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Abstract

:

Carbon-based nanoparticles (CNPs) have gained recognition because of their good biocompatibility, easy preparation, and excellent phototherapy properties. In biomedicine applications, CNPs are widely applied as photodynamic agents for antibacterial purposes. Photodynamic therapy has been considered a candidate for antibacterial agents because of its noninvasiveness and minimal side effects, especially in the improvement in antibacterial activity against multidrug-resistant bacteria, compared with conventional antibiotic medicines. Here, we developed CNPs from an active polyhydroxy phenolic compound, namely, gallic acid, which has abundant hydroxyl groups that can yield photodynamic effects. Gallic acid CNPs (GACNPs) were rapidly fabricated via a microwave-assisted technique at 200 °C for 20 min. GACNPs revealed notable antibacterial properties against Gram-positive and Gram-negative bacteria, including Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). The minimum inhibitory concentrations of GACNPs in S. aureus and E. coli were equal at approximately 0.29 mg/mL and considerably lower than those in gallic acid solution. Furthermore, the GACNP-loaded hydrogel patches demonstrated an attractive photodynamic effect against S. aureus, and it was superior to that of Ag hydrofiber®, a commercial material. Therefore, the photodynamic properties of GACNPs can be potentially used in the development of antibacterial hydrogels for wound healing applications.
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1. Introduction


Infectious diseases caused by multidrug-resistant bacteria are one of the most widespread problems worldwide; they cause massive challenges in the development of effective antibiotic drugs to replace conventional antibacterial [1,2,3,4,5]. In the past decade, nanoparticles (NPs) have been investigated to improve their antibacterial activity [6,7,8]. NPs are applied in various biomedical applications, such as biosensing, bioimaging, drug delivery systems, and therapeutics (antiviral, antifungal, anticancer, and antibacterial agents) [9]. Abundant research has focused on the development of NPs, such as silver NPs, gold NPs, titanium dioxide, magnetite NPs, zinc oxide NPs, and carbon-based NPs (CNPs), especially in antibacterial applications [10,11,12]. CNPs are recognized because of their unique characteristics, including nanoscale range, excellent biocompatibility, low toxicity, low cost, water dispersibility, environmental friendliness, and easy synthesis and functionalization [13,14,15,16].



CNPs can be prepared through various methods which are mainly divided into two technologies: (1) top-down (laser ablation, ultrasound, and electrochemistry) and (2) bottom-up (microwave digestion, thermal decomposition, ultrasound, and hydrothermal method) technologies [17,18,19,20]. However, top-down technology has limitations, such as expensive and complicated equipment and higher toxicity of the attained NPs than bottom-up technology, which is more convenient and has a shorter reaction time [21]. In addition, bottom-up technology can be used to control the particle size at a certain distribution, power, and temperature throughout the synthesis, leading to rapid utilization. Therefore, bottom-up technology is more attractive and more frequently used than other technologies [22,23,24]. Furthermore, suitable precursors, including bulk carbon materials, natural polymers, synthetic polymers, biomass, and small molecules, are used as carbon sources [25].



Gallic acid is one of the most compelling small molecules with an active polyhydroxy phenolic compound, and it has been applied in various biological applications, such as antidiabetic, antioxidant, anti-inflammatory, anticancer, gastroprotective, and antibacterial agents [26,27]. Various researchers have proposed taking advantage of the antibacterial activity of gallic acid. The antibacterial mechanisms of gallic acid include bacterial-membrane pore formation, increased membrane permeability, and changes in the physicochemical properties of bacteria [28,29]. In addition, gallic acid can penetrate bacterial cell membranes, resulting in the inhibition of cell wall synthesis and biofilm formation, protein and enzyme inactivation, DNA damage, and oxidative stress [30,31]. Hence, gallic acid was selected as a precursor for the synthesis of CNPs. Gallic acid was altered because CNPs can increase antibacterial activity, which is consistent with the findings of previous studies [32]. Moreover, because of their low toxicity, the previous research utilized gallic acid-loaded graphene oxide against methicillin-resistant Staphylococcus aureus (MRSA) strains, which showed low toxicity of nanocomposites at more than 500 μg/mL for up to 72 h in zebrafish embryos [33].



Antibacterial photodynamic therapy (PDT) has increased the antibacterial activity of CNPs [34,35,36]. CNPs can act as photosensitizers which possess excellent activity for fighting bacterial resistance. Photoexcited CNPs can induce the formation of reactive oxygen species (ROS) through the photochemical and photophysical mechanisms explained by the Jablonski diagram [37,38,39]. The activity of photoexcited CNPs occurs when they absorb light with a suitable wavelength and generate ROS, such as hydroxyl radical (OH•) and singlet molecular oxygen (1O2) [40,41,42,43]. ROS activation can damage intracellular biomolecules, which affects the expression of genes and finally leads to bacterial death [44]. Hence, the phototherapeutic properties of CNPs are attractive for potential antibacterial applications.



Studies have been increasingly focusing on pharmaceutical dosage forms to improve and expand various pharmaceutical products with the aim of enhancing their efficiency, safety, and convenience of use [45]. Hydrogel wound dressings are wound-healing pharmaceutical products that are flexible and suitable for wound areas. Furthermore, hydrogel patches retain the moisture of wounds better than other products [46]. Hydrogel patches are three-dimensional (3D) cross-linked polymer structures. These materials are attractive and applicable in advertising because of their ideal characteristics, including a moist environment around the wound, exudate absorption, nontoxicity, biocompatibility, and easy preparation [47,48]. Freeze–thaw is a physical cross-linking technique utilized in hydrogel fabrication characterized by two distinct stages: freezing of the precursor solution at −20 °C, followed by thawing at room temperature. This method aims to precisely regulate the ice crystallization process during freezing and the subsequent formation of an ordered structure during thawing, thereby imparting optimal properties on the resulting hydrogels. Hydrogels consist of polymers carefully chosen for their exceptional properties and suitability for various applications [49]. Polyvinyl alcohol (PVA) is a commonly used polymer for hydrogel fabrication because of its distinguished properties and excellent biocompatibility. In addition, PVA has been diversely applied to biomedical applications, such as hemostasis bandages, self-healing materials, 3D tissue scaffolds, and wound healing [50,51,52,53].



In this research, gallic acid was selected as a precursor and synthesized as gallic acid CNPs (GACNPs) through microwave pyrolysis with a short reaction time [21]. Nowadays, there are various studies on synthesized carbon-based nanoparticles for biomedical fields. They usually utilize hydrothermal treatment for carbon-based nanoparticle synthesis. This method is time- and energy-consuming, normally in the range of 2–13 h [51,54,55]. Our research utilized microwave pyrolysis, which usually requires a short reaction time of 20 min. Consequently, our research has the advantage of saving time in the synthesis process. The NPs were collected to investigate their morphology, particle size, polydispersity index (PDI), and zeta potential. In addition, attenuated total reflectance Fourier transform infrared (ATR-FTIR) and X-ray diffraction (XRD) were used to confirm the structure of GACNPs. After determining the optimal conditions for GACNP synthesis, their PDTs and antibacterial activity, including minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), were investigated. Finally, GACNPs were loaded into suitable hydrogels, and their characteristics, including the chemical and mechanical properties, water content, and water absorption photodynamic antibacterial therapy, were further evaluated and compared with those of blank hydrogels.




2. Materials and Methods


2.1. Materials


Chemical reagents including gallic acid monohydrate (assay > 98%, by HPLC) were obtained from Fluka Chemie AG (Buchs, Switzerland), and PVA (molecular weight 60 kDa, degree of hydrolysis = 98.1%) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Tryptic soy agar (TSA) and tryptic soy broth (TSB), which were used as growth media for microorganisms, were purchased from Merck KGaA (Darmstadt, Germany) and Becton, Dickinson, and Company (Franklin Lakes, NJ, USA), respectively. The Gram-positive Staphylococcus aureus ATCC 6538P (S. aureus) and Gram-negative Escherichia coli DMST 4212 (E. coli) were used to test the antibacterial activity. Ultrapure water was prepared using a Milli-Q system (Millipore, Burlington, MD, USA).




2.2. Synthesis of GACNPs


GACNPs were synthesized through microwave pyrolysis with gallic acid as a carbon source. The synthesis scheme is presented in Figure 1. Gallic acid was dissolved in deionized water to obtain a final concentration of 2.5 mg/mL. Next, 20 mL solution was transferred to a reaction vessel, which was then transferred to a microwave for GACNP synthesis (Discover SP, CEM Corporation, Matthews, NC, USA). The optimal reaction conditions for the preparation of GACNPs, including the reaction temperature and time, were investigated. The as-prepared GACNPs were centrifuged at 12,000 rpm (19,802 rcf) for 15 min to remove large NPs. Afterward, the pH of the GACNP dispersion was adjusted to 6.5. The GACNP dispersion was kept in a refrigerator at 4 °C for future use.




2.3. Characterization of GACNPs


The particle size, PDI, and zeta potential of GACNPs were measured using a dynamic light scattering (DLS) analyzer (Zetasizer Nano-ZS, Malvern Instruments, Malvern, UK). A scanning electron microscope (SEM; MIRA 3, Tescan, Brno, Czech Republic) was used to investigate the morphology of GACNPs.



ATR-FTIR spectra were collected using a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). All spectra were captured in 16 running scans and at 4 cm−1 resolutions to acquire spectral results at wavenumbers ranging from 500 cm−1 to 4000 cm−1.



The XRD pattern of GACNPs was measured on an X-ray diffractometer (Malvern PANalytical, Aeris, Malvern, UK) at a scanning rate of 2°/min in the range of 5–60.



The thermogravimetric analysis (TGA) of GACNPs was investigated using a Simultaneous Thermal Analyzer (STA) 6000 (Perkin-Elmer, MA, USA) by heating to 600 °C at a heating rate of 10 °C/min in an atmosphere of nitrogen gas.




2.4. Antibacterial Activity of GACNPs


2.4.1. Preparation of Bacterial Suspensions


The antibacterial activity against S. aureus and E. coli was assessed using broth microdilution assay in a 24-well plate. The bacterial suspensions were prepared in TSB and incubated at 37 °C for 24 h. Then, the turbidity of bacterial suspensions was adjusted to attain a value equivalent to a 0.5 McFarland standard, which was used as a reference in the measurement of optical density (OD) at 600 nm.




2.4.2. Minimum Inhibitory Concentration


A twofold serial dilution of the GACNP dispersion with TSB medium was prepared to obtain various concentrations of the samples. Subsequently, 10 µL of bacterial suspension was added to 990 µL of the prepared suspensions to obtain the final bacterial concentration (106 CFU/mL). The bacterial suspensions and blank TSB medium were used as controls. Thereafter, the mixtures were incubated at 37 °C for 24 h to determine the MIC of GACNPs in the clear solution with the lowest GACNP concentration.




2.4.3. Minimum Bactericidal Concentration


A certain amount of clear GACNP dispersion from the MIC study was selected for MBC investigation using the spread plate method. In brief, 100 µL samples were spread onto TSA plates, which were then incubated at 37 °C for 24 h. The untreated bacteria were used as controls. Clear agar plates without any colonies were observed for MBC.




2.4.4. Photodynamic Antibacterial Activity of GACNPs


The photodynamic antibacterial activity of GACNPs was investigated using the spread plate method that involved counting the colonies. S. aureus and E. coli which were used as test microorganisms. Briefly, bacterial suspensions were added to the mixture of TSB medium and GACNP dispersion to obtain the final bacterial concentration (106 CFU/mL) in a 500 µL reaction. Then, 100 µL mixtures were spread onto the TSA plates. Sterile water was used as the control group. All TSA plates were then incubated at 37 °C for 3 h. The plates were then irradiated with a light-emitting diode (LED) lamp at 350–700 nm (visible light, 0.12 W/cm2) for 10 min. Next, the plates were incubated for 18 h. Finally, the results of irradiation and non-irradiation were compared through observation of the colony number.




2.4.5. Detection of the Formation of Singlet Oxygen (1O2) of GACNPs


1,3-diphenylisobenzofuran (DPBF) was applied as a trapping agent to detect a singlet oxygen (1O2). The method was modified from the previous study [56]. Briefly, DPBF was dissolved in ethanol solution to obtain the final concentration at 1.35 mg/mL. A total of 50 μL of DPBF solution was then mixed with 200 μL of GACNP dispersion (300 μg/mL). After that, the mixture was exposed to visible light (0.12 W/cm2) for 10 min. Then, 100 μL of the mixture solution was put into a 96-well plate to measure the absorbance of DPBF at 430 nm with a microplate reader.





2.5. Preparation of Hydrogels


2.5.1. Preparation of Blank Hydrogels


Hydrogels were fabricated using 15% w/w PVA via a freeze–thaw technique. Briefly, PVA powder was dissolved in deionized water at 90 °C with slow stirring for 4 h to obtain a clear gel. The gel was poured into molds of various thicknesses (1.7, 2.2, and 2.7 mm) and allowed to stand at ambient temperature for 1 h. The freeze–thaw process was performed for four cycles. Each cycle consisted of freezing and thawing at −20 °C for 18 h and at ambient temperature for 6 h. An optimal blank hydrogel was selected for the loading of GACNPs.




2.5.2. Preparation of GACNP-Loaded Hydrogels


GACNP-loaded hydrogels were prepared through the addition of GACNP dispersion, instead of the deionized water used during the dissolution of PVA powder by GACNPs of various weights, to the hydrogel patches at 0.5, 0.7, and 0.9 mg/g. The other process was performed in accordance with a previous method. The schematic illustration of the preparation of blank hydrogels and GACNP-loaded hydrogels is presented in Figure 2.





2.6. Characterization of Hydrogels


2.6.1. Chemical Properties


The components of hydrogel patches were recorded using ATR-FTIR equipment (Nicolet iS5, Thermo Fisher Scientific, Waltham, MA, USA). The hydrogel patches were cut into squares with a width and length of 1 cm. The decorated hydrogel patches were then heated at 60 °C for 4 h. Then, the FTIR spectra of GACNP-loaded hydrogel patches were examined from 500 cm−1 to 4000 cm−1 in 16 running scans and at 4 cm−1 resolutions.




2.6.2. Mechanical Properties


The tensile strength of blank hydrogels was examined using a texture analyzer (TA.XT plus, Stable Micro Systems, Surrey, UK) with a 5 kg load cell. Furthermore, Young’s modulus and elongation were measured using tensile grips at a constant test speed of 5.0 mm/s until the blank hydrogel patches were torn. The blank hydrogel patches were cut into rectangles with a width of 1 cm and a length of 5 cm. The tensile strength, Young’s modulus, and elongation were computed using Equations (1)–(3), respectively:


  T e n s i l e   s t r e n g t h =   M a x i m u m   f o r c e   a t   b r e a k i n g   p o i n t   C r o s s   s e c t i o n   a r e a    



(1)






   Y o u n g   ’  s   m o d u l u s =   S t r e s s   S t r a i n    



(2)






  E l o n g a t i o n   %   =   E x t e n s i o n   o f   l e n g h t   a t   b r e a k i n g   p o i n t   I n i t i a l   l e n g t h   × 100  



(3)








2.6.3. Water Content


The water contents of the blank hydrogel and GACNP-loaded hydrogel patches were investigated. The hydrogel patches were cut into squares with a width and a length of 1 cm. The decorated hydrogel patches were then weighed and heated at 60 °C in a hot air oven to attain a constant patch weight. The water contents were calculated using weight differences between the initial and constant weights of the hydrogel patches after heating. According to Equation (4), the water content can be computed as follows:


  W a t e r   c o n t e n t   %   =     W   i   −   W   d       W   i     × 100  



(4)




where Wi and Wd refer to the weights of the initial and dried patches, respectively.




2.6.4. Water Absorption


The water absorption of the blank hydrogel and GACNP-loaded patches was investigated. The hydrogel patches were cut into squares with a width and a length of 1 cm. The decorated hydrogel patches were then weighed, soaked in distilled water, and incubated at 37 °C for 24 h. Excess water from the swollen hydrogel surface was lightly removed using filter paper. The swollen hydrogel was calculated to determine the percentage of water absorption (Equation (5)):


  W a t e r   a b s o r p t i o n   %   =     W   s   −   W   i       W   i     × 100  



(5)




where Wi and Ws denote the weights of the initial and swollen patches, respectively.




2.6.5. Stability Study


GACNP-loaded hydrogel patches were kept in moisture-proof aluminum foil bags at 5 °C, 25 °C, and 40 °C for 30 days. The characteristics of the GACNP-loaded hydrogel patches including mechanical properties (Young’s Modulus, tensile strength, and elongation), water content, and water absorption were measured according to the previous method.





2.7. Antibacterial Activity of GACNP-Loaded Hydrogel Patches


2.7.1. Quantitative Method


Estimation of the relative antibacterial activity of GACNP-loaded hydrogel patches against S. aureus and E. coli was completed using a microplate reader (VICTOR NivoTM Multimode Plate Reader, PerkinElmer, Rodgau, Germany). Briefly, 10 µL of bacterial suspension was added to 990 µL TSB medium in a 24-well plate to obtain the final bacterial concentration of 106 CFU/mL or a value equal to 0.5 McFarland standard. The decorated hydrogel patches (0.08 g/piece) were then added to the prepared suspensions in amounts of 1, 2, and 3 pieces per well, respectively. The plates were then incubated at 37 °C for 24 h. Subsequently, the medium absorbance at 600 nm was measured using a microplate reader. Bacterial suspensions without a hydrogel patch were used as a control group. The relative antibacterial activities of the samples compared with the control group were computed using Equation (6):


  R e l a t i v e   a n t i b a c t e r i a l   a c t i v i t y   %   =     A   C   −   A   S       A   C     × 100  



(6)




where Ac and As refer to the absorbances of the control and sample groups, respectively.




2.7.2. Qualitative Method (Disc Diffusion Assay)


The antibacterial activity of GACNP-loaded hydrogel patches against S. aureus and E. coli was estimated using a disc diffusion assay. Briefly, bacterial suspensions with a density of 106 CFU/mL or equal to 0.5 McFarland standard were prepared. Next, 50 µL of bacterial suspension was pipetted and gently spread over the agar plates. The GACNP-loaded hydrogel patches were modified into 0.6 cm2 circular patches with a weight of 0.08 g/piece. The hydrogel patches were then sterilized under ultraviolet light for 15 min per side. After complete sterilization, the decorated hydrogels were gently placed onto the agar plate, which was already spread with the bacterial suspension. Next, the plates were incubated at 37 °C for 3 h. After incubation, the plates were irradiated using an LED lamp at 350–700 nm (visible light, 0.124 W/cm2) for 10 min. Afterward, the plates were further incubated for 18 h. Finally, the diameter of the clear zone around the decorated hydrogels was measured to investigate the zone of inhibition (cm). The blank hydrogel patches and a commercial product (Ag hydrofiber®) were used as negative and positive controls, respectively.





2.8. Statistical Analysis


The results of each experiment were recorded in triplicate and reported as mean ± standard deviation. Independent t-test and F-test were conducted using IBM SPSS Statistics version 28 at a 95% confidence interval. Significant differences were defined at p < 0.05.





3. Results and Discussion


3.1. Synthesis of GACNPs


GACNPs were synthesized through microwave pyrolysis. The reaction time and temperature were screened to determine the optimal reaction conditions. The particle size, PDI, and zeta potential of the attained GACNPs were investigated through DLS measurements. The results are recorded in Table 1. For the effect of temperature, the optimal reaction time was fixed at 20 min, and the temperature was varied at 175 °C, 200 °C, and 220 °C. The results verify that the optimal reaction temperature was 200 °C. In the further investigation of the influence of temperature, when the temperature was lower or higher than 200 °C, a large particle formation was induced because the increase in reaction temperature decreased the particle size. However, when the reaction temperature was adequately high in excess, the NPs could agglomerate by generating more carbon core, leading to a large particle size [57]. To investigate the effect of time and temperature, when the time was increased to 10, 15, and 20 min at a fixed temperature of 200 °C, the particle size of GACNPs decreased continuously because the reaction could not complete synthesis before 20 min [58]. The results show that the smallest GACNPs were synthesized at 200 °C for 20 min. We can propose a mechanism for the formation of GACNPs: The initial reaction step is decarboxylation, which is catalyzed by heat, and a carboxyl group (–COOH) of gallic acid is removed to generate pyrogallol (PG), which could be a key intermediate for subsequent reactions leading to next step for the synthesis of GACNPs [59]. The second reaction step is the carbonization process. The final product rapidly self-polymerizes to form GACNPs through dehydration, cross-linking, and carbonization covalently linked with aggregation [60,61,62]. After the reaction is completed, the color of the gallic solution changed to the brown color of GACNP dispersion, which is shown in Figure S1. In addition, the morphology of GACNPs was investigated using a SEM (Figure 3). The figure reveals the spherical shape of GACNPs based on previous research [63].




3.2. Characterization of GACNPs


Figure 4a shows the ATR-FTIR spectra of GACNPs compared with those of gallic acid powder. The results reveal the distinguished chemical composition and functional group on the surface of GACNPs, which confirmed their formation after synthesis [64,65,66]. The broad band at 3290 cm−1 was assigned to the stretching vibration of –OH. The negative charge on the surface of GACNPs was confirmed through the measurement of zeta potential. The bond at 2680 cm−1 corresponds to C–H stretching. A strong bond at 1470 cm−1 demonstrates the presence of aromatic C=C, which can explain the aromatic skeletal hydrocarbon of GACNPs. The other peaks at 1180 and 996 cm−1 represent C–O–C stretching and C=C, respectively. Therefore, the ATR-FTIR spectra proved the structure of the as-prepared GACNPs [67].



Figure 4b displays the XRD pattern of GACNPs compared with that of gallic acid powder. The XRD patterns of gallic acid powder (blue line) exhibited outstanding sharp peaks at a 2θ value of 16.31°, 25.07°, and 27.44°, which corresponded to the crystalline structure of an organic small molecule [68]. The crystalline state of the GACNP structure was achieved after complete synthesis. The XRD pattern of GACNPs (orange line) revealed numerous intense peaks and signal-to-noise ratios of more than three peaks, which indicated the polycrystalline form of GACNPs. Furthermore, the existence of numerous narrow peaks demonstrated slight variations in the GACNP structure. The XRD pattern of GACNPs confirmed the evolution of CNPs with a crystalline nature [69,70].



The thermal degradation of GACNPs was investigated using the TGA technique, in which the degradation temperature and total weight loss are given. The result is presented in the Supplementary Materials file, as shown in Figure S3. According to the result, the GACNP decomposition was divided into two parts. The first decomposition process started at about 100–250 °C, which might be the elimination of water and the hydroxyl group. Next, the second decomposition step occurred at 250–600 °C, which might be the elimination of oxygen-bearing moieties including –CH. Moreover, the result showed that weight loss was not completed below 600 °C, which indicates that the GACNPs presented high thermal stability as well as stable interactions within the GACNP conjugation [71,72,73].




3.3. Photodynamic Antibacterial Activity of GACNPs


The antibacterial activity was investigated through broth microdilution assay and the spread plate method to obtain the MIC and MBC, respectively. As shown in Table 2, the concentrations (MIC and MBC) against S. aureus and E. coli were considerably lower for the GACNPs compared to the gallic acid solution. The antibacterial mechanisms of gallic acid include bacterial cell membrane penetration, which results in the inhibition of cell wall synthesis, protein and enzyme inactivation, DNA damage, and oxidative stress induction. GACNP synthesis can synergize the antibacterial activity with the precursor (gallic acid) because the nano-range particle size of GACNPs may induce distribution through the lipid bilayer of the bacterial cell membrane more easily than the gallic acid solution and present more attractive antibacterial activity [74].



To further investigate GACNPs, we evaluated the influence of photodynamic properties using the spread plate method and observation of the colony number. No evident changes were observed in the colony number of plates containing GACNPs with and without irradiation (Figure 5). S. aureus and E. coli were partially killed in the GACNP plates without irradiation. Meanwhile, GACNPs with irradiation killed all S. aureus, and E. coli survived partly owing to the photodynamic effect of irradiated GACNPs. The results confirm that GACNPs can provide phototherapy properties and enhance the antibacterial activity against both bacteria [57,75,76].




3.4. Detection of the Formation of Singlet Oxygen (1O2) of GACNPs


The generation of ROS was assessed by monitoring the reduction in absorbance intensity of the trapping agent, DPBF, as depicted in Figure S4. A significant decrease in DPBF absorbance intensity was observed, consistent with findings from a prior study [77]. DPBF reacts with singlet oxygen generated by GACNPs via a photochemical process known as the Diels–Alder reaction [78]. These results confirm the ability of GACNPs to produce ROS, which could ultimately lead to bacterial cell death.




3.5. Chemical Properties of the Hydrogels


Figure 6 presents the ATR-FTIR spectra of the PVA powder, blank hydrogel, and GACNP-loaded hydrogel. The characteristic peaks of the blank hydrogel are as follows: The band at 3290 cm−1 is assigned to the stretching vibration of –OH, which presented an intermolecular force that induced the dipole–dipole attraction of the hydrogen bond between the H2O molecule and the hydroxyl group of PVA [79]. The intermolecular force can be used to confirm hydrogel fabrication. Because of an intermolecular force, the intensity around 3290 cm−1 is relatively increased, compared with PVA powder which is shown in Figure 6. Furthermore, a stretching vibration peak associated with the hydroxyl groups (–OH) in the crystalline regions of PVA is recorded at 3290 cm−1. This peak shifts slightly to 3270 cm−1 in the blank hydrogel. The observed hypsochromic (blue shift) in the –OH vibration indicates the disruption of PVA’s original crystalline structure and the formation of new hydrogen bonds between the hydroxyl group of PVA and the H2O molecule [80]. In addition, the peak at 1410 cm−1 that occurred between hydrogel interactions is assigned to the C–O group, which can be associated with the crystallite region [49,81,82]. Finally, the ATR-FTIR spectra of the GACNP-loaded hydrogel confirms that the loading of GACNPs into the hydrogel had no effect and retained the chemical properties of the blank hydrogel.




3.6. Mechanical Properties of the Hydrogels


Blank hydrogels of various gel thicknesses (1.7, 2.2, and 2.7 mm) were fabricated using a freeze–thaw technique. As shown in Table 3, the results reveal that 1.7 mm thick hydrogels showed the highest tensile strength and percent elongation; the increased gel thickness may result in inadequate cross-linking that causes the formation of thicker hydrogels [83,84]. By contrast, no significant differences were observed in the Young’s moduli under all thicknesses. Thus, the hydrogel with a thickness of 1.7 mm was selected for the loading of GACNPs. The amount of GACNPs varied at 0.5, 0.7, and 0.9 mg/g. The results show no significant differences in the tensile strength, elongation, and Young’s modulus of each GACNP/hydrogel patch. Therefore, the hydrogel patch loaded with 0.9 mg/g GACNPs was selected for further experiments because the largest amount can be loaded into the blank hydrogel without significantly changing the mechanical properties compared with the blank hydrogel. The hydrogel appearance of blank hydrogel and GACNP-loaded hydrogel patches is presented in Figure S5 of the Supplementary Materials file.




3.7. Water Content and Water Absorption


Table 4 shows the water content and water absorption of the hydrogel patches, including the blank and GACNP-loaded hydrogels. The results indicate that the water content of the hydrogel patches after loading GACNPs showed no considerable difference compared with that of the blank hydrogel before loading. By contrast, the water absorption of hydrogel patches after the loading of GACNPs was notably greater than that of blank hydrogels before loading because of the –OH functional groups on the surface of the GACNPs. The –OH group has the effect of weakening of the intermolecular force of the hydrogen bond, which caused the water molecules to permeate the GACNP-loaded hydrogel patches, as confirmed by the substantial increase in water absorption after loading [85].




3.8. Stability Study


The mechanical properties, water content, and water absorption of GACNP-loaded hydrogel patches were slightly changed in all storage conditions after 30 days, which is presented in Figure S7 of the Supplementary Materials file.




3.9. Antibacterial Activity of GACNP-Loaded Hydrogels


The antibacterial activity of GACNP-loaded hydrogels was investigated quantitatively. GACNP-loaded hydrogels (0.08 g/piece) were added to the prepared bacterial suspensions in the amounts of 1, 2, and 3 pieces per well. After complete treatment for 24 h, the bacterial suspensions were collected to measure the turbidity at 600 nm. The results are shown in Figure 7a. The OD of the GACNP-loaded hydrogel patches decreased considerably after the treatment of bacterial suspensions. The more pieces used in the treatment, the higher the antibacterial activity exhibited compared with the control group. As shown in Figure 7b, the GACNP-loaded hydrogels inhibited S. aureus growth, with relative antibacterial activities of 71.85 ± 3.71%, 79.11 ± 2.98%, and 78.49 ± 3.54% for the amounts of 1X, 2X, and 3X, respectively. In addition, the GACNP-loaded hydrogels inhibited E. coli growth, with relative antibacterial activities of 33.09 ± 5.59%, 50.67 ± 1.46%, and 93.67 ± 1.20% for the amounts of 1X, 2X, and 3X, respectively. These results may be due to the fact that GACNP-loaded hydrogels can exhibit antibacterial properties against bacteria [86]. In addition, Gram-negative bacteria have an outer membrane preventing the penetration of foreign matter from the environment [87,88]. Therefore, the growth inhibition of E. coli required a higher amount of GACNPs than S. aureus.



For the qualitative analysis, the antibacterial activity of GACNP-loaded hydrogels, which were decorated at a weight of 0.08 g per piece, was estimated through disc diffusion assay. The blank hydrogel and commercial product (Ag hydrofiber®) were used as control groups. As shown in Figure 8, the results reveal that the blank hydrogel did not accelerate the zone of inhibition. GACNP-loaded hydrogels presented a zone of inhibition of 3.00 ± 0.26 cm against S. aureus, which was considerably greater than that of the commercial product (2.10 ± 0.10 cm zone of inhibition). By comparison, the antibacterial activity of GACNP-loaded hydrogels against E. coli was equal to that of the commercial product, with zones of inhibition of approximately 1.07 ± 0.12 and 1.10 ± 0.10 cm, respectively. The results reveal that compared with E. coli, S. aureus was more affected by GACNP-loaded hydrogels because Gram-positive bacteria can be damaged more easily by the negative charge of CNPs [89].





4. Conclusions


GACNPs were successfully fabricated through the microwave pyrolysis method. GACNPs can be loaded into hydrogel patches through a freeze–thaw procedure without substantially changing their properties. GACNPs can enhance the antibacterial activity against S. aureus and E. coli. Moreover, these NPs exhibit excellent photodynamic antibacterial activity against S. aureus. The GACNP-loaded hydrogel patches show superior antibacterial activity over a commercial product (Ag hydrofiber®). Furthermore, the water absorption of GACNP-loaded hydrogel patches, which is a good property for wound-dressing applications, is notably greater than that of blank hydrogels. These novel GACNPs can be potential antibacterial agents that may overcome multidrug-resistant problems in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics16020254/s1, Figure S1: The photographic images of (a) gallic acid solution before synthesis and (b) GACNP dispersion; Figure S2: The photographic images of the histogram of the DLS of the nanoparticles; Figure S3: TGA thermograms of the GACNPs at a scan rate of 10 °C/min below 600 °C; Figure S4: The UV-vis absorbance of DBPF mixed with GACNPs at different light exposure times, 0 and 10 min; Figure S5: The photographic images of (a) blank hydrogel and (b) GACNP-loaded hydrogel patches; Figure S6: The photographic images of the inhibition zone of blank hydrogel, commercial product, and GACNP-loaded hydrogel against both (a) S. aureus and (b) E. coli. with visible light (power density = 0.12 W/cm2); Figure S7. The stability of GACNP-loaded hydrogel patches: (a) Water content (%), (b) Water absorption (%), (c) Young’s Modulus (Pa), (d) Tensile Strength (MPa), and (e) Elongation (%) of hydrogel patches kept at 5 °C, 25 °C, and 40 °C.





Author Contributions


Conceptualization, P.O., S.P., T.C. and T.T.; methodology, K.D., C.S. and P.P.; formal analysis, K.D., C.S., P.P. and T.T.; investigation, K.D., C.S. and S.P.; writing—original draft preparation, K.D. and C.S.; writing—review and editing, P.O., S.P., T.C. and T.T.; supervision, P.P., P.O., T.C. and T.T.; resources, S.P. and T.C.; funding acquisition, P.P. and P.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research project is supported by the National Research Council of Thailand (NRCT): (Contact No. N42A650551, and N41A661126).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article (and Supplementary Materials).




Acknowledgments


We would like to thank the undergraduate students Patchayapak Ketaree, Panitee Malithip, and Suwijak Tanthangkool for their assistance.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399, 629–655. [Google Scholar] [CrossRef]

	



Breijyeh, Z.; Karaman, R. Design and Synthesis of Novel Antimicrobial Agents. Antibiotics 2023, 12, 628. [Google Scholar] [CrossRef]

	



Di Luca, M.; Marzo, T. Development of Effective Antibacterial Treatment: Lessons from the Past and Novel Approaches. Antibiotics 2021, 10, 230. [Google Scholar] [CrossRef] [PubMed]

	



Prestinaci, F.; Pezzotti, P.; Pantosti, A. Antimicrobial resistance: A global multifaceted phenomenon. Pathog. Glob. Health 2015, 109, 309–318. [Google Scholar] [CrossRef] [PubMed]

	



Salam, A.; Al-Amin, Y.; Salam, M.T.; Pawar, J.S.; Akhter, N.; Rabaan, A.A.; Alqumber, M.A.A. Antimicrobial Resistance: A Growing Serious Threat for Global Public Health. Healthcare 2023, 11, 1946. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Chu, Z.; Jiang, Y.; Xu, L.; Qian, H.; Wang, Y.; Wang, W. Recent advances on nanomaterials for antibacterial treatment of oral diseases. Mater. Today Bio 2023, 20, 100635. [Google Scholar] [CrossRef] [PubMed]

	



Hetta, H.F.; Ramadan, Y.N.; Al-Harbi, A.I.; Ahmed, E.A.; Battah, B.; Ellah, N.H.A.; Zanetti, S.; Donadu, M.G. Nanotechnology as a Promising Approach to Combat Multidrug Resistant Bacteria: A Comprehensive Review and Future Perspectives. Biomedicines 2023, 11, 413. [Google Scholar] [CrossRef] [PubMed]

	



Xiu, W.; Shan, J.; Yang, K.; Xiao, H.; Yuwen, L.; Wang, L. Recent development of nanomedicine for the treatment of bacterial biofilm infections. View 2020, 2, 20200065. [Google Scholar] [CrossRef]

	



Pandit, C.; Roy, A.; Ghotekar, S.; Khusro, A.; Islam, M.N.; Bin Emran, T.; Lam, S.E.; Khandaker, M.U.; Bradley, D.A. Biological agents for synthesis of nanoparticles and their applications. J. King Saud Univ.-Sci. 2022, 34, 101869. [Google Scholar] [CrossRef]

	



Diez-Pascual, A.M. Antibacterial Activity of Nanomaterials. Nanomaterials 2018, 8, 359. [Google Scholar] [CrossRef]

	



Maťátková, O.; Michailidu, J.; Miškovská, A.; Kolouchová, I.; Masák, J.; Čejková, A. Antimicrobial properties and applications of metal nanoparticles biosynthesized by green methods. Biotechnol. Adv. 2022, 58, 107905. [Google Scholar] [CrossRef] [PubMed]

	



Sweet, M.; Singleton, I. Silver nanoparticles: A microbial perspective. Adv. Appl. Microbiol. 2011, 77, 115–133. [Google Scholar] [PubMed]

	



dos Santos, M.C.; Maynart, M.C.; Aveiro, L.R.; da Paz, E.C.; dos Santos Pinheiro, V. Carbon-Based Materials: Recent Advances. Challenges, and Perspectives. In Reference Module in Materials Science and Materials Engineering; Elsevier: Amsterdam, The Netherlands, 2017. [Google Scholar]

	



Maiti, D.; Tong, X.; Mou, X.; Yang, K. Carbon-Based Nanomaterials for Biomedical Applications: A Recent Study. Front. Pharmacol. 2018, 9, 1401. [Google Scholar] [CrossRef] [PubMed]

	



Mansuriya, B.D.; Altintas, Z. Carbon Dots: Classification, Properties, Synthesis, Characterization, and Applications in Health Care-An Updated Review (2018–2021). Nanomaterials 2021, 11, 2525. [Google Scholar] [CrossRef] [PubMed]

	



Patel, K.D.; Singh, R.K.; Kim, H.-W. Carbon-based nanomaterials as an emerging platform for theranostics. Mater. Horiz. 2019, 6, 434–469. [Google Scholar] [CrossRef]

	



Khan, Y.; Sadia, H.; Shah, S.Z.A.; Khan, M.N.; Shah, A.A.; Ullah, N.; Ullah, M.F.; Bibi, H.; Bafakeeh, O.T.; Ben Khedher, N.; et al. Classification, Synthetic, and Characterization Approaches to Nanoparticles, and Their Applications in Various Fields of Nanotechnology: A Review. Catalysts 2022, 12, 1386. [Google Scholar] [CrossRef]

	



Li, X.; Yu, L.; He, M.; Chen, C.; Yu, Z.; Jiang, S.; Wang, Y.; Li, L.; Li, B.; Wang, G.; et al. Review on carbon dots: Synthesis and application in biology field. BMEMat 2023, 1, e12045. [Google Scholar] [CrossRef]

	



Manzoor, S.; Dar, A.H.; Dash, K.K.; Pandey, V.K.; Srivastava, S.; Bashir, I.; Khan, S.A. Carbon dots applications for development of sustainable technologies for food safety: A comprehensive review. Appl. Food Res. 2023, 3, 100263. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhu, Y.; Yu, S.; Jiang, C. Fluorescent carbon dots: Rational synthesis, tunable optical properties and analytical applications. RSC Adv. 2017, 7, 40973–40989. [Google Scholar] [CrossRef]

	



Thanayutsiri, T.; Patrojanasophon, P.; Opanasopit, P.; Ngawhirunpat, T.; Plianwong, S.; Rojanarata, T. Rapid synthesis of chitosan-capped gold nanoparticles for analytical application and facile recovery of gold from laboratory waste. Carbohydr. Polym. 2020, 250, 116983. [Google Scholar] [CrossRef]

	



Cutrim, E.S.; Vale, A.A.; Manzani, D.; Barud, H.S.; Rodríguez-Castellón, E.; Santos, A.P.; Alcântara, A.C. Preparation, characterization and in vitro anticancer performance of nanoconjugate based on carbon quantum dots and 5-Fluorouracil. Mater. Sci. Eng. C 2021, 120, 111781. [Google Scholar] [CrossRef] [PubMed]

	



Duan, Q.; Ma, Y.; Che, M.; Zhang, B.; Zhang, Y.; Li, Y.; Zhang, W.; Sang, S. Fluorescent carbon dots as carriers for intracellular doxorubicin delivery and track. J. Drug Deliv. Sci. Technol. 2019, 49, 527–533. [Google Scholar] [CrossRef]

	



Ross, S.; Wu, R.S.; Wei, S.C.; Ross, G.M.; Chang, H.T. The analytical and biomedical applications of carbon dots and their future theranostic potential: A review. J. Food Drug Anal. 2020, 28, 677–695. [Google Scholar] [CrossRef] [PubMed]

	



Chu, K.W.; Lee, S.L.; Chang, C.J.; Liu, L. Recent Progress of Carbon Dot Precursors and Photocatalysis Applications. Polymers 2019, 11, 689. [Google Scholar] [CrossRef] [PubMed]

	



Kahkeshani, N.; Farzaei, F.; Fotouhi, M.; Alavi, S.S.; Bahramsoltani, R.; Naseri, R.; Momtaz, S.; Abbasabadi, Z.; Rahimi, R.; Farzaei, M.H.; et al. Pharmacological effects of gallic acid in health and diseases: A mechanistic review. Iran. J. Basic Med. Sci. 2019, 22, 225–237. [Google Scholar] [CrossRef]

	



Yang, K.; Zhang, L.; Liao, P.; Xiao, Z.; Zhang, F.; Sindaye, D.; Xin, Z.; Tan, C.; Deng, J.; Yin, Y.; et al. Impact of Gallic Acid on Gut Health: Focus on the Gut Microbiome, Immune Response, and Mechanisms of Action. Front. Immunol. 2020, 11, 580208. [Google Scholar] [CrossRef]

	



Sun, X.; Wang, Z.; Kadouh, H.; Zhou, K. The antimicrobial, mechanical, physical and structural properties of chitosan–gallic acid films. LWT-Food Sci. Technol. 2014, 57, 83–89. [Google Scholar] [CrossRef]

	



Zhang, O.L.; Niu, J.Y.; Yin, I.X.; Yu, O.Y.; Mei, M.L.; Chu, C.H. Antibacterial Properties of the Antimicrobial Peptide Gallic Acid-Polyphemusin I (GAPI). Antibiotics 2023, 12, 1350. [Google Scholar] [CrossRef]

	



Rodrigues, G.R.; López-Abarrategui, C.; de la Serna Gómez, I.; Dias, S.C.; Otero-González, A.J.; Franco, O.L. Antimicrobial magnetic nanoparticles based-therapies for controlling infectious diseases. Int. J. Pharm. 2019, 555, 356–367. [Google Scholar] [CrossRef]

	



Singh, R.; Sreedharan, S.; Singh, S. The Role of Nanotechnology in Combating Multi-Drug Resistant Bacteria. J. Nanosci. Nanotechnol. 2014, 14, 4745–4756. [Google Scholar] [CrossRef]

	



Jelinkova, P.; Mazumdar, A.; Sur, V.P.; Kociova, S.; Dolezelikova, K.; Jimenez, A.M.J.; Koudelkova, Z.; Mishra, P.K.; Smerkova, K.; Heger, Z.; et al. Nanoparticle-drug conjugates treating bacterial infections. J. Control. Release 2019, 307, 166–185. [Google Scholar] [CrossRef]

	



Shamsi, S.; Ghafor, A.A.H.A.; Norjoshukrudin, N.H.; Ng, I.M.J.; Abdullah, S.N.S.; Sarchio, S.N.E.; Yasin, F.M.; Gani, S.A.; Desa, M.N.M. Stability, Toxicity, and Antibacterial Potential of Gallic Acid-Loaded Graphene Oxide (GAGO) Against Methicillin-Resistant Staphylococcus aureus (MRSA) Strains. Int. J. Nanomed. 2022, 17, 5781–5807. [Google Scholar] [CrossRef]

	



Dediu, V.; Ghitman, J.; Gradisteanu Pircalabioru, G.; Chan, K.H.; Iliescu, F.S.; Iliescu, C. Trends in Photothermal Nanostructures for Antimicrobial Applications. Int. J. Mol. Sci. 2023, 24, 9375. [Google Scholar] [CrossRef]

	



Wei, G.; Yang, G.; Wang, Y.; Jiang, H.; Fu, Y.; Yue, G.; Ju, R. Phototherapy-based combination strategies for bacterial infection treatment. Theranostics 2020, 10, 12241–12262. [Google Scholar] [CrossRef] [PubMed]

	



Youf, R.; Müller, M.; Balasini, A.; Thétiot, F.; Müller, M.; Hascoët, A.; Jonas, U.; Schönherr, H.; Lemercier, G.; Montier, T.; et al. Antimicrobial Photodynamic Therapy: Latest Developments with a Focus on Combinatory Strategies. Pharmaceutics 2021, 13, 1995. [Google Scholar] [CrossRef] [PubMed]

	



Amaral, S.I.; Costa-Almeida, R.; Gonçalves, I.C.; Magalhães, F.D.; Pinto, A.M. Carbon nanomaterials for phototherapy of cancer and microbial infections. Carbon 2022, 190, 194–244. [Google Scholar] [CrossRef]

	



George, B.P.; Chota, A.; Sarbadhikary, P.; Abrahamse, H. Fundamentals and applications of metal nanoparticle- enhanced singlet oxygen generation for improved cancer photodynamic therapy. Front. Chem. 2022, 10, 964674. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Li, F.; Zhang, S.; An, Y.; Sun, S. Preparation of N-doped yellow carbon dots and N, P co-doped red carbon dots for bioimaging and photodynamic therapy of tumors. New J. Chem. 2019, 43, 6332–6342. [Google Scholar] [CrossRef]

	



Dayem, A.A.; Hossain, M.K.; Lee, S.B.; Kim, K.; Saha, S.K.; Yang, G.-M.; Choi, H.Y.; Cho, S.-G. The Role of Reactive Oxygen Species (ROS) in the Biological Activities of Metallic Nanoparticles. Int. J. Mol. Sci. 2017, 18, 120. [Google Scholar] [CrossRef]

	



Budimir, M.; Marković, Z.; Vajdak, J.; Jovanović, S.; Kubat, P.; Humpoliček, P.; Mičušik, M.; Danko, M.; Barras, A.; Milivojević, D.; et al. Enhanced visible light-triggered antibacterial activity of carbon quantum dots/polyurethane nanocomposites by gamma rays induced pre-treatment. Radiat. Phys. Chem. 2021, 185, 109499. [Google Scholar] [CrossRef]

	



Jana, D.; Wang, D.; Rajendran, P.; Bindra, A.K.; Guo, Y.; Liu, J.; Pramanik, M.; Zhao, Y. Hybrid Carbon Dot Assembly as a Reactive Oxygen Species Nanogenerator for Ultrasound-Assisted Tumor Ablation. JACS AU 2021, 1, 2328–2338. [Google Scholar] [CrossRef]

	



Li, Q.; Shen, X.; Xing, D. Carbon quantum dots as ROS-generator and -scavenger: A comprehensive review. Dye. Pigment. 2023, 208, 110784. [Google Scholar] [CrossRef]

	



Checa, J.; Aran, J.M. Reactive Oxygen Species: Drivers of Physiological and Pathological Processes. J. Inflamm. Res. 2020, 13, 1057–1073. [Google Scholar] [CrossRef]

	



Janczura, M.; Sip, S.; Cielecka-Piontek, J. The Development of Innovative Dosage Forms of the Fixed-Dose Combination of Active Pharmaceutical Ingredients. Pharmaceutics 2022, 14, 834. [Google Scholar] [CrossRef] [PubMed]

	



Su, J.; Li, J.; Liang, J.; Zhang, K.; Li, J. Hydrogel Preparation Methods and Biomaterials for Wound Dressing. Life 2021, 11, 1016. [Google Scholar] [CrossRef] [PubMed]

	



Demeter, M.; Scarisoreanu, A.; Calina, I. State of the Art of Hydrogel Wound Dressings Developed by Ionizing Radiation. Gels 2023, 9, 55. [Google Scholar] [CrossRef]

	



Parhi, R. Cross-Linked Hydrogel for Pharmaceutical Applications: A Review. Adv. Pharm. Bull. 2017, 7, 515–530. [Google Scholar] [CrossRef] [PubMed]

	



Waresindo, W.X.; Luthfianti, H.R.; Priyanto, A.; Hapidin, D.A.; Edikresnha, D.; Aimon, A.H.; Suciati, T.; Khairurrijal, K. Freeze–thaw hydrogel fabrication method: Basic principles, synthesis parameters, properties, and biomedical applications. Mater. Res. Express 2023, 10, 024003. [Google Scholar] [CrossRef]

	



Li, X.; Han, W.; He, G.; Yang, J.; Li, J.; Ma, H.; Wang, S. Hydrogel-Transformable Antioxidant Poly-gamma-Glutamic Acid/Polyethyleneimine Hemostatic Powder for Efficient Wound Hemostasis. Gels 2024, 10, 68. [Google Scholar] [CrossRef]

	



Omidi, M.; Yadegari, A.; Tayebi, L. Wound dressing application of pH-sensitive carbon dots/chitosan hydrogel. RSC Adv. 2017, 7, 10638–10649. [Google Scholar] [CrossRef]

	



Revete, A.; Aparicio, A.; Cisterna, B.A.; Revete, J.; Luis, L.; Ibarra, E.; González, E.A.S.; Molino, J.; Reginensi, D. Advancements in the Use of Hydrogels for Regenerative Medicine: Properties and Biomedical Applications. Int. J. Biomater. 2022, 2022, 3606765. [Google Scholar] [CrossRef]

	



Slaughter, B.V.; Khurshid, S.S.; Fisher, O.Z.; Khademhosseini, A.; Peppas, N.A. Hydrogels in regenerative medicine. Adv. Mater. 2009, 21, 3307–3329. [Google Scholar] [CrossRef]

	



Cui, F.; Sun, J.; Ji, J.; Yang, X.; Wei, K.; Xu, H.; Gu, Q.; Zhang, Y.; Sun, X. Carbon dots-releasing hydrogels with antibacterial activity, high biocompatibility, and fluorescence performance as candidate materials for wound healing. J. Hazard. Mater. 2021, 406, 124330. [Google Scholar] [CrossRef]

	



Cui, T.; Fan, Y.; Liu, Y.; Fan, X.; Sun, Y.; Cheng, G.; Cheng, J. Antibacterial Activity and Mechanism of Self-Assembly Spermidine-Capped Carbon Dots against Staphylococcus aureus. Foods 2023, 13, 67. [Google Scholar] [CrossRef]

	



Feng, J.; Chen, S.; Yu, Y.-L.; Wang, J.-H. Red-emission hydrophobic porphyrin structure carbon dots linked with transferrin for cell imaging. Talanta 2020, 217, 121014. [Google Scholar] [CrossRef]

	



He, G.; Shu, M.; Yang, Z.; Ma, Y.; Huang, D.; Xu, S.; Wang, Y.; Hu, N.; Zhang, Y.; Xu, L. Microwave formation and photoluminescence mechanisms of multi-states nitrogen doped carbon dots. Appl. Surf. Sci. 2017, 422, 257–265. [Google Scholar] [CrossRef]

	



Papaioannou, N.; Titirici, M.M.; Sapelkin, A. Investigating the Effect of Reaction Time on Carbon Dot Formation, Structure, and Optical Properties. ACS Omega 2019, 4, 21658–21665. [Google Scholar] [CrossRef] [PubMed]

	



Kraus, J.; Kortus, J. A theoretical investigation into gallic acid pyrolysis. J. Comput. Chem. 2022, 43, 1023–1032. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Tang, S.; Wu, X.; Boulanger, N.; Gracia-Espino, E.; Wågberg, T.; Edman, L.; Wang, J. Carbon nanodots: A metal-free, easy-to-synthesize, and benign emitter for light-emitting electrochemical cells. Nano Res. 2022, 15, 5610–5618. [Google Scholar] [CrossRef]

	



Yuan, F.; He, P.; Xi, Z.; Li, X.; Li, Y.; Zhong, H.; Fan, L.; Yang, S. Highly efficient and stable white LEDs based on pure red narrow bandwidth emission triangular carbon quantum dots for wide-color gamut backlight displays. Nano Res. 2019, 12, 1669–1674. [Google Scholar] [CrossRef]

	



Yuan, F.; Yuan, T.; Sui, L.; Wang, Z.; Xi, Z.; Li, Y.; Li, X.; Fan, L.; Tan, Z.; Chen, A.; et al. Engineering triangular carbon quantum dots with unprecedented narrow bandwidth emission for multicolored LEDs. Nat. Commun. 2018, 9, 2249. [Google Scholar] [CrossRef]

	



Wang, J.; Hu, Z.; Xu, J.; Zhao, Y. Therapeutic applications of low-toxicity spherical nanocarbon materials. NPG Asia Mater. 2014, 6, e84. [Google Scholar] [CrossRef]

	



de Medeiros, T.V.; Manioudakis, J.; Noun, F.; Macairan, J.-R.; Victoria, F.; Naccache, R. Microwave-assisted synthesis of carbon dots and their applications. J. Mater. Chem. C 2019, 7, 7175–7195. [Google Scholar] [CrossRef]

	



Mohammed, S.J.; Omer, K.M.; Hawaiz, F.E. Deep insights to explain the mechanism of carbon dot formation at various reaction times using the hydrothermal technique: FT-IR, (13)C-NMR, (1)H-NMR, and UV-visible spectroscopic approaches. RSC Adv. 2023, 13, 14340–14349. [Google Scholar] [CrossRef] [PubMed]

	



Singh, M.; Gharpure, A.; Vander Wal, R.L.; Kollar, J.; Herd, C.R. Effect of Fuel Composition on Carbon Black Formation Pathways. Appl. Sci. 2022, 12, 2569. [Google Scholar] [CrossRef]

	



Tucureanu, V.; Matei, A.; Avram, A.M. FTIR Spectroscopy for Carbon Family Study. Crit. Rev. Anal. Chem. 2016, 46, 502–520. [Google Scholar] [CrossRef] [PubMed]

	



Dorniani, D.; Saifullah, B.; Barahuie, F.; Arulselvan, P.; Bin Hussein, M.Z.; Fakurazi, S.; Twyman, L.J. Graphene Oxide-Gallic Acid Nanodelivery System for Cancer Therapy. Nanoscale Res. Lett. 2016, 11, 491. [Google Scholar] [CrossRef] [PubMed]

	



Mintz, K.J.; Bartoli, M.; Rovere, M.; Zhou, Y.; Hettiarachchi, S.D.; Paudyal, S.; Chen, J.; Domena, J.B.; Liyanage, P.Y.; Sampson, R.; et al. A deep investigation into the structure of carbon dots. Carbon 2021, 173, 433–447. [Google Scholar] [CrossRef]

	



Siddique, A.B.; Pramanick, A.K.; Chatterjee, S.; Ray, M. Amorphous Carbon Dots and their Remarkable Ability to Detect 2,4,6-Trinitrophenol. Sci. Rep. 2018, 8, 9770. [Google Scholar] [CrossRef]

	



Li, H.; Xie, Y.; Liu, Y.; Xiao, Y.; Hu, H.; Liang, Y.; Zheng, M. Surface chemical functionality of carbon dots: Influence on the structure and energy storage performance of the layered double hydroxide. RSC Adv. 2021, 11, 10785–10793. [Google Scholar] [CrossRef]

	



Pandey, S.; Mewada, A.; Thakur, M.; Tank, A.; Sharon, M. Cysteamine hydrochloride protected carbon dots as a vehicle for the efficient release of the anti-schizophrenic drug haloperidol. RSC Adv. 2013, 3, 26290–26296. [Google Scholar] [CrossRef]

	



Senel, B.; Demir, N.; Buyukkoroglu, G.; Yildiz, M. Graphene quantum dots: Synthesis, characterization, cell viability, genotoxicity for biomedical applications. Saudi Pharm. J. 2019, 27, 846–858. [Google Scholar] [CrossRef]

	



Mosquera, J.; Garcia, I.; Liz-Marzan, L.M. Cellular Uptake of Nanoparticles versus Small Molecules: A Matter of Size. Acc. Chem. Res. 2018, 51, 2305–2313. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Li, W.; Chen, J.; Huang, X.; Liu, Y.; Zhang, X.; Shu, W.; Lei, B.; Zhang, H. Antibacterial Activity and Synergetic Mechanism of Carbon Dots against Gram-Positive and -Negative Bacteria. ACS Appl. Bio Mater. 2021, 4, 6937–6945. [Google Scholar] [CrossRef] [PubMed]

	



Varghese, M.; Balachandran, M. Antibacterial efficiency of carbon dots against Gram-positive and Gram-negative bacteria: A review. J. Environ. Chem. Eng. 2021, 9, 106821. [Google Scholar] [CrossRef]

	



Bhattacharyya, A.; Jameei, A.; Garai, A.; Saha, R.; Karande, A.A.; Chakravarty, A.R. Mitochondria-localizing BODIPY-copper(ii) conjugates for cellular imaging and photo-activated cytotoxicity forming singlet oxygen. Dalton. Trans. 2018, 47, 5019–5030. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Liu, C.; Abroshan, H.; Kauffman, D.R.; Li, G. Au38S2(SAdm)20 Photocatalyst for One-Step Selective Aerobic Oxidations. ACS Catal. 2017, 7, 3368–3374. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, Y.; Liu, W. Dipole-Dipole and H-Bonding Interactions Significantly Enhance the Multifaceted Mechanical Properties of Thermoresponsive Shape Memory Hydrogels. Adv. Funct. Mater. 2015, 25, 471–480. [Google Scholar] [CrossRef]

	



Miao, L.; Wang, X.; Li, S.; Tu, Y.; Hu, J.; Huang, Z.; Lin, S.; Gui, X. An Ultra-Stretchable Polyvinyl Alcohol Hydrogel Based on Tannic Acid Modified Aramid Nanofibers for Use as a Strain Sensor. Polymers 2022, 14, 3532. [Google Scholar] [CrossRef]

	



Jamnongkan, T.; Kaewpirom, S. Potassium Release Kinetics and Water Retention of Controlled-Release Fertilizers Based on Chitosan Hydrogels. J. Polym. Environ. 2010, 18, 413–421. [Google Scholar] [CrossRef]

	



Pan, N.C.; Bersaneti, G.T.; Mali, S. Celligoi MAPC, Films Based on Blends of Polyvinyl Alcohol and Microbial Hyaluronic Acid. Braz. Arch. Biol. Technol. 2020, 63, e20190386. [Google Scholar] [CrossRef]

	



Ouyang, X.; Huang, C.; Cheng, S.; Zhang, P.; Chen, W. Microfluidic-Based Continuous Fabrication of Ultrathin Hydrogel Films with Controllable Thickness. Polymers 2023, 15, 2905. [Google Scholar] [CrossRef]

	



Selby, A.; Maldonado-Codina, C.; Derby, B. Influence of specimen thickness on the nanoindentation of hydrogels: Measuring the mechanical properties of soft contact lenses. J. Mech. Behav. Biomed. Mater. 2014, 35, 144–156. [Google Scholar] [CrossRef]

	



Le, G.H.; Thanh, D.A.; My, P.T.H.; Pham, T.T.; Quan, T.T.T.; Nguyen, T.N.; Nguyen, Q.K.; Ngo, Q.A. One-step synthesis of super-absorbent nanocomposite hydrogel based on bentonite. Mater. Res. Express 2023, 10, 015001. [Google Scholar] [CrossRef]

	



Li, P.; Sun, L.; Xue, S.; Qu, D.; An, L.; Wang, X.; Sun, Z. Recent advances of carbon dots as new antimicrobial agents. SmartMat 2022, 3, 226–248. [Google Scholar] [CrossRef]

	



Delcour, A.H. Outer membrane permeability and antibiotic resistance. Biochim. Biophys. Acta 2009, 1794, 808–816. [Google Scholar] [CrossRef] [PubMed]

	



Zgurskaya, H.I.; Rybenkov, V.V. Permeability barriers of Gram-negative pathogens. Ann. N. Y. Acad. Sci. 2020, 1459, 5–18. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.; Huang, Y.Y.; Wang, Y.; Wang, X.; Hamblin, M.R. Antimicrobial Photodynamic Therapy to Control Clinically Relevant Biofilm Infections. Front. Microbiol. 2018, 9, 1299. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 16 00254 g001] 





Figure 1. Synthetic pathway of GACNP dispersion. 
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Figure 2. Schematic illustration of the preparation of blank hydrogels and GACNP-loaded hydrogels. 
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Figure 3. SEM images of GACNPs. 
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Figure 4. Characterization of GACNPs and GA powder: (a) ATR-FTIR and (b) XRD spectrum. 
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Figure 5. S. aureus and E. coli colonies treated with GACNPs with and without visible light (power density = 0.12 W/cm2). 
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Figure 6. ATR-FTIR spectrum of PVA powder (black line), blank hydrogel (green line), and GACNP-loaded hydrogel (yellow line). 
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Figure 7. Antibacterial activity of different amounts of GACNP-loaded hydrogel patches on the growth of S. aureus and E. coli. (a) Inhibition effect after 24 h treatment and (b) % relative antibacterial activity. #,* significant difference from the control of S. aureus and E. coli at p < 0.05. 
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Figure 8. The inhibition zone of blank hydrogel, commercial product, and GACNP-loaded hydrogel against both S. aureus and E. coli. * Significant difference from the commercial product at p < 0.05. 
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Table 1. The effect of reaction time and temperature of GACNP synthesis by microwave pyrolysis method on particle size, PDI, and zeta potential of GACNPs.
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Condition

	
Particle Size

(nm)

	
PDI

	
Zeta Potential

(mV)




	
Time (min)

	
Temperature (°C)






	
10

	
200

	
286.3 ± 1.13

	
0.301 ± 0.052

	
−8.14 ± 0.30




	
15

	
200

	
238.9 ± 3.87

	
0.249 ± 0.011

	
−16.10 ± 1.27




	
20

	
200

	
96.91 ± 6.78

	
0.326 ± 0.013

	
−19.00 ± 1.91




	
20

	
175

	
139.5 ± 1.98

	
0.321 ± 0.114

	
−8.82 ± 1.67




	
20

	
220

	
128.6 ± 3.11

	
0.280 ± 0.049

	
−14.50 ± 3.32








The results are presented as mean ± SD.













 





Table 2. MIC and MBC of GACNPs against S. aureus and E. coli compared with GA solution.
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Sample

	
S. aureus

	
E. coli




	
MIC (mg/mL)

	
MBC (mg/mL)

	
MIC (mg/mL)

	
MBC (mg/mL)






	
GACNPs

	
0.29

	
0.29

	
0.29

	
0.58




	
GA solution

	
1.24

	
1.24

	
1.24

	
1.24











 





Table 3. Mechanical properties of the blank hydrogel patches and GACNP-loaded hydrogel patches. The results are presented as mean ± SD (n = 3). (*) means statistically significant (p < 0.05).






Table 3. Mechanical properties of the blank hydrogel patches and GACNP-loaded hydrogel patches. The results are presented as mean ± SD (n = 3). (*) means statistically significant (p < 0.05).













	Hydrogel Patches
	GACNP-Loaded

Hydrogel Patches (mg/g)
	Thickness of

Hydrogel (mm)
	Young’s Modulus

(Pa)
	Tensile Strength

(MPa)
	Elongation

(%)





	
	-
	1.7
	545.19 ± 0.29
	0.35 ± 0.00 *
	647.46 ± 8.90 *



	Blank
	-
	2.2
	563.32 ± 7.51
	0.21 ± 0.00
	378.17 ± 10.56



	
	-
	2.7
	563.66 ± 1.59
	0.13 ± 0.01
	218.57 ± 2.47



	GACNPs
	0.5
	1.7
	384.59 ± 9.44
	0.19 ± 0.03
	413.53 ± 15.57



	GACNPs
	0.7
	1.7
	355.37 ± 13.37
	0.14 ± 0.00
	395.71 ± 7.00



	GACNPs
	0.9
	1.7
	351.35 ± 10.19
	0.15 ± 0.03
	378.98 ± 11.88










 





Table 4. Water content and water absorption of the hydrogel patches. The data are expressed as mean ± standard deviation (n = 3). (*) means statistically significant (p < 0.05).
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	Hydrogel Patches
	Water Content (%)
	Water Absorption (%)





	Blank hydrogels
	82.17 ± 0.07
	44.77 ± 6.47



	GACNP-loaded hydrogels
	74.70 ± 1.04
	94.87 ± 2.90 *
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