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Abstract

:

Often, bacterial infections delay the rate of healing of traumatic wounds, making it critical to improve antimicrobial efficiency. In this paper, titanium nanotubes (TNT) with good antimicrobial and synergistic photothermal properties were used as the core, and mesoporous polydopamine (MPDA) thin films were constructed on their surface. Gold nanoparticles (AuNPs) with excellent photothermal conversion efficiencies (PCE) were incorporated. Finally, a large number of composite nanoparticles were added to polyvinyl alcohol (PVA) and polyethylene glycol (PEG) with wound-restoring ability, and an injectable antimicrobial hydrogel was successfully prepared by a one-pot synthesis. The antimicrobial effect of TNT@MPDA@Au nanoparticles with different concentrations was assessed by in vitro antimicrobial experiments on Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The higher the concentration of nanoparticles under near-infrared light irradiation (NIR), the stronger the antimicrobial effect. The in vitro cytotoxicity of TNT@MPDA and TNT@MPDA@Au nanoparticles on 293T normal cells was tested through CCK-8 assay. The results show that both nanoparticles have favourable biocompatibility. In this paper, a three-component synergistic photothermal antimicrobial nano-antimicrobial platform was constituted by incorporating MPDA, a photothermal agent with excellent biocompatibility and photothermal properties, and AuNPs with good photothermal properties on TNT with excellent photocatalytic properties.
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1. Introduction


The skin, as the biggest tissue of the body, protects against bacteria and viruses, maintains fluid balance and body temperature, and protects internal tissues [1,2,3]. In the event of a serious injury to the skin (e.g., burns, scalds, cuts, etc.), a wound dressing needs to be applied quickly to the wound to achieve rapid haemostasis, antimicrobial activity, and re-healing of the wound [4,5]. Commonly used haemostatic agents include bandages, fibrin glue, liquids, powders, and hydrogel dressings. Hydrogel dressings can cover the injured area and provide physical assistance for wound restoration [6]. Hydrogels are attracting attention as promising dressings that act as a physical barrier that not only creates a moist environment for skin regeneration but also cools the wound, allowing oxygen to penetrate and promote wound healing [7]. Conventional hydrogels lack injectability, self-healing properties, remodelling, and antimicrobial properties, and have poor mechanical properties, limiting their use and development in the field of wound dressings [8,9]. Thus, there is an urgency to investigate wound dressings that can temporarily replace skin to accelerate wound healing [10].



Polymer blending is one of the most significant current methods in the development of novel polymer materials and is an important means for obtaining materials with a variety of properties [11,12]. As we all know, hydrogel can be divided into natural hydrogel and synthetic hydrogel [13]. Compared with natural hydrogels, synthetic hydrogels are physically cross-linked by hydrogen bonding in a simple and controllable synthesis process, which has the advantages of cheap raw materials, short synthesis time, and easy operation, and under certain conditions, synthetic hydrogels can be applied as a liquid or delivered to the body. In addition, they are widely used because of their excellent biocompatibility, biodegradability, ability to carry hydrophilic and hydrophobic nanoparticles, stability, and degradability [14]. At the same time, most synthetic hydrogels are limited in their biological applications due to their low toxicity and the fact that some of the cross-linking agents are not biocompatible. PVA hydrogels are often used as wound dressings due to their biodegradability, non-toxicity, excellent mechanical strength, high elasticity, hydrophilicity, good biocompatibility, and film-forming ability [15]. PEG hydrogels have good biocompatibility, non-toxicity, easy modification, a high drug encapsulation rate, etc., and have a very promising future in hydrogel dressings [16,17].



PEG/PVA hybrid hydrogel dressings are prepared by physical cross-linking, which has the edge of being non-toxic compared to chemical cross-linking [18]. At the present time, the self-healing property of hydrogels is of wide concern in the area of wound dressings. Self-healing hydrogels can automatically repair collapsed networks and maintain their mechanical stability without any external intervention. They can support a moist environment for wounds, absorb exudates, permit oxygen penetration, and can also adapt to changes in the wound [19]. PEG/PVA hybrid hydrogels can provide excellent self-healing properties of the hybrid hydrogel due to the addition of PEG hydrogel, and the dense cross-linked network formed will lock up the water, reduce the evaporation of water, and, meanwhile, improve the mechanical properties [20].



Dopamine has analogous functions to mytilus edulis adhesion proteins, which spontaneously oxidise and polymerise in air under weakly alkaline conditions to form polydopamine (PDA), which can adhere to the surface of almost all types of materials [21,22]. PDA is a polymer with abundant functional groups, excellent hydrophilicity and biocompatibility, and it also has many applications such as drug loading and precious metal nanoparticle loading [23]. Photothermal therapy (PTT) is widely used in the antimicrobial field due to its advantages of being non-invasive, having a short treatment time, and being a relatively safe technique [24]. PTT is based on the conversion of light energy (usually in the near-infrared (NIR) region) into thermal energy to induce subsequent cellular necrosis or apoptosis [25]. AuNPs have been frequently used as a photothermal prophylactic agent due to their unique optical properties and ability to be readily adsorbed [26]. The photon energy is efficiently and rapidly converted into thermal energy by direct excitation of surface plasmon resonance (SPR) in AgNPs [27]. Therefore, the incorporation of noble metal gold nanoparticles can significantly improve the photothermal conversion rate. AuNPs are often used as photothermophiles because of their unique optical properties and their ability to adsorb easily [28]. And the addition of precious metal gold nanoparticles can significantly enhance the photothermal conversion rate. For example, Liu et al. coated PDA with gold nanobrick pyramids (AuNBPs), and it can be clearly measured that the photothermal conversion rate is higher than that of AuNBPs alone [29]. And Wang et al. also believed that PDA-coated AuNPs exhibit enhanced photothermal properties by taking advantage of the strong light absorption and photothermal effects of PDA [30]. Titanium dioxide (TiO2) is one of the most promising photocatalysts for many fields because of its relatively low cost, low toxicity, high stability, and high efficiency [31,32]. Titanium nanotubes (TNTs) exhibit good photocatalytic performance during the oxidation process [33]. The photocatalytic performance of TNTs mainly originates from their own special electronic structure and good photovoltaic properties. The results showed that hydroxyl ions (OH−), H2O2, and oxidising oxygen radicals enhanced the activity of TNTs [34,35]. And the noble metal nanoparticles (AuNPs) can be used as co-catalysts, which can not only enhance the photothermal conversion rate of the materials but also promote the separation of an electron-hole (e-H+) and facilitate the interfacial electron transfer, which improves the surface reaction activity [36].



In this study, TNT@MPDA@Au@PVA/PEG hydrogels with photocatalytic and photothermal antibacterial properties were prepared. The anatase TNTs were prepared by the hydrothermal method, and the mesoporous polydopamine (MPDA) was constructed on the superficies of TNTs by a layer-by-layer self-assembly process to form a TNT@MPDA core-shell structure. Then, AuNPs were deposited in situ on the surface and in the pores of TNTs and MPDA. Finally, the above composite nanotubes were mixed with pure PVA/PEG hydrogel to prepare the desired injectable antimicrobial hydrogels. The surface morphology and microsphere size were analysed using scanning electron microscopy (SEM). The functional groups of the prepared materials were proved by infrared visible spectroscopy (FTIR). The pore size and pore volume of the nanotubes were determined by nitrogen adsorption and desorption experiments. A cytotoxicity assay tested the cell survival of the nanotubes against normal cells. In addition, the antimicrobial properties of the injectable photothermal antimicrobial hydrogels were investigated against S. aureus and E. coli before and after light exposure, as well as the mechanical properties of the hydrogels in practical applications (Scheme 1).




2. Materials


Titanium oxide (TiO2, AR, 99.5%), 1, 3, 5-Trimethylbenzene (TMB, AR, 97%), Tris (hydroxymethyl) aminomethane (Tris, 99.9%), Dopamine hydrochloride (DOPA, 98%, AR), Sodium chloride (NaCl, AR, 99%), Tryptone (RG), and NaOH (AR, 99.5%) were purchased from Aladdin industrial Inc. Pluronic® F-127 (Ontario, CA, USA) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Agar powder (BR) and Poly(ethylene glycol) (4000 Mw) were purchased from Macklin (Shanghai, China). Gold (III) chloride trihydrate (HAuCl4·3H2O, AR, 99%) and Yeast extract were obtained from Solelybio mall (Shanghai, China). Ethanol (AR, 99.7%), Acetone (AR, 95%), Trisodium citrate dehydrate (AR, 99%) and PVA polymer (44.05 Mw, degree of hydrolysis 98%–99%) were purchased from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai, China) (Table 1).



2.1. Synthesis of TNT Nanoparticles


A total of 2.5 g of TiO2 was mixed with 35 mL of a 10 M sodium hydroxide (NaOH) solution in a 50 mL autoclave. The autoclave was sealed and the reaction was conducted at 140 °C for 48 h. After the reaction, a white gel was obtained [37]. The gel was neutralized by adding distilled water. Then, it was immersed in 10 mL of a 0.1 M hydrochloric acid (HCl) solution for 1 h [38]. The soaked gel was dried at 105 °C for 5 h to obtain the TNTs [39].




2.2. Synthesis of TNT@MPDA Nanoparticles


The above-mentioned 60 mg of TNTs were dispersed in 2 mL of water using ultrasonic waves. A total of 65 mL of H2O and 60 mL of EtOH were measured, and 0.36 g of F127 and 625 μL TMB were added to the mixture of ethanol and water almost simultaneously. The mixture was then stirred magnetically for a duration of 30 min. Furthermore, 90 mg of Tris was dissolved in 5 mL of water and subsequently added to the mixture. After stirring for a period of 2 min, 60 mg of DOPA and the previously dispersed TNT were added swiftly. The mixture was then stirred at a temperature of 40 °C for 24 h. The resulting nanoparticles were washed and placed in a desiccator at 50 °C for 6 h in order to obtain TNT@MPDA nanotubes [40,41].




2.3. Synthesis of TNT@MPDA@Au Nanoparticles


A total of 1.01 g of trisodium citrate was dissolved in 18 mL of distilled water. Next, 60 mg TNT@MPDA nanotubes were dispersed in 2 mL of water and added to the trisodium citrate solution. Finally, 2 mg of HAuCl4·3H2O was added to the mixture. The mixture was stirred at room temperature for 2 h. Then, it was centrifuged and washed three times with water to obtain TNT@MPDA@Au nanotubes [28].




2.4. Synthesis of TNT@MPDA@Au@PVA/PEG Composite Hydrogel


A total of 15 g of PVA was gradually added to 200 mL of distilled water and the resulting mixture was magnetically stirred at a temperature of 95 °C until a uniform and transparent solution was achieved. TNT@MPDA@Au nanotubes were incorporated into the PVA solution and subjected to stirring for 4 h [42,43]. Subsequently, 5 g of PEG was introduced into the solution, and the stirring process was sustained for 0.5 h. The obtained solution was transferred into a plastic mould, frozen at −20 °C for 8 h, subsequently thawed at room temperature for 4 h, and subjected to 3 cycles of freezing and thawing to yield composite hydrogels consisting of TNT@MPDA@Au@PVA/PEG [44].




2.5. Photothermal Performance Test


A total of 1 mL of TNT@MPDA@Au nanotube suspension at concentrations of 2 mg/mL, 4 mg/mL, 6 mg/mL, and 8 mg/mL was dispersed in a Xilin flask. The suspension was horizontally illuminated using a NIR laser (808 nm, 2 W/cm−2) at a distance of 2 cm (the temperature was recorded every minute for a total of 10 min using an electronic thermometer). This process of irradiation and temperature measurement was conducted to investigate the photothermal stability of TNT@MPDA@Au nanotubes [45].



A total of 1 mL of TNT@MPDA@Au nanotubes at a concentration of 2 mg/mL was selected and irradiated vertically with a near-infrared laser. The temperature was recorded every minute using an electronic thermometer for a total of 10 min. The cycle curves for temperature rise and temperature fall were determined in this experiment [46].



In order to investigate the synergistic photothermal effect of TNT@MPDA@Au nanotubes, the photothermal conversion efficiency of the composite nanotubes was investigated using a near-infrared laser with deionized water as a blank control. The photothermal conversion efficiency of the TNT@MPDA@Au nanotubes was calculated using Formulas (1)–(3) [47,48]:


  η =   h S (  T  max   , m −  T s  )   I ( 1 −   10   −  A λ    )    



(1)






   τ s  =    m s   C s    h S    
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  t = −  τ s  ln ( Δ T / Δ  T  max   )  



(3)








	
h—heat transfer coefficient;



	
A808—absorbance of the sample at 808 nm;



	
S—specific surface area of the container;



	
I—laser power (2 W);



	
ms—the quality of the water;



	
Cs—heat capacity of water (4.2 J/g °C);



	
ΔT—difference between the temperature at time t and the ambient temperature;



	
ΔTmax—difference between maximum temperature and ambient temperature.









2.6. In Vitro Cytotoxicity Test


The cytotoxicity of TNT@MPDA nanotubes and TNT@MPDA@Au nanotubes was assessed using the Cell Counting Kit-8 (CCK-8). 293T cells were seeded in 96-well plates at a density of 7000 cells/well, using high-glucose DMEM medium supplemented with 10% fetal bovine serum. The plates were incubated at 37 °C in a cell incubator with a gas mixture of 95% air and 5% CO2 for 24 h. Following this, the original medium was replaced with 100 μL of fresh DMEM medium containing 10% fetal bovine serum. Four groups of particles (Group 1: TNT@MPDA, Group 2: TNT@MPDA + NIR, Group 3: TNT@MPDA@Au, Group 4: TNT@MPDA@Au + NIR) were diluted to different concentrations and added to the 96-well plates [49]. The plates were then returned to the cell incubator for an additional 24 h incubation period. Subsequently, the drug-containing medium was discarded from each well, and the cells were washed three times with PBS solution. A total of 10 μL of CCK-8 solution was added to each well, and the plates were placed back in the cell incubator for 1.5 h. The optical density (OD) value of each well was measured at a wavelength of 450 nm using a microplate reader [50]. Cell viability was calculated using the following Formula (4):


OD = [(As − Ab)/(Ac − Ab)] × 100%



(4)







As was the experimental group, Ac was the negative control group, Ab was the blank control group.




2.7. Bacteriostasis Experiments


LB liquid medium was prepared by adding 10 g of NaCl, 10 g of tryptone, 5 g of yeast extract, and 1 L of H2O. A total of 100 mL of the above solution was added to each of the 4 conical flasks and stored in a sealed container for later use. Then, 16 g of agar powder was added to the remaining 600 mL of the above solution, and the mixture was equally divided and added to 4 conical flasks, sealed and set aside. All instruments were sterilized, and 15–20 mL of culture solution was added to each Petri dish, which was placed flat on the surface and left to cool. A bacterial suspension was formed by scraping off E. coli and S. aureus from rings and adding them to 100 mL of LB medium [51].



The 2 groups of bacterial suspensions were stirred at 37 °C for 16 h and then diluted to a concentration of 1 × 108 CFU/mL. After that, 30 μL of both sets of bacterial suspensions were added to the solidified agar Petri dishes, and the suspensions were well scraped on the dishes using a triangular applicator stick. The suspensions of TNT@MPDA@AuNPs with concentrations of 20 mg/mL, 40 mg/mL, and 80 mg/mL were slowly added dropwise to the filter paper. Finally, the Petri dishes were incubated in an incubator at 37 °C for 12 h to determine their antibacterial properties. After 24 h, the suppression ring was irradiated for 10 min using a near-infrared laser [50].




2.8. Swelling and Degradation Behaviour of Hydrogels


The freeze-dried hydrogel was immersed in phosphate-buffered saline (PBS) solution with a pH of 7.4 and a temperature of 37 °C. The hydrogel was removed at various time intervals to measure its weight when wet. The swelling ratio (S) of the hydrogels was calculated using Equation (5):


S = (Wt − W0)/W0 × 100%



(5)




where Wt denotes the weight of the hydrogel at moment t, and W0 is the initial weight of the freeze-dried hydrogel [6].



The degradation behaviour of the hydrogels was investigated in PBS at a temperature of 37 °C and a pH of 7.4. The hydrogel was taken out at different time points to determine its weight after being freeze-dried. The residual weight (R) was calculated using Formula (6):


R = Wi/Wf × 100%



(6)




where Wi is the dry weight of the hydrogel at moment i, and Wf is the initial weight of the freeze-dried hydrogel [42].




2.9. Mechanical Properties of Hydrogels


The mechanical properties of all cuboid hydrogel samples (length: 15 mm, width: 10 mm, height: 1.5 mm) were analysed using Stable Micro Systems, a company based in the Godalming, UK. The compressive properties of hydrogels were tested at a constant compression rate of 10 mm/s−1. The tensile properties of the rectangular hydrogels were studied at a tensile rate of 0.1 mm/s−1 at room temperature and the stress-strain curves were recorded [8].





3. Results and Discussion


3.1. Morphology and Composition Characterization of TiO2TNTs@MPDA@Au Nanotubes Antibacterial Material


PDA was coated on the surface of TNT as a core by utilizing the self-polymerization of DOPA in a weakly alkaline solution. The template agent was then removed by extraction to obtain TNT@MPDA nanotubes with mesoporous structure. Finally, AuNPs were deposited in situ on the surface and in the pores of MPDA and TNT. Figure 1a shows that the average pipe length and diameter of the TNTs were around 215 nm and 10 nm. The inset in the upper-right of Figure 1a showed that the TNTs belonged to a typical polycrystalline structure. As could be observed in Figure 1b, the clear core-shell structure with a tube diameter up to about 30 nm and a significantly roughened surface indicated that MPDA was successfully encapsulated on the TNT surface [38].



In Figure 1c it can be clearly observed that AuNPs were heavily loaded on the MPDA surface and mesopores, and a small amount was present in the pores and surface of the TNTs. The first inset in the top-right of Figure 1c shows that AuNPs belonged to a typical polycrystalline structure. The second inset shows that the lattices of the AuNPs were 0.2 nm, and the third inset shows that the average size of the AuNPs was about 6.5 nm. Due to the presence of mesoporous in MPDA, a larger loading of small-sized Au NPs could be enabled. Combined with the FESEM image of TNT@MPDA@Au nanotubes (Figure 1e), it was clear that the AuNPs were well distributed on the nanotube surface. Figure 1d shows the FESEM of the TNTs, and the crisscrossed and smooth-surfaced tubes can be distinctly observed, which further estimates the successful preparation of TNTs. In Figure 1e, which is the FESEM of TNT@MPDA@Au nanotubes, it can be seen that the tube diameter of the nanotubes was obviously coarser than that of Figure 1d, and the small-size AuNPs with very small particle sizes were uniformly distributed on the surface. As shown in Figure 1f, elemental analysis was used to determine the composition of Au, N, O, Ti, and C in the nanosystems, indicating the successful preparation of TNT@MPDA@Au nanotubes.



The surface chemical element composition of TNT@MPDA nanotubes and TNT@MPDA@Au nanotubes was investigated by XPS. As shown in Figure 2i, the wide-scan XPS spectra of TNT@MPDA nanotubes showed strong peaks of C1s, and O1s and weak peaks of N1s and Ti2p. The C1s, N1s, O1s, and Ti2p peaks were fitted, respectively (Figure 2a,c,e,g). As shown in Figure 2a, the C1s splitting peaks in TNT@MPDA nanotubes were fitted into 3 peaks, of which 284.23 eV were attributed to C–C in MPDA, and 285.21 eV and 286.18 eV were attributed to C–N and C–O in MPDA, respectively. As shown in Figure 2c, the N1s splitting of TNT@MPDA nanotubes fitted two peaks, and the peaks at 398.18 eV and 399.83 eV corresponded to N atoms in C=N–R and R–NH2, respectively, which is consistent with the chemical environment of N elements in DOPA molecules [52]. As shown in Figure 2e, the O1s splitting peaks were fitted as 3 peaks at 530.03 eV, 531.84 eV, and 532.68 eV, which were, respectively, consistent with the O atomic peaks of -OH, C–O, and C=O in MPDA [53]. Thus, the successful preparation of MPDA could also be demonstrated laterally. The appearance of the C=O peak was attributed to the oxidized catechol groups in the DOPA structure to form quinone. As shown in Figure 2g, the Ti2p splitting peaks were fitted as 3 peaks at 458.78 eV, 458.21 eV, and 463.91 eV; 458.78 eV and 458.21 eV belonged to Ti2p3/2 and 463.91 eV belonged to Ti2p1/2. The appearance of Ti2p peaks further indicated the successful preparation of TNTs.



As shown in Figure 2j, the wide-scan XPS spectra of TNT@MPDA@Au nanotubes showed strong peaks of C1s and O1s, and weak peaks of N1s, Ti2p, and Au4f. The Au4f, C1s, O1s, and Ti2p peaks (Figure 2b,d,f,h) were fitted, respectively. The subpeak fitting of Au4f in the total spectrum of Figure 2b showed that the 2 peaks at 83.42 eV and 83.87 eV belonged to Au4f7/2 and the 2 peaks at 87 eV and 87.46 eV belonged to Au4f5/2, further confirming the successful preparation and the attachment of AuNPs [36].



As shown in Figure 3a, Curves A and B, respectively, represent the FTIR of TNTs and TNT@MPDA@Au nanotubes. In the FTIR, a broad peak appeared at 490 cm−1 belonging to the Ti–O bond, which further proved the successful preparation of TNTs. The peaks at 1380 cm−1, 1620 cm−1, and 3180 cm−1 represented the C–H bending vibration within the benzene ring, the backbone vibration of the benzene ring, and the C=C stretching vibration within the benzene ring, respectively. It indicated that MPDA was successfully prepared on TNT [46,54]. As shown in Figure 3b, the peak at 537 nm is the characteristic peak position of Au NPs, which also indicates the successful modification of AuNPs particles. At 808 nm, there is a significant enhancement of photothermal performance with TNT@MPDA loaded with AuNPs, which suggests that the 3-component photothermolysis agent of TNTs, MPDA, and AuNPs has the effect of enhancing photothermal therapy.



The XRD spectra of anatase TiO2 nanopowders and TNTs of anatase are shown in Figure 4a. The corresponding peaks of TNTs at 2θ values were 25.3°, 37.8°, 48.0°, 53.9°, 55.1°, 62.7°, and 68.8°, which correspond to the (101), (004), (200), (105), (211), (204), and (116) planes, respectively. Using the JCPDS 21-1272 card, these values are attributed to the anatase phase of TNTs [31,55]. The peak at 27.4° in the anatase TiO2 nanopowders indicated the presence of rutile TiO2, whereas there was no diffraction peak for the rutile phase in TNTs. This might be due to the transformation from rutile to anatase during the hydrothermal process [38]. As shown in Figure 4b, diffraction peaks corresponding to monoclinic Au phases at θ = 44.4°, 64.5°, and 77.5°, corresponding to the (220), (322), and (431) planes identified after the attachment of AuNPs [36].



As shown in Figure 4c, the stability of TNT@MPDA nanotubes and TNT@MPDA@Au nanotubes was investigated by Zeta potential measurements. The larger the absolute value (positive and negative) of the Zeta potential, the better the stability. The Zeta potential of TNT@MPDA nanotubes was −67.23 mV (between 60 and 80 mV), indicating that the synthesized TNT@MPDA nanotubes had terrific stability. The Zeta potential of TNT@MPDA@Au nanotubes was −57.93 mV (between 40 and 60 mV), indicating that the synthesized TNT@MPDA@Au nanotubes had good stability. The Zeta potential value decreases because the reduction in Au+ ions to metallic Au consumes a certain amount of negatively charged MPDA groups; however, the nanosystem still has good stability in an aqueous solution.



Usually, the dimensions measured by DLS tend to be much larger than those measured by TEM. As shown in Figure 4d, the tube length of TNT@MPDA nanotubes had a hydrated particle size of about 615 ± 0.1 nm, and the tube diameter of TNT@MPDA@Au nanotubes had a hydrated particle size of about 37 ± 0.1 nm. The DLS-measured tube lengths of TNT@MPDA and the tube diameters of TNT@MPDA@Au nanotubes were compared to those measured by TEM and are significantly larger.



The mesoporous structure of TNT@MPDA@Au composite nanotubes was investigated using N2 adsorption–desorption, as shown in Figure 4e,f. As shown in Figure 4e, the TNT@MPDA@Au composite nanotubes conformed to the II isothermal adsorption curve, indicating that the material was a mesoporous adsorbent material [49]. As shown in Figure 4f, the specific surface area of the TNT@MPDA@Au composite nanotubes was 147.59 m2g−1, the pore volume was 0.409 cm3g−1, and the pore diameter was 12.16 nm.




3.2. Photothermal Performance


The photothermal conversion properties of the prepared TNT@MPDA@Au nanotubes were measured under different conditions. Figure 5a shows the curves of temperature variation with time and concentration of TNT@MPDA@Au nanotubes irradiated for 10 min at concentrations of (2 mg/mL, 4 mg/mL, 6 mg/mL and 8 mg/mL), respectively. The results show that within 10 min of irradiation time, the longer the irradiation time and the greater the TNT@MPDA@Au nanotube concentration, the greater the temperature rise. The maximum temperature reached 57.7 °C at a concentration of 8 mg/mL. The maximum temperature difference of TNT@MPDA@Au nanotubes at different concentrations, shown in Figure 5b, was 30.5 °C (8 mg/mL), which was slightly higher compared to the remaining 3 concentration gradients, indicating that the nanotubes had good photothermal properties. The absorbance of TNT@MPDA@Au nanotubes at 808 nm was measured by UV-Vis as 0.246. Figure 5c shows the temperature rise of 2 mg/mL TNT@MPDA@Au nanotubes within 10 min of exposure to near-infrared light and the natural temperature drop after 10 min of stop exposure. According to Formulas (1)–(3), the photothermal efficiency of the TNT@MPDA@Au nanotubes could be calculated as 51.2%, indicating that the TNT@MPDA@Au nanotubes had high photothermal conversion performance [28]. Then, the photothermal stability of the material was tested. Figure 5d showed that the temperature of TNT@MPDA@Au nanotubes had no obvious change after four cycles of near-infrared light irradiation, indicating that TNT@MPDA@Au nanotubes had good photothermal stability. As shown in Figure 5e, it can be clearly seen that TNT@MPDA has a more long-lasting, superior photothermal performance than TNT@Au. However, in the first two minutes, TNT@Au showed better photothermal performance, which might be attributed to the sensitivity and rapidity of Au NPs under photothermal stimuli. Similarly, the same properties of Au NPs are exhibited in this curve for TNT@MPDA@Au. More interestingly, the maximum temperature of TNT@Au is only 4.6 °C higher relative to the maximum temperature of TNT. However, the maximum temperature of TNT@MPDA@Au is surprisingly 5.8 °C higher relative to that of TNT@MPDA. This result further demonstrates that our prepared TNT@MPDA@Au has good mutual synergy to promote photothermal sterilisation. Figure 5f shows the relationship between cooling time and temperature driving force of TNT@MPDA@Au nanotubes. The thermal equilibrium constant τs = 452.20 was tested for TNT@MPDA@Au solution at a temperature of 2 mg/mL during the cooling process.




3.3. In Vitro Antibacterial Properties


The ideal wound dressing should have excellent antimicrobial properties to protect the wound from external bacteria. In order to investigate the antimicrobial properties of TNT@MPDA@Au nanotubes, a ring of inhibition experiments were carried out on E. coli and S. aureus, respectively. As shown in Figure 6a,c, the antimicrobial maps of the 2 bacteria after 24 h of exposure to natural light at 37 °C, respectively. From Figure 6a,c, it can be observed that both bacteria showed obvious inhibitory circles, indicating that the material has good antibacterial activity against both bacteria. Moreover, it could be observed from the difference in concentration gradients that the larger the concentration of the material, the larger the diameter of the inhibitory circle and the better the antimicrobial effect of the material. It was evident from the size of the circle of inhibition produced by the material against the two bacteria that the antimicrobial effect of the material was more prominent against E. coli as compared to S. aureus. This might be due to the fact that the peptidoglycan layer of S. aureus was usually much thicker than that of E. coli. Since PDA and AuNPs did not possess direct antimicrobial properties, the emergence of the inhibitory ring was attributed to TNTs [50,56].



Then, after 24 h of incubation, as shown in Figure 6b,d 2 bacteria grew again within the original inhibition circle, indicating that TNTs lack the ability to sustain antimicrobial activity over a long period of time. Therefore, secondary antimicrobials need to be carried out by a three-component synergistic photothermal method using TNT, MPDA, and Au. The photothermal test showed that TNT@MPDA@Au nanotubes had excellent photothermal performance, and the temperature could reach 57 °C at 8 mg/mL. As a result, under ten minutes of NIR, most of the bacteria in the inhibition circle underwent apoptosis, indicating that the nanotubes have excellent photothermal antibacterial properties [57]. Circle of inhibition sizes of E. coli and S. aureus were measured and the measured data are shown in Table 2.




3.4. In Vitro Cytotoxicity


Generally speaking, the toxicity and biocompatibility of antimicrobial materials are required to be high. The cytotoxicity of 293T normal cells was tested by the CCK8 method and the cell viability was determined. As shown in Figure 7, when the concentrations of TNT@MPDA nanotubes and TNT@MPDA@Au nanotubes were 200 μg/mL, the cell survival rates of normal cells, respectively, were 76.55% and 70.94%, indicating that the materials had good biocompatibility for normal cells. After NIR irradiation, the cell survival rate of TNT@MPDA nanotubes and TNT@MPDA@Au nanotubes against normal cells decreased to 75.03% and 66.36%, respectively. It could be clearly seen that the decrease in cell survival was not significant, indicating that the materials still had favourable biocompatibility after NIR. The above results demonstrated that normal cells were not greatly affected during in vivo and in vitro antimicrobial processes.




3.5. Mechanical Properties of Hydrogels


In general, the wound-healing process was complex and there was an urgent need for multifunctional wound dressings. Adhesion of hydrogels has an excellent property of promoting wound closure and healing. Hydrogels adhere to tissues and can be used as an adhesive or sealant to avoid the loss of gas and fluid produced by the tissue. The adhesive properties of the hydrogel also allowed it to cope with a range of activities without being easily dislodged, thus increasing safety and prolonging the duration of use. Thus, an antimicrobial hybrid hydrogel possessing adhesion, injectability, self-healing, and plasticity was prepared to cope with cut wounds. The prepared multifunctional hybrid hydrogels not only could be directly antimicrobial and synergistically photothermal antimicrobial via TNTs but also the hydrogels themselves could promote wound healing. The adhesion properties of hydrogels of different concentrations were tested with the REVETEST scratch tester as shown in Figure 8a. The hydrogel films with different concentrations had better adhesion properties as the pressure exerted by the indenter and the depth of the scratches increased to withstand higher forces. Under the maximum force of 5 N, the forces at which the hydrogels of different concentrations were completely ruptured were FA = 2.02 N, FB = 3.04 N, and FC = 4.88 N. The results show that the higher the concentration of hydrogel, the higher the force it can withstand and the better the adhesion performance. As shown in Figure 8b,c, both hydrogels could be written with clear letters on blank paper by 1 mL and 10 mL syringes, indicating that both prepared hydrogels have excellent injectability. Next, the self-healing properties of the hydrogel were observed through a more intuitive approach. The state of both hydrogels ranged from intact to cut in half to intact, indicating that both hydrogels have excellent self-healing properties. The remodelling properties of hydrogels allow for a wide range of wounds of different depths as well as different shapes. Both hydrogels could be easily changed in shape (rod; cube; and sphere), indicating that the prepared hydrogels have excellent remodelling properties [19].



Antimicrobial hydrogel with similar mechanical properties to the skin facilitates skin wound repair, maintains the integrity of the material, and facilitates good adhesion when the skin tissue is deformed by external forces. As shown in Figure 8d, these hydrogels exhibited excellent tensile properties (434.2% to 547.6%) and were far superior to the mechanical properties of human skin (60% to 75%). The elongation at break increased from 434.24% (0 wt%) to 444.7% (1.5 wt%) and 547.6% (3 wt%) when the TNT@MPDA@Au nanoparticles were added from 0 wt% to 3 wt%. To assess the mechanical properties of these hydrogels, compressive stress–strain measurements were also performed. As shown in Figure 8e, the stresses of pure PVA/PEG hydrogels and TNT@MPDA@Au@PVA/PEG hydrogels (3 wt%) were 505.7 KPa and 11.8 MPa, respectively, when the strain was 95%. The compressive stress of TNT@MPDA@Au@PVA/PEG hydrogels (3 wt%) was significantly much higher than that of the pure PVA/PEG hydrogel, suggesting that the prepared hybrid hydrogels had more excellent compressive properties. The enhancement of the tensile and compressive properties was due to the denser 3D network structure of PVA/PEG with the addition of TNT@MPDA@Au nanoparticles. As a result, these hydrogels with mechanical properties superior to those of human skin were able to resist external forces without breaking, avoiding damage to underlying tissues better [18].



The swelling degradation properties of hydrogels were one of the most essential properties of wound dressings. Adequate fluid absorption was required for bleeding control and exudate adsorption at the site of injury. And, appropriate swelling properties were also essential to keep the wound moist, which aids in the recovery of the wound surface. As shown in Figure 8f, the weight of these hydrogels increased rapidly during the initial phase, and the weight of these hydrogels increased by 437.1%, 404.9%, and 357.5% of the PBS solution, respectively, within 12 h. In addition, all of these hydrogels reached swelling equilibrium at 16 h. At equilibrium, these hydrogels absorbed 440.3%, 432.2%, and 364.6% by weight of PBS solution, respectively. The results showed that all of these hydrogels were rich in pores and could hold a large amount of water. The differences in the swelling ratios of the hydrogels were mainly due to the fact that the addition of TNT@MPDA@Au nanoparticles with different masses made the pores of the pure PVA/PEG hydrogels smaller and led to the water not being easy to enter. Moreover, the decreasing swelling ratio with the increasing mass ratio of nanoparticles also indicated the formation of a more compact three-dimensional network structure. As shown in Figure 8g, all of these hydrogels were rapidly dehydrated within 3 h and the degradation rate reached about 100% at about 12 h, indicating that all the prepared hydrogels had excellent water retention properties [18,42].





4. Conclusions


In summary, the TNT@MPDA@Au@PVA/PEG hydrogels prepared in this paper by a simple method have good biocompatibility and excellent photothermal antimicrobial and mechanical properties. In this paper, MPDA was used to improve the dispersion of AuNPs and increase the loading of AuNPs. Cytotoxicity experiments showed that the composite nanotubes had good biocompatibility. TNTs incorporated with AuNPs showed good antimicrobial properties under visible light photocatalysis, and even better antimicrobial ability after the addition of NIR. In mechanical property tests, the hydrogels showed good injectability, remodelling, self-healing, adhesion, water retention, water absorption, and tensile and compressive properties. This study is centred on a three-component photothermal antimicrobial with photocatalysis and good biocompatibility, which is important for improving the antimicrobial effect.
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Scheme 1. Experimental section. 
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Figure 1. TEM images of (a) TNTs, (b) TNT@MPDA, and (c) TNT@MPDA@Au nanotubes, FESEM images of (d) the TNTs and (e) the TNT@MPDA@Au nanotubes. EDS images of (f) TNT@MPDA@Au nanotubes. 
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Figure 2. The high-definition XPS of (a) C1s, (c) N1s, (e) O1s, (g) Ti2p, and (i) XPS full spectrum of TNT@MPDA nanotubes. The high-definition XPS of (b) Au4f, (d) C1s, (f) O1s, (h) Ti2p, and (j) XPS full spectrum of TNT@MPDA@Au nanotubes. 
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Figure 3. (a) FTIR spectra of TNT@MPDA nanotubes and TNT@MPDA@Au nanotubes. (b) UV-Vis absorption spectrum of TNT@MPDA@Au nanotubes. 
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Figure 4. (a) XRD spectrum of anatase TiO2 nanopowders and the produced titanate nanotube. (b) XRD spectrum of TNT@MPDA@Au nanotubes. (c) Zeta potential curves and (d) hydration kinetic particle size of the TNT@MPDA nanotubes and the TNT@MPDA@Au nanotubes. (e) N2 adsorption-desorption curves and (f) pore size distribution plots of the TNT@MPDA nanoparticles. 
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Figure 5. Temperature elevation of TNT@MPDA@Au nanotubes at various concentrations versus irradiation duration in 10 min (a). Temperature difference plots of TNT@MPDA@Au nanotubes with different concentrations of TNT@MPDA@Au nanotubes after irradiation with near-infrared light for 10 min (b). Temperature rise and temperature drop curves of the 2 mg/mL of TNT@MPDA@Au nanotubes (c). Dispersion Temperature Change of 2 mg/mL TNT@MPDA@Au nanotubes during 4 Cycles (The black curve and square dots represent the first loop, the red curve and rounded dots represent the second loop, the blue curve and square triangle represent the third loop, and the green curve and inverted triangle represent the fourth loop.) of near-infrared irradiation (on/off) (d). Temperature changes of TNT, TNT@Au, TNT@MPDA, and TNT@MPDA@Au nanotubes after 10 min of NIR irradiation at a concentration of 2 mg/mL (e). The relationship between cooling time and temperature driving force of TNT@MPDA@Au nanotubes (f). 
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Figure 6. Antimicrobial effect of TNT@MPDA@Au nanotubes (20 mg/mL, 40 mg/mL, and 80 mg/mL) dropped into E. coli (a) and S. aureus (c) after 24 h of incubation, and photothermal antimicrobial effect on E. coli (b) and S. aureus (d) after 24 h, respectively. 
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Figure 7. Cytotoxicity plots of TNT@MPDA nanotubes, TNT@MPDA nanotubes + NIR, TNT@MPDA@Au nanotubes + NIR, and TNT@MPDA@Au nanotubes incubated with 293T cells at 37 °C for 24 h. 
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Figure 8. Adhesive properties of pure hydrogel and TNT@MPDA@Au@PVA/PEG hydrogel (a). Injectable, self-healing properties and remodelling of pure PVA/PEG hydrogel (b) and TNT@MPDA@Au@PVA/PEG hydrogel (c). Typical tensile stress-strain curves (d) and typical compression stress-strain curves (e), swelling curve (f) and degradation curve (g) for pure PVA/PEG hydrogel TNT@MPDA@Au@PVA/PEG hydrogels (1.5 wt%) and TNT@MPDA@Au@PVA/PEG hydrogels (3 wt%). 
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Table 1. Instruments used in the experiment.






Table 1. Instruments used in the experiment.





	Instrument Model
	Model Number
	Manufacturer (of a Product)





	High-resolution transmission electron microscopy (TEM)
	FEI Corp TF 20
	Japan JEOL Corporation, Tokyo, Japan



	High-speed freezing centrifuge
	GL-G20-II
	Shanghai Anting Instrument Co., Shanghai, China



	Ultraviolet spectrophotometer (UV-Vis)
	NanoDrop 2000c
	Tianmei Instrument Co., Shanghai, China



	X-ray photoelectron spectroscopy (XPS)
	pHI-5702
	Phisical Electronics Corporation, Chanhassen, MN, USA



	Zeta potential and particle size analyser
	90plus Pals
	Brookhaven Corporation, Lexington, MA, USA



	Field emission scanning electron microscope (FESEM)
	JSM-6701F
	Japan JEOL Corporation, Tokyo, Japan



	X-ray diffractometer (XRD)
	XRD7000, 40 kV/150 mA
	Shimadzu Corporation, Kyoto, Japan



	Fourier transform infrared spectrometer (FTIR)
	BrukerIFS66V/S Fourier
	Bruker Corporation, Ettlingen, Germany



	Rotary Bath Oscillator
	SHZ-82
	Jiangsu Zhengji Instrument Co., Changzhou, China



	Magnetic stirrer
	85-1
	Shanghai Silo Instrument Co., Shanghai, China



	Analytical balance
	FA2004
	Shanghai Liangping Instrumentation Co., Shanghai, China










 





Table 2. Circle of inhibition sizes of E. coli and S. aureus.






Table 2. Circle of inhibition sizes of E. coli and S. aureus.





	
Concentration of TNT@MPDA@Au

	
0 mg/mL

	
20 mg/mL

	
40 mg/mL

	
80 mg/mL






	
Inhibitory Ring Size of Bacteria

	
E. coli

	
0 cm

	
0.22 cm

	
0.48 cm

	
0.6 cm




	
S. aureus

	
0 cm

	
0.2 cm

	
0.36 cm

	
0.54 cm
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