obtained at the surface of the 

freeze-dried hydrogel. 

Mechanical property testing: 

  Cylindrical hydrogel specimens (D = 15 mm, H = 15 mm) were molded for compression 

testing, while rectangular specimens (L = 10 mm, W = 20 mm) were used for tensile testing. 

The mechanical properties of the hydrogels were measured on a universal testing machine 

(5567, Instron, USA) with a 100 N load cell. A speed of 2 mm min-1 was used in the 

compressive test, while 5 mm min-1 was applied in the tensile test.  

In vitro antibacterial activity: 

To analyze the antibacterial activities, S. aureus (ATCC 29213, gram-positive bacteria) and 

E. Coli. (ATCC 8739, gram-negative bacteria) were used. The hydrogel with Al3+ and 

CATNFC was tested, while the hydrogels without Al3+ and CATNFC were used as a control. 

The antibacterial activities of four hydrogels (30 μg for each one): Alg-DA-PAM, Alg-DA-

PAM-Al3+, Alg-DA-CATNFC-PAM and the Alg-DA-CATNFC-PAM-Al3+ (0.11M) hydrogels 

were quantified according to the inhibited rates against S. aureus and E. coli. Here, aliquots of 

100 µL bacteria suspensions (1×106 CFU/mL) were incubated with different hydrogels for 4 

h. 900 µL of LB broth was added into the previous mixture and incubated for 12 h (37 oC, 120 
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rpm). Subsequently, 200 µL of bacteria suspensions were sampled. The optical density (OD) 

of bacteria suspensions were quantified at 600 nm by micro plate reader (MQX200). The 

bactericidal ratios (%) of different hydrogels were evaluated according to the following 

equation. 

Bacteridalratio (%) =
OD of contrastive groups−OD of extermental groups 

OD of contrastive groups
× 100%  (2) 

In Vitro Cell Affinity: 

L929 fibroblast cells were harvested by trypsin. The cells were suspended in the culture 

medium. Before cell seeding, Alg-DA-PAM, Alg-DA-PAM-Al3+, Alg-DA-CATNFC-PAM 

and the Alg-DA-CATNFC-PAM-Al3+ (0.11M) hydrogels (8 mm in diameter, 2.5 mm in 

thickness) were firstly purified using phosphate buffer solution (PBS). The cells were seeded 

(1×105 cells/mL) in each 24-well plate well containing hydrogel, and incubated for 3 h for 

attachment. Subsequently, 1 mL of DMEM (10% FBS) was added into each well. Cells were 

further incubated for 24 h. Cell morphology was described under microscope. The viability of 

cells grown on hydrogels was analyzed by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 

tetrazolium bromide (MTT) assay. After 2-and 5-days of culture, 200 µL MTT solution was 

added into every well, and further incubated for 4 h (37 °C). Cell medium was removed after 

the incubation, leaving the remaining formazan components. 400 µL of dimethyl sulfoxide 

(DMSO) were added to dissolve formazan. The absorbance of formazan solutions was 

quantified at 570 nm. 

Healing Infected Skin Incision In Vivo: 

Male Sprague-Dawley (SD) rats weighed between 180 to 220 g were used. Infected skin 

incision was carried out on the back of each rat. Rats were anesthetized using pentobarbital (2 

% dissolved in sterile saline, 2 mL/kg), and depilated at the sites of incision. A scalpel was 

used to cut a 30 mm opening on the back skin of the experimental rats and bacterial liquid was 

dripped into the opening. In the hydrogel group, the wound was covered by hydrogel of Alg-
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DA-CATNFC-PAM-Al3+ (0.11M), while the control group was treated with hemostasis only. 

After 6 days post-surgery, the rats were sacrificed, and the skins (2×4 cm2) were collected for 

histological analyses. The wound closure rate was calculated using the following equation (3): 

Wound closure rate =
𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙-𝐿𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100%（3） 

Where 𝐿𝑖𝑛𝑖𝑡𝑖𝑎𝑙 represented the initial length of the wounds, and 𝐿𝑐𝑢𝑟𝑟𝑒𝑛𝑡  represented the current 

length of wounds. For each test, there were three replicates.  
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